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SPECULATI ON Background of the Invention Technical Field of the Invention:

e R T O S e

| anguage and translates it into a target programin a target |anguage. For
exanple, a conpiler may translate a high | evel source program (such as
C--f-) into conpiled code that @GarRkbAuWddEtisd RRdntiyn @ processor, such as a
m cr oprocessor. Many conpilers include three stages: (| ) a "front end" in
whi ch the source pedurcainriedd of thadhventon:i eopresenemyertioat relatespe exepiteat i ons;
(2) a "mddl gwgnd" i n_whj ch machi qe i depﬁndent \f(-)fﬁti r?étﬁtlons.are made; and
(3) a "back MOre, PRRiCE R R PR A S gere s e 2 ek P ih€iminatitfde and code
i s generated. Optkxyl i can. shgn. tJ i i | qe..and/ or
Space T equi remont SRipl Al Tl £k bR RN S SRR SRR D
necessarily o sotide ldngieize any trfmslAiedig inte atarf @sapian i e ehgdtdangsageoFor

i nproving the target code include |ocal optimzation, peephole

opti m zat i onXagHAc.dl wHRpiles pray tiagsiaicarhish lsrelsouise PrAZFAD (B ABES) BIP

i ndi vi dual bl On({ki A og a fgnctbon.d Peie le e oQti m za [ Qn e.x%mongss a short
sequence of FHEPTeS%dF hatseh beps ocr‘i%oé)c%ﬁ?%rﬁ The" peefRdI T RRESPF possi bl e,
replaces it by a Mh@x??&?np@l@gliﬁ’élucﬁ@%&rstaﬁ%%%ﬁ’ron@&?ﬁh VHREH i ZailréON
operates over the enfire function. Redundant” |oad elimnation attenpts to
renove | oad ppgraa isomanstatat inarietermddindaeyreseitalioss] (2)s ‘meiddiedadt iniwhich | oads
a value froma nmenmpry location fromwhich an earlier |oag.already obtained
"ts value anfachEe {idegendeat atimipAvRS A pediapng ,>ﬂneafé<tfdlzglwh°@§1aph¥*6 t he
same nenory i i:0--he! ) | KA i n be

i mpl enent ed g@ﬁfx%%@%}a hglelepllt?}é\?%? %?ﬁgﬂggg@gﬁéﬁ?eﬁlg%gtdl} rllIIB h%vc(e‘i?,

traditional sigrifiachaty irhprade finhifignihe ol/drpadeeguiritieyitsrafghd arget pragem. not
nore conplicated | oad types. Accordingly, there is a need for a conpiler to
handl e ot her Boysee, ofptiaged’ eege yengt negespasidy prrimel Ungerany Mahseaicen. neww-—~e~
s~as. ~S~E~r, w=ngi | ~~~dO *00002* 0 7 AUG 2002 WD 991 46677

PC T/ US99/ 04H§gspu§‘ilmmry of the Invention In one inplenentation of the
invention, a Cpﬁp%&hﬁqmlf&mﬁ{ﬁ@aﬂgﬁkh%gma@idcmd@%tm bpthdizatidd, p&Hphble

i ncludes identifying a covering |oad, ich may be one of a set of covering
| oads, and aoptgduatiomtandgiabal dptemzever. i kngal quidhiaatwntwarks enlinddadial bloaks have
a first and s?cg&g,l oag type, respectively. The first and .the second | oad
type each ma§!H8NGHE o e‘a’){‘ﬁkcﬂ?ﬁinﬁ toggdapippee shattieansnsg o4 thedye&flar | oad and
at | east one; LMEs : ol t: af f
I B e R i e S R i T
i nvention i sséqueacereGlobaleoptiftgaionepermdiswner tBe eetfre Besaonpti on of the

Drawi ngs The invention will be understood nore fully fromthe detail ed
descri ption gi venRsenedaniegd elimmating aHemBE RPN AR odi nent s
of the inventj i gh owever, s h 11m: i ntion
to the speci Hdng% 'o%‘l %&fssreé‘%sdg?fggﬁ%)&g%% %?ﬁ?%%ﬂ%%%ﬂ‘%“n@ﬁav Hict

under st andi ngn eat\i¥r 10aH @ireddyl chtAndd @C¥al el ARV P SERVRRE (1RA iQho 8tog@ NP UL er
system i ncl udi ng nenory ané/ a processor that may be used to perform

conpi | ati on. WEites in® the samf nemady dagation intbetweandt Redpndaptdead dimintion cagpecal | y
used in conpilation from a hi evel urce.pr.ogr to conpl.i ed code. FIG
51s &bl ook B SHPAI S L e SHTRLI G i o8 REBMEH R LySESTh FENEYBLut o ¢ he
«program conmpidgdal 160 IRhAESSIAVoRES &iliPreghlar loads, not more complicated load

types.

Accordingly, there is a need for a compiler to handle other types of loads as well
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FIG 4 is av%gg%phi cal illustration of a menory conflict buffer of FI @7 &6 2002
FIG 6 is a /46817 f1 ow graph illustrating an exanpl e of avBFT/HBI¥4#38ads
amalysis. FIG 6 is a flow graph illustrating covering and redundant | oads.
Detai |l ed Description Referring tguﬁxlug bruf 1590RLer system 10 incl udes
menory 14 and a processor 16, which executes a conpiler to conpile a
program i n menor yinlshe iMpieRfisntsbnhdlieSint diGioRra@ihetd:r dmbRmeaERinh&@8bd used
internediate forns of the program and a resulting conpiled program Menory
14 is i nt endexcoasibngrepwgedn medudes ieatmsatdoyering lopgdnvtich B8p §F bt HHET
(RULE 26) 99/.46677 o ~ au~ zoo2 PCTI US99104433 and, nay i pcl ude a
variety of f@riEcBRe ﬁ’é%’bt‘“ﬁ}d aZen a%‘%aadrﬂﬁ“a%ﬁ%fk%dﬂg&e\ﬁ%%%t t‘j’éﬁdom
access menor RAM I GLU r ' [ ich
a program rraga\{ge éo@%&%&%%ﬁ’,ﬁ c%@%gdﬂp?lﬁlfggtﬁ%ﬁ %ﬁ%h%ﬁé@@aeﬁg%ﬂém
char act eri zegha@®e iofe 8f 4 fRup ©fidddd tRfksahichidifg a 2gulkefoad ahdi@t leat Bhés. 2, a hi gh

| evel source programis represented in block 24. The source program may be
hel d i n menp$peculativeatype dpade da one smplampntatide, he group of lodd ypes ippludesatt laaste

conpilation, the sourc ogramis transl ated int.o internediate
representati® &’eFlﬁ'tyaDeﬁ?T?‘%a(S‘ée E’F‘Hﬁmf)‘f‘af%é’?@ﬁdﬁﬁ“ PP 6hn AR e endent
optim zati ong.aff Made. In sone situations, there may al so be sone nmachi ne

dependent optim zations made in the mddle end. In a "back end" of the
conpi |l ati on, nmachi ne dependentBrigfiDescrptiorosfsheDeawads and code i s
generated. Conpiled code. is represented in block 28. The present inyvention
is not restrict ed%f‘%mé(e’é‘&?p‘f"llb‘?e ‘t‘fﬁjﬁfsui‘ogl“l’% ”tyfé“ﬁﬁlel qel‘i’élegfjeﬁﬁlr‘@?‘m?.gwﬁé
exanples, th Y. - j O L at i o
et ruct ] on Tagaoddih Rkl @k SRR B nERREALLRR,,
predi cat i on, hgh&kalshesldedubé Blen ECims e indntion &t the Bpecaietiliemegper at i on.

In certain inplenmentations, the |oad elimnation described herein may occur
bef ore regi sdescribtd, butaare for explinatien andswderstaediag Pyly. bet ween gl obal
scheduling and re i@t er 3;'1' cation. FI Gm%% ilJustrates cQ ué.er system 30
including a _rrermrg 2 §APIEKS BravIEpressst P ch BB TE L THEBYBEr am t hat
i's conpiled R R £hros¥sbeifalBay MBORE Yo R2fdn% cohiphagGd to be a
generalized representation of nenory and may include, for exanple, a hard
drive, CD-ROM an8IRANsarftbw diagtaedilbistrating tayor f@ounpsitypically ss@hin30 nay
perform control specul ati on_and data slpecul ation ,651escri bed bel ow. As an
exanpl e, confRERatepdTasHR sk lRKe! sawse BrogiapEnicABPYed S0fF- a menory confli ct
buffer 42 of whic ; e AT e exaiple. O
cour se, processor p&%n}v\@%?/bg&ﬁ(n@F%rgg‘q\(;érg%ﬁgé%g_ﬁ%&eé eneg%tgh%%ggr%cut er systens

10 and 30 mayrdpearh d@hpilsy Ok pdbdebir 60FIG. { Dependi ng on the inpl enentati on,
conputer system 10 could al so execute the programit conpiles, and conputer

system 30 coul d aF¥& 4ismydraphiea éllysiratgnaahaimeredls conflist hufferef lasent
i ti Dili t tion. Ho , th il il
the programs sucht Gt Peeypbicon sy diisiaie an Rampin ol dieRe hat

i ncl ude sone dis.of menmory conflict buffer and support control specul ation
and data speculation. SUBSTI TUTE SHEET ( RULE 2fi) 0 7 AUG 2002 WO
99146677 PCT/ USQ9FD3.083i3 aTfter graphyllistratngrtventig and redundaatyloads. | oadi ng from
menory 32 to a register in processor 36. To avoid the |atency, conputer
system 30 nmay perform specul ative | oads. However, the speculation is
sonetimes incorrect. In that case, : i be perfornned by the
conput er system 30 as prescribed bffﬁ@“g{%ﬁm‘gﬁ e program A conpiler can
aggressively util Ré&n@@tormt}.andc&apaexsspaeml1atiimmdds@namgyimianaatpkgceismr ease
instruction-level parallelismin the conpiled program Agg}r/lessi ve

specul ati on Abywhich exesutes reaynpilseoutompils @ plogem romempacif dYlemeyy Hhhplds
advanced (dat,a specul ative) lLoads with the sape addresses. The.follow ng
are six type ed?rggré‘g‘dg: el‘@é\!ﬂ'lﬁ‘?’ W&sga?&%{a@gﬁagg&f:gg%ﬁrm&h%" K Foad™® check
advanced | oa ?xta.!ny b 2FTl ed

| oad, check gq()jr\r/lgﬂgde:%o Oadffwﬂgg@g{“ugﬁ \r}gﬁfﬂg%?%a%ﬁal?ggﬁgﬁd\?eaaggéﬁgﬁ | oad
are exanpl es of specul ative-type |oads. Check |oad and check advanced | oad
are exanpl es of check-type | oads. Note that the check advanced |load is an
exanpl e of both a specul ative-type |oad and a check-type load. In the

foll owi ng detail ed description and clains? the words "specul ative" and
"specul ation” are used in connection with control specul ation and data
specul ation, and in connectSUBSTWTUTERHEETCRULE 26)pes of | oads and a group
of loads (called specul ative-type | oads). However, in the detailed
description and clainms, it is clear in which context the word specul ati on
or specul ative is used. The conpiler may elimnate some or all redundant

| oads. The present invention includes conprehensive redundant | oad
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SUBSTf TUTE gljﬁgy“g UL.F 26) WD 99/46677 0 7 AUG 2002 PCTI 21§?9/ 044987 AUG 2002
i nventi on. e t references to "one inplenentation" or n BRHT/USID/04433

impl ementation,” or the like are not necessarily all referring to the sane

i mpl enent at i gt mAy Nkl PiricBperishal bPmekent E&h SReGH Bive ODWIOR, and 0ad
operation is under a condition, it is not safe to execute it

uncondi t i onatdndomGuntss ohensprdRlAdM) 2w reletederceittyhe conditional load to a

specul ati ve | oad pec | oad) that .de{_l,egs exceptions that may occur, and
adds a specul at i véNEREEKYFEPENYAEERICE A BRI BPefemered t Hewensr enpnyd

exception. T@&ng@ﬁfowt@smly@ee%g?xgRga{aﬁ&?erﬁégag&eadﬂw9@@%&4@36‘. YRS

execution generates an ex e exceptionis r The "excepti on
may be encodedFliG) 208 &ighrle@lisButte bfogedm ifrep@asiddiatiler 21 €Ths bdticd ogancal | ed
the result or target register). The destination register can be used in

ot her except mgh bgaeks inimgmeperdatAoeBresenias gk 26t inee‘ fiohberd " ®bdreat i on i s at
t he ori gi nal |OC@ti0n of the | oad, .and me@ it. detegts the def.errzd
exception, afPBRIELISD; B SRUEFGIPEPETRE 15 kans{atgdgto ’?WE“%‘%@EL@F@EW%%r RRon
takes as the« »f @G R AL ' : ' erred
exception inf@mfl%n.&%\iéﬁ%lg%toéﬁgﬁg ﬁg%g@cdgg%{?}ﬁ%§%h%ge@?%e?gp of the
cor r espondi ngprapeituitiahs, \Ueerk oy aiso Uehromeasathinealepatdcopptimiiationd Made MBS a
register with a deferred exception. In Exanple |, the conditional load is
converted tomdddipend; kg \hacksad’ 9idht exipeilasipnamaghira dependget qriictiratiops RSt i on

i.e.) the left, si f. Exanpl i| t, de with t r ol
Specul at i on S AE Eodtn BRTREE, ErbltEid ERat iedimubiitasy Bytioent  on)
The specul at iMenfi@a[ noSre@iReed Bt dsRGMBLInkI RNl Yhel dutitnRics FE¥ &Pl €. i f (

condition ) reg = spec_load x; reg = load x; --1if ( condition ) spec
check reg Exanpl e As:ex@oplesothe dpedcandanayoinciNde ophmnsfomnatioe, spaculatiosn, exanpl es
in the specification, the e i udes. pseudo code. .Fyrther note that
Lher o rmy. bellROr GO Rera e G e R, 116 Pt al Seedr e
statements. l%b%hé%h@&iﬁiﬁg' i REAMbEEn DEIQWE DELLaTRY 1AL FQina G pldisdriMfohs, oNS
that are not k;shown. A's ’egegf atri ve Ilog’d or adgarfcegﬁl oaftrgrlély eaier{/téelg)a > or
many i nstr ucthedoad sighimagomdewnded haenaiaysdcotcbdfore oaptnaraitecdtioa ahdtmaoey
involved with a | pad. SUBSTI TUTE SHEET ( RULE, 26) 0 7 AUG 2002 WO 99l 46577
PCT/ US99/ 044 Benafisindly ebetween glabalsshtdwing ard 1egistargllesaien el i ni nati ng
redundant | oads, m_ni h fif o .condition,Qr.,store
specul ati ve or ad\?gér}lbggfugézait S%E%’GF@%@%@SM?“@H@H@ ai’.‘"@a gzgﬁgélﬂ%ctcfsgﬁ Dat a

specul ation 35| Wkieh sRRGsahe ¥R gretdl is@Bmpfledid @athulebien a0, Fiie'hﬁ\ﬁf@ gtores
or stores. The original Ioadﬁi s repl acedmgy an advance% | oad (adv 1oad) and

a check | oadintertvedko boagynerzhzdacuastowton ohmeswry e maniedude fforexatriple, a
potentially aliased T eck l.oad stays j.n the original |ocation
bf the ©oad, Bk SPROHL. MG R are e Chprer SahilEER: Whet hor
the val ue aceggs@dcMrol Betiifof 2R Bsth BEARYBARIARAHb®. Hel dnlexdbled: A
metory conflict buffer (c.g., ALAT) may be used for this purpose. If the

| oad i s not vahpuater tysent Be diclhdzad prrelioads anda mealoneconfiivd bhffer 42 efiwdiictodn

check | oad operation is the che advanced | oad, (check adv | oad). Check
advanced |oad~d1vgnqeﬁé0§§p?edda%sséfﬁ§§r£ d 1R BFMPAG Of UEEPrPeessrdé wipld

advanced | 0aghehidy bl WRELlnl A BREBHLRLIAGA] 88000 @adulaom) | The

check | oad uses stination regls ame (an SO0 use | oad

address) to gufdént! (Peppaimsarndingleadiansedompat: sysent Necawy ass ettchead and
the check | oad have the sanme destination register name. |n Exanple 2, the
code on the Heghogrimdiécompilesasd enmpulersystam I0romslalsocompald the program it

executes.) The present invention concerns compiling, not execution. However, the
compiler compiles the programs such that they can be executed in computer systems
that include some sort of memory conflict buffer and support control speculation and

data speculation.
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before an aliased store. In Exanple 2, p and q represent arbitrary 07 Aub 2002
regi sters (YR °28%87situations, they coul d be the sane regi sPEMUSITAE3Frenpry
|.ocati on addresses for the |load and store are specified by the val ues

contained in regi egg gnas,eq%ggb. ti'afla{eﬁfy %qb%@%gpmgn%qﬁygzqégégﬁﬁ%éﬁm, t hen

there may need to store reg I"0a = |l oad
*q; ---1 stqfréeds&f 36D T@Q\Loid:ﬂﬁmﬁ@d{:?',' athuldt sipteiBOenad peHREA spRafivat i on A
nore aggressive data speculation allows noving the operations depending on
t he advancedoadsadidedverahssmecelstion iy sometsmesisegrreat. clonbht icasen sdcovamavilldenot
enough to recoyer ominvalidated | gad specul ati on. |nstead, an advanced
| oad check (%% grls%éyehrempm%r%@aﬁ@% PRRGIIOSE PA e PEaRE POGHal dat ed,

the Load and BT Fe: FamaRRR, e Bl ae AR e R b ™ ™
(RULE 26)  ifAstfuctiks 18] e RM thahe do dPeSRaA4 AdgresslvEyRMlaioBmayhe code -

on the left is wthout speculation and the code on the right illustrates an
exanpl e of dEneratypmany spdculativg (cantrad apecatadivet andudeanced (dataespeewjatiye) leagls =
adv_load *q r 1 =10 * q; fe =.use reg 1 reg2 = use re tore,reg *p
adv | oad che‘@ﬁ}?p’é’gﬁa’,ncL%es.seg: Tﬁ’%%\?@"l’“_goz}rﬁ?“xgws ?%ap%é%gtﬁardo%leﬁgvag%ge reg
1 go to Lab;joad:chb8CR4E! cHbKadAR!IEad3spe %@vélQQ&%@Eée@ﬁlaﬂ&e hadcadagses
Note that the adv_| oad c(hec line in E>Farrp e 3 1s a potential branch, not a
| oad, and i sAdwinced loatineleek atwantdddoadyppeeniativaload md dpscartative ddvancetbload |

bel ow. 3. M xed Data and Control Speculation An in&l{errent ation of a

conpi | er accBf 8¥HPleHof srecplabiwatype joade fehesk lopdyand shack ddvansed inadpee an
advanced | oag, t cul [ T f his
a specul ative ag’\ileg(r%)?ecgetfﬁggggé%ggcﬁgg\%?gﬁﬁﬁ?a%dgg@%ﬂIl%z{aiq\sléﬁ g%gj/}’a%]gé’gg%lad
rnay be defing@csldGle-tfiRtiodd addiechtagpgRaar &t 8% faleheétailePacemiticiand he
corr espondi ng{ ALAT entry is invalidated. Thus a check-load or an adv_| oad
check oper atdlaimsi theswords Espentlative” ehé Gpetwatidnd ate Wsedith domuedtiogavittoeprdred

deferred excepti.on. No that a.check. | oad or an, adv:I|pad che an
re-generate %plf??‘é“lﬁté?’b?r?cfega‘%iﬁ%blﬁ‘% in COBRSEIOR §1thrparticy %SPEE’PQS prd 3

need to passy@f, BXRAAL k%{ﬂg& Elhﬁ%-%ﬁ@f@aﬁ%ﬁgﬁﬁ{%ﬁbﬂ B thy BedMPNGESptiRAsthd O

t he check load.” I n exa the conditi ad 1s converted to a
specul ati ve dewanitesicleanih width comekt thy veord hpeeklatiomor spperliativean usethe
specul ati ve advanced | oad is executed before the store unconditional]y in
this exanple. |f [DEER@PHETgRAY)climipgesomeorall r&é‘b‘ldl%‘daadsp?n’étpbersém*‘av?rft‘o(’

ara and canearexEffhebienk S Gl Rt iE ER ooty rRIB AL fach o5

elimination involves code (e.g., routines) that eliminate each of the six load types:

regular load, advanced load, check load, check advanced load, speculative load, and

| speculative advanced load. Other redundant load elimination methods under the
invention do not handle all six types of loads. When considering code correctness and
efficiency, a compiler should not straightforwardly apply traditional redundant load
elimination to handling redundant loads involving more complicated loads. Doing so
would lead to incorrect and/or inefficient code. An implementation of the invention
includes a global approach that attempts to remove redundant loads throughout an
entire function.

Throughout this specification, when reference is made to “one implementation”

or “an implementation” or the like, it means “at least one implementation” of the
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WD 99/ 46677 Pl " : T/ US99/ 04433 4. Menory Conflict Buffer Referring to BildU6400]
an exanpl e P *XfRT' 42 includes at least three fields. A destiGTA{I98/§4433

regi ster nunber field holds an identification for the destination register
in process A[HﬁEF of, | -alsl o - he» ry
addr ess (e?é&%ﬁgﬂysica B%Fﬁgﬁﬁgﬁgl%b@kﬂﬁgﬁ%ﬂ§¥ﬁtfﬁ ﬁ% éggg@a%ggngfggbits

t hat repr ediketase mhrarcenadg\ueinefedingaathelamedmplenteadtibhat has not been
invalidated, and when it is invalidated (e.g., by a store, ALAT conflict,
or a semaphbre) . Typgeof Speeulaliplle of exanple 2 is used as an exanple. In the
| i ne of code, reg 1= aqv lQ%dlﬁlq’ a nunber representing reg 1 is the
destination register %&%§2ﬁﬂaﬁé—9he contents of register g is the nenory
address. The detwhtssa MadldperafibANk ALEr 4 ERKAMAN: & ARBaERSE L it | N one

i npl enentation, the valid bit is initially set to 1 in response to the |ine
of code r egincendadondllyadCongrol speariatrog donwatrtssths tanditidng! lwed toastectiativé éoadane
address and the agv nce load is vaJid (insofar ,as is then known). If the
address of (§ReGel02 k‘ga‘*%f?fé CXEraLUQNSRAt ARA iq?cardgrlqggjamagcugq{@/e\;gqud bit is
changed to , i . -t h LS..i nval id.
Win the var G- BlER LR o e P i T A e 1% B T Pt
i f the addregsauaf usdondRionsity. *Whesexdtiticr gntrates amekdiptionfiha@ehtchoddis* q) the
valid bit would remain 1, and the check-1oad *q would not involve a rel oad.
I n one i npldsfasiedatlihgrexegptionanaxbarncasisl yn epeoranere pits of dik|degtimatian fapister
destination_reqj.ste regardl ess of ny loads .are involved with that
register. Rﬁlsggzgfﬁ%ie[?]é feﬁﬁﬁé)ﬁgaﬁ%czfclggﬁc,&onﬁf}egg etsﬁ%ar%mSﬁ%glggrsﬁai’]ﬁ’gt‘ﬁs%qﬁ'nr%f’rst er
entry may Rgcéprde de@imihpep&anths A¢as bfeatla0ve QREK YperMidiVik dehe drigirhf er ent
address is involved. The ALAT may be fully associative, set associative, or
di rect mappeshtiohof tredondiping neban #tdeisnts die deferTetll eXTeptioneanitxagptadndonidivrlisides an

access size fiel i ndi cat,ing the size of the region of nmepory heing read)
and a regi é’FBYatF‘gpﬁ‘? FREE LT pRSTAlond c‘sla%g}cio,qgraﬁgfergfs)tqr, THSI Y EIARY e used
with the deghi ' gi fio M A0iBs. k Lt i ze,
organizatigﬁbagg%%%?ﬁgﬁéfég P?ﬁn1ané“?epﬁgééﬁgﬁ?”Zy§%#§?ﬁﬁ$béﬁ¥w§gﬁt T are
i mpl ement atof ot apespérding $pecalmévei log @nkateatlt ofign Gicattidnakd usaBRhBIER
instructions search all entries in the ALAT using the address and size of

t he regi on voth Haeksrod BEseRYOMm i tten, and all entries corresponding to

over | appi ng regi ' | dat . [ ' valid

el dy - an-ady dReeriFgl WPLIERRA R Seonrlda'ds SRRyl Bab g 1 e
SHEET ( RULBy2Bdpecul6tive ddek SpARi0AD. OI(HEIET GdPETTEXSANN 04 a%aEE CoddWRRAbRON i S
not restricted to any particular inplenentation of the Al, AT. Fromthe

fol | owi ng exanpl spsculeterugte thefightsideiiBustiates gpdeewith eenteoh gpesklatipeld The t he art

to inplenment the.invention to conpj.le code .for use by processors having
ALATs or otsﬁgcrm%vﬁgf’#&?ﬁfﬂwéjt“nﬁg{)df’té?r?ﬁy6‘tllésoW,?e'to some extent, details

of the conpiler depend on details of the nenory conflict buffer. 5. Summary
of ' Load Operati ons et ortowmng—aresrxtypesof Iss—a—r=egul ar | oad,
advanced | oad, chedk 1'Ga fgéﬁ ck advanced |0 b éﬁ%ﬁﬂ#@ﬁ*Ve lload, and
specul ative advancdd | oad®8Ad¥Ated Toad, chetk “¥MUHLkd | oad, specul ative
| oad, and specul atilve advanced | oad are exanpl es oPe&588%H %8ilve-type | oads.
Check | oad and chegk advancedE&g@ﬁkqp@ogﬁgﬁﬁgaﬁmg% checktype [l oads. Note
that the check advanced |load is ah exanple of both a specul atli ve-type | oad
and a check-type | oad. Exanple S summari zes exanpl es of syntax and
semantics for the six types of |oad operations_as we]l as far a speculative
check oper at i on. N Rat 17 His Vareys¥ampiss "h'i‘ﬁ spreificaggn, the code includes pseudo

. TypeSynt ax Nt = | qggq V) i rness to
rIoadAdvanggg? Eh%@%ﬁ?ﬁgﬁgg%aFgggﬁga tﬁg&kgﬁﬁé%Pﬁnéﬁirgggﬁ%gggdand ent er
anl 0adALAT spad nyad@ifetneh@ad the eedigslks proaded Balkwithae Ma\Blereriystructiohfie entry
i naddressinvalidated, performa regular |load. If theALAT entry is not

al | ocat ed, thalapadottshgwme raspsculptevededdorradyanced dgadiney. [eHerel ef redmack
adv- | oadCheck the A% T en%%é..lf t he Fntry inggwa cedaddreisiﬁvqligated,
per f or m an 'BAPEHEBYCTBH R THEHIoR CAHY™ By “5aY esé%@%yu‘l“é{?'iv{*’z 4 A58

| oadLoad the value in address to r. |If anl oadaddressexception occurs, defer
t he exceptionhandl ing by propagating the exceptionidentity in register
r.Specul ati ver = spec adv | oadSame as advanced | oad, except that when
anadvancedaddr essexcepti on occurs, it _als f ers_exceptionl oadhandl i ng by
not allocating an ALAT entry. FETS:S"L%Qdd‘g‘@Es{ﬁSTTTUTE SHEET (RULE 26)
0 7 AUG 2002 WD 991 46677 PCT/ US99/ 04433 A specul ative check is not a |oad,
but following the pattern of Exanple 5, a syntax for a specul ative check is
r = spec~check r, and semantics for specul ative check include "Check r and
if r contains a deferred exception, raise the exception.”" In sone

- Y 2 Y Y o oy I




WO 99/ 46677 PCT/ US99/04433 1 -r | - load * (conpptr + 4) 2. r2 = | oa@i7 AUG 200
buffer[ci] 3wvoesmmsyi ndex, rl 4. jgeq OUTISIDE 2 5. r2 = adv Iq;itq-,lb)gg%wﬁm]
6. r3 =r2 + yoffset 7. r4 = spec adv_| oad *ceof 8. r5 = spec adv | oad
*corrpptr 9. rl = spec- load *(compptr + 4) 10. ...... Exanpl e 6. Code
sequence Wit Mveemr;@mreuemv%mm@pmbmamg rpﬁendgatl@n@s hotadbtgrmgning)

th t th d f fth | dth
e o st or o BorBEHOPHEPS P SoBafooF BALTUSH O RbHa |1 SPC G RrGrE
suggest that the lLoad %ht&§§§1cﬁlaﬂw |l i ne be rem)ved However doi ng so could

severely degrade prog ce, especially when the checl - | oad

corresponding to Mta getcalagedallackpeaulatngi stecdtidnagda. lodb e f6re @ @liaded stdhéd t he
regul ar | oad does not enter an entry into the ALAT buffer. So the check
load will reddsardsoddesaginat joas is replaeeddyietnadyances leasl (agndoateng ereherke

bl houl d I k..l tion.
G2 hervi sl OhsRioRdl BrGvaeeR R ROV e torng BB TRREE D' or
the advanced stpad THRYchHRE Bhi @t%ﬁéjmvihé BrigindltI0ERi AT thd18a; ReGhks higasl
re-executes the load in case the store invalidates the load. Similarly, the

last |oad (I icosdifipniliodheltalrbodk loaticheabewbsibsr thoabaneckuddyitn as the |
first load, and there is no store bﬁ v&en the two Ioadilggjgowever the | ast
| oad shoul d rSTresoRging aduancedringd s il Yalid a"bB\?@‘%B‘eﬂfB@ (CthreAlpHde Ma¥ad

has @ cor eSRANALIR IREGuSAEHELRIBI Lol DA SRLciBly ER ALAIAalS the

spec | oad is not neede rs correspon e reroved as

wel l. C Conpeieigiaver fashedidiand opammbxﬁlsm mt;k@ava‘ﬁbai lbm/@m&u@radv Nygd)ves
avai l abl e | oads analysis to identify redundant | oads and program

t r ansf or mat i deleck adyanged kwad iﬁetbesmmﬁk 1qaé&d§ept 1ht‘- mkbaqi Iseﬁbﬁoeaﬂ_masced

Anal ysis On t f bl I bal dat
1 ow anal yer JoRReEBmean dahPelind Doad QuiariadR0, IR IooBahen T oad

expressi ons_afsutedindant: mﬁ%@@ﬁameugeemogm&eszﬁm matéh $heAUG 2002 WO

991 46677 PCT/ U599104433 the function. Ld[reg] is a | oad expression used to

represent anyoirgfmndingl adashcad 1dadi Soskesdvancedlibed fual the vhary |aeklcave essaoree

techni que of global data |7ow analysis, but the invention is not limted to

it. Aload eéﬁ%ﬁoﬁﬁeglﬁe?@ﬂ}e i s avail abl e ("avail abl e | oad expre55| on") at

Some program poi nty I program
n'Hx aﬁ{}ﬁ’e d?'h%.é/? ide o tf?é“ﬂ ?Jeysg%ﬁ%y&ﬁe%%%wmo@ hSd

point, Id[reg] is exec once, -an It 1's executed reg is
not redefi nechefidie ah@ﬂé@dlsﬁ)raolnﬁmlél)@fﬁidl PreptadeiithebigaiyRedioeal(irDsbme
Therefore, a | oad expression |d[reg] at a program point is redundant if and
only if it isimpticedihengowltbpithe sametrpgistepr G@ﬂamrp@wmaatlmh@dc{rwmfoque wor ks

h |
anal ys §°22|r el et SRR, i pY A tien sppi R by B ofR fodl B Salistithc

| oads 10 the §HOC k@fne kd g EMaghaio & d Aadheexpressi on [n the
following instruction L L: is redundant if, on every path from

the START bl ock (also called a node) of the control flow graph to L, there
exi sts another |oad &grereg *p regl = adv_load *q
regl =load *q; —————— storereg *p

regl = check_load *q

Example 2: Data speculation

A more aggressive data speculation allows moving the operations depending on
the advanced load before stores. In this case, a conditional load is not enough to
recover from invalidated load speculation. Instead, an advanced load check
(adv_load_check) is used. If the advanced load is invalidated, the advanced load check
operation branches to a recovery block and performs the load and all the necessary

dependent operations.

6
SUBSTITUTE SHEET (RULE 26)



L2: r3 = Id[rl] such that rl is not redefined/killed between L2 and L07 AUG 2002
(Note that Womaded7z2 may have the sanme or different destinatiper{@Qjosd8rS-
That is, r2 may or may not be equal to r3.) There may be different L2's on
different paths from START to L. The | oad expression in L_is redundant
since the val ue |Bda@mms 3 ithe sede wethgdeftispthontpequlation and theteds dndbied by
L. For each bl,ock n jn the contrql flow,grap the AVLD(n) is defined to be
a set of avarilthgbl:ﬁésulatﬂ&n5%%‘?@@@?@%@ SP%%‘&%}OH@?H(@Q@H?W%%?S)M as in equations
(1) and (2) [@BKoqE oYs T AVLD(START) =7 134y 1‘5‘5&""&1”) = CAVED(TY

PLJIE& (15dq ¥ rgﬁfgi

cg i O

PRES(m) v GEN( _ pird(n) where ré); represents the set of
i mmedi at e predge sors ot n. A |load express %][rl ] is preserved |n

bl ock m denot|ed %7‘15?&@(%), if there i S 8ePinition of rl in mang there
is no store td the sane menory toca®i on advilesd_eheskiregdd *qAcr@®d b pr essi on
ld(rl ] is gererated in block m denotled: by GEN(m), if there is a dojward
exposed 12 SUGSTITUTE SHE) ' T (RULE 25) 0 7 AUG 2002 WD 99/ 46677
PCT/ US99/ 04433 | oad expression [ d[rl] edpvip pi: | 0ad expression ld[rl]|is
downwar d exposed in block mif fiomthe |poad te«;he exit of block m|there
is no definitijon of rl and no store to t sane nmory | ocation. The
resul ting AVLD i nfornation indicates whi'th T85d®Xpressions are avai| abl e
at the entry df each basic block. This igRf®LARt i on can then be pr opagat ed
wi thin individual basic bl ecksylea. denidetMaidd dhods0ad Lxpr €ssions are
avai | abl e when_the program executes up to a particular instruction I} If I
is aload instruction and its | oad expression is available right before |

is executed, then | ¢ néﬁi ns redundant .| oad expression, which can be
removed or repl ac@ﬂt"t}gm ¢ oadag ek ine s Examenle & s ¢ potgntial hragghapta o
redundant 1o [ I: ' [, : nty b Qad
expr essi on. g%,eﬁgﬁl? %%%%fﬁr{g%%gf}HgﬁH\P??qgén?id@hgg?s?ré%&ﬁgqggmlrbé"cljpgﬁdant, a set
of earlier "covering"” Toad instructions (herein called "covering | oads")
can be identified that together make L redundant. Covering |oads are

domi nating | oads.3.For Mixedilatdand Contel $peculpdgre exi sts a set of one or nore
"covering" |oads that together ke L.redundant. .\When the program execution
eaches L, it has BanBITIARIGH ob COPEIPH R 1 ebrEseh e RHPATHE GOUEE | ng
| oad accesseg.etgteSAMRvYRH Sodd! M et AR JHERIMiIVEISRAL | B RSultof80@Ss al f
this set contains only one | oad) the programtransformation needed to
renove L is spebatiiveeddyascaddbad @pet_ndv dombedt specuilativeadvarexd lsdotdyds. |f this
covering set ngists of multiple | oads, there are t cases to consi.der.
First, when CHESRSHN BRGf Mg &crnér%m#eferg%cmw@ﬁ@?eme&eg AATat i on
of th? redun isli%ﬂdgt@@. l?ﬁu Icqu%j@o%{x%¥ l%h(.’inchégh %&r%tmﬁ i§ cimgg' the
covering set s only one [oad. Second, en these nul t'iple | oads are of

di fferent | occk Yoreih Ida ipraligition dndalesdrepdeRtdption.i Notenhet £ehepk ¢oad og¥nept

for the cases where L is a regular load. In sone inplenentations and .

ci r cunst ance&dv_kesdechesk ganieengeneaiadbe daferse cxdepborby tepeatiniasthe jqad setheesofpi | ed

b f le,..it.is. beli d that th L t f
Fedandant | oeinees P 2pE B GotefionforHEs ettt raad Retiodheede ©
excessivel y padpid &ahifle 4 Afe ohdetidiP A itdavered tblaupbhddtBe advaRed Joad flow
graph corresponding to function A: func A( ) { if( {S1} else {S2} for ()

13 SUBSTI TUTIRlISHER Dy @RbEEk oad pperatiory RuyGpeo.0@i wwad9ogicad ke is executed before

the store unconditionally in this example.

If ( condition ) . reg=spec_adv_load *p;
store *q if ( condition )
reg = load *p; —» store *q

reg = check_load *p

" Example 4: Mixed Data and Control Speculation
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S3 S4 SS PCTJU599/04433 Wth reference to FIG 5 and the precedi ng sUaM\JGsZUUZ
code, in equebisencd77l ) the start block is block B 1. As an g¢gARb§esbs
equation 2, assunmng n = block B5, the pred of block BS is blocks B3, B4,
and B6 (i.e., m= B3, B4, and BG?_. Assunme that statenents S 1, S2, S3, $4,
and SS are each | dads ! er statenents not shown that are not
| oads). The avail abl.e .lo ressions. i i.fled, by equation ) y
change as the ana gﬁ@n%%@é&%ﬁ’}%nLPg%OQ?-Q«%Z#gﬁ?CQU%ﬁ,ag%afttl};{ﬁaﬁé@- or

exanpl e, a | gadingneh e%ﬁt&nmmbghhem%u@%m&ﬁﬁémq f6:Cth8 destigtidd ﬂe%@) in
Therefore, the avail abl e | oads anal ysi s propagates through the ocks so

that it i s kpoeassehBdéhAl nadosxpidess fieldsokisall aypurt abthe n{eandy bddresf(epe whi ch
are redundant% at any, stage of, tfhe fuligcti on. The, avail abl e | oads anal ysi s
may or may nBRYSIGRRE Virpabadhvalid figid halds opsgyamorg pits BabEeprsseiteWhehatExanpl e 5.

A conpr ehensj {d.abl IR ] f I . S
anal ysi s tha%l X\%tggéslcﬂ]ogﬁ eo{f%gélﬂ%% Jf/%rzdé%%éfﬁpgaé%%@g‘f%df%ﬁ#%?% l%%{ﬁéjFor
each redundagd.g| Bd store, A1 APROMPICT, 3t € sgnipBORN ThANEtGIJ¥RI eRdPIRY iDEsed
performed according to the |load type of L and the types of |oads that cause
L to be redunsiamexan@pleein thhéingiok cedepreg | fadv daats* ¢ omeinther mgresertimg regl is
transformatign can be very co i cated. This i.s a nmajor, reason one
cannot strai &ﬁ&é?ﬁﬂf%’lr§/g‘gtﬁb{1¥r7'r%7ré’ﬂpg}i’cocr‘?&‘emrsé’cﬁﬁ??dsé‘ﬁt s ShemEPPHAIAFDN t o
t he problem Btaf i AT AR NeliEnenli®nbddifid ek i Ve 1
redundant | oa ngl P?lngggpﬁginl“é gor%m%nCer%,n_E%c!lﬁ‘? 3?88?’8?%852{3%“@23"’6 Falid

i npl ement at i dit iofnitidley senwenin respdnse vhthevding of dodarggll e allv_IGRY. * & rhéaninpadiatae
cal | ed between gl obal schedul i ng and regi ster allocation or at some other

part of the E@DISINSEMAde tohssrBReAdEssand s adxance loagds valihigsefas ap & thep
available lo I 54t hat lLes I X 1y | oads. w
covering(ld) ﬁﬁé\gﬁggfefﬁcsfqdﬁ%?gg%}g%ﬂe o] 25'##1%%@%% gg \61%%1 |q0g1§ Vlagglb{?\ﬁ? chis
the | oad to BRafledh A@ AdaniAd BURREL TddT tSHRETdVaRddRoRE invalld7 WAlGH2002 WO
99/ 46677 PCTI US99/ 04433 clu. Eli ~~ Conprehensi ve Avail abl e Load Anal ysi s;

For each reduwaliddhit eqoaldo Ddthe chenk_load rejoads fiomg* 4. ddiisorsmwte rithgy¢ddggss Bbstore

El i mnation (coyeri | d | d ); .Exanple 7. Conprehensjve yredundant | oad
el i mnation &"rg %;?1@ Cﬂﬁ%@g&?ﬁ%’ﬂ*&?ﬁﬁd‘f—@ﬁ& ‘hﬁf"a@@‘éﬁoﬁ rFB‘&H‘sl’iaggg\Qt er mi ned
by consideri @geg@rﬁoa@ Ubddd gkt ihbevey adibap! e | oads anal ysis and the code
bei ng conpil ed. e routines provided as exanpl es bel ow i nvol ve one
covering | oad {1dlInoaséimplemenadomofitht AL oflydidk entthéy alotdted forare nul tiple

redundant | oads identified in a function, there are various approaches in
det er m ni ng WRStHIRtIPD AeRisterp regaridssa of haw many jqrds aredpvadyediwituthag seasier.oHe

i npl ement at i i MRt | ' 1t 0 nqu ] ghest
i n program o(rgg%trhte ?n}ggag%%gﬁé ng c% ghggggg?%sﬁﬁﬁgnggglgtgﬁf% ow?ﬂ@a#éaﬁ)gﬁyon)
and wor ks t owane deftiatiod eftty, toheviiedcdifferent Addetss isdpesivel. THEAEAEMAtHeon, the
| oad elim nation begins with the redundant |oad |owest in programorder and
wor ks t owar d felleatsegiativg, aef associatref ardrestonappel-nsrore ipplementation ehenay be
used. For sinplicity,.Jn.the.follow ng exa . bt 1s assunmed. there |

onty one. covealad: AL AR aBs il Fl AskeFy e TS ipdibariie BF FFSL o FELT 06
covering | oadger Gnf": 58) tybé PR RRSP 6PN &4i #tP UMRN pd Mapugh
the Do_Elim 3‘3‘{ I %Qe%‘eu crtei n. ‘?r{ggi nftc))’?ma{ti tc()%\ regar di nlgjr@@cc))ve}rgi ngr}?%ads?can
be conveyed thenced kithtthedestratite: regigtet henber @y emindéx irhethe AlsAToil ke sikgn one

| oad instruction . in the set of covering |oads, si.ngl e one of the |oad
i nstruct i ons %E&AIEAIOPy @é@@@é@%ﬁ@“?ﬁ%@dﬁdﬂﬂﬁéﬁ&opgﬁg Ogiheé&t € That is,

t he ot her cover S b ar . i : s in
whi ch the i né@ﬁﬁ?gen&%gbg’ Sgggﬁ?fpﬁe%gegﬁ gﬁg@n#%tgr&‘é Sé%ggg(?sﬂ@g?étlbﬁ téc ni ques
by which a redaHantentr@th fRYADAT ekingititaddastss id sie, ofttherepRawideniory baithgnay
be conpletely elimnated fromthe code (as in Exanple 11). Second, the
redundant | oawritten; abé ak lentmien atreespprding fotoyepanping regiopsaehuvatideted (gl aBied to
anot her position..n the . ich also involves an elimmnatiqn,of a
covering | oadas ip ke Y"‘Wﬁ%%gcﬂp}% afg')-ghe?ﬁé?aél Cg‘f”égeaiﬂ?ef‘éaﬁléirh“ %%PQB%&H ves for
vi ewi ng the second techni que. From one vi ewpoi nt, under the second

techni que, the redundant | oad is noved and the covering load is elim nated.
From anot her vi ewpoi nt, under the second technique, the redundant load is
elimnated and the covering load is nodifigd. Under 15 SUBSTI TUTE SHEET
(RULE 26)
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0 7 AUG 2002 WD 99/ 466i 7 PCTNS99104433 either perspective, the redun@anlg 2007
| oad«i s el i WaapE6&67BY no | onger being in its position and thecenissy/eass
fewer load in the code. Exanple 8 is an exanple of Do EIim'nation (rdl,

1d2) and rel ated Enum | oad r equl l oad, advan | oad, check
| oad, check advanggﬁ W%Fgﬂonésd?éu?%?ﬁ%?ﬁem{”ﬂéﬂ%@a?c ‘frfl‘?}’éaté’é?\Pg fdad }:
Enum | oadTyp r i on
(1dl, Id2) rgﬁ‘lﬁrﬁﬁgeﬂ&gﬁg‘é’i p(ﬁ)eas @f“*"’%‘éé‘F awmﬁ %g(ﬁ ?3%%%?@3‘15“@{}? d
routine narre(m;ile)nehdﬂm)e m\Emami)ltceccﬂnprcroEd: fdmuﬁrﬁby procésers havein AN e odiier

routi ne nane(ldl, 1d2) are provided in connection wth Exanples 11-48,

hel ow. The r SN ce iepbufers.nO eoniess tq Hmagikient, Bxtaippetde tompidg dengndoen

exanpl es of i-n which thege. s onIy one covering load. In Exanple 8,
ld 1 may rep%@%é fﬁ’eﬁl%?% °88‘@1§b I oads or a set of covering | oads.

Under one inplenmeniati cggmgg%?m@mm/@gya%hs a matrix is used to hold
identifiers for conbin exanpl e of a conprehensive | oad
conbi nation matri xThesfohl@fzmgeacb sin tipeanploads9a raghkar doaid nadyasced iqdde oierek ddbddon,

the vertical colu | oad types represents fhe r dundant | oad and the
hori zont aI r&hﬁféf'?v dﬂ%%ép%@b&l@%ﬁﬁ sangﬁeecgbfww @B ey %\aaage Ioag,

examl e, R Ach8itiafBAIN Sheclatl Bab LSRRI ok EOU AL LR BOG

advanced Ioa represe on of regular an

I'n the inpl egpeduddtivenysteideds. t(elﬁtcknbadeambhechamnaed Ibb@afc%gbkhpres bpétkcks in
the set Id 1 and the advanced |load is 1d2, although that is not required.

(A | oad conbityps loads. héate thet Heychhek/advhessd doadns ari example ofhsals 2 specliative type

whi ch case i ul ot, be npr ehensi ve | oad conbi nation matri x.) The
entry | ocati E?Fvg()iimddilﬁr}‘ef:lﬁqpr‘?goﬁgtri X is the name of the routine called by Do

El'i m nati on where g y pfngrideslexhfiples o PR Hiak Q84 sdryREICS Bkhd § 81 %
SUBSTI TUTE SHEET ( RULE 26) 0 7 AUG 8002 WO 99/ 46677 PCT/ US99 7 4?4 Load
Typer egul ar advahoedaivas ksveld ks e aubedulanes pieck loatratel. cadleomdll eractastimscedl oad
advanced| oadl oadRegul ar R RR AR CR CAR

SR_SAl oadAdv ZRAIA AA CA CAA SA SAl oadCheck | oadC

RC_AC _CC_CAC SC SACheckCA RCA ACA CCA CACA SCA SAadvancedl oadSpecul ativeS

RS AS CS CAS "‘C SAl Ilﬂr‘lQ'\Qf‘Jll At i vaGA ROA AGA {"CI\ CASA

uuuurvuvu IV T\ T\O7 Y

SSA~SAadvance nzgmcarm ﬁm ehendi ve | oad con$PRMECS npirix
CRL, - El i mU i s| Reeuket i onr Fé@adc@ﬁfﬂﬁéhens{llv@ thewliEmddresaty el i mi nation.| In
CRL, Elim), albahd may|be elim nated ijn connection with any of the 36

conbi nations ofAdwcddy PE=0lv!I6adiaddr&sed IfosamelwlR)in alireBME F and edYey #hensi ve
redundant | oad lggd' rri natjon | s onI y one %@qpk&r}oﬁ edundant | oad

[im ti . 1 au r-ect ot trcrat
el1mnation CﬂgékFad P?c:k Wad é‘%ﬂ it.ll v ﬂﬁ’clzkotiny‘gig%npl ly

| oads nmay be ellmmn ewer than 3
PR r flewer

under one altérnati ve, da[ Hatrix is Ué%‘(fgﬁ?tﬁ
than all six {ypes of | )ads in the vert/i&lehT ERFUIFTOLAPRS iRt ae row.

) generate the deferred exception.

—+

Check r = check_adv_load | Check the ALAT entry. If the entry in
advanced address invalidated, perform an advanced load
load r=adv_load address
Speculative | r = spec_load Load the value in address tor. If an
load address exception occurs, defer the exception

handling by propagating the exception
identity in register r.

Speculative | r=spec_adv_load Same as advanced load, except that when an
advanced address exception occurs, it also defers exception
load handling by not allocating an ALAT entry.

Example 5: Loads

9
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Under another alternative, the matrix could include all load types afd AUGe00?
i ntersecti onWOf9H437 | oads woul d provide a routine nane (as i tpEaED9kf433
Exanpl e 9), but one or nore routines would nerely include a return

instruction (i.e ctual, code tr for i on per forped).. Under yet
anot her al ternati \/i\eSpeFﬁénY*Fa‘fhﬁF&‘WuF‘ gg]io“éf&&ﬁ B@“Ieﬂlaﬂfng

rat her than (o e
| oads coul d % t%“ég?re E%L?ﬁln‘%aérgg ulﬁéa%? S\CI gg :} Sad[d(';kte E{ f%%?ﬁg&gg‘hb%kﬁ]ée@g

i npl enent at i omlmrmtsC}’mek vsedlif r Conthiak 0 defepteaxiepadn, oaise Gk ekeehtivdant | oad

el i mnation (whether or not con‘gr ehen5| ve) may performactivities in

addi tion to those laseme ipplementadensgfitheayestion, @wsw@ngpwetegw ( RULE 26)

WO 99/ 46677 0 _7 AUG 20 044 d f h
i nt er sect i onSPERUPoY %@9%@9“(% %fiﬁ%ﬁcglg ?gx@ﬁ%ﬁﬁlﬁ% dé’ndneéllf‘ﬁfe%ngbéf’rlv? ?rp?t E)r ©
addresses to ot h%e&wraaa hﬁ?%a{/@mhhﬁ)lec&gﬁspo'ﬁhﬁg RAvhlced$3dR 188 ahamnkedl L2,

L3, and L4, where 1, L2, and L3 are identified through avail abl e | oads
anal ysi s as contoadmaygmac/mulltqﬂé ehech &pde X Preyssi mnsld\deﬁhcm}&smtﬁdesmlalnoad L4.
However, under one in'%_herrent ation, injtiall L2 and L3 are caqvering

| oads with respEé&Si§o jhg despipation wRister peps 2 i{q% loggo pisntity she comesRonding 3 }
L4 ) is invoked &n@%d 1&&‘%%“&99& ??ﬁ)ah‘lid Ibads dhSuld c%ﬁXﬁNe'iS%oémQte%é&t
respect to L2. erefore, I'mnation 4,

El i m nation({L1lofchctRIdads. soummlsedmenT tuatio] fabhes Ae vk Sad Vo4 B@Ath not
i npl enentations within the scope of the invention. In the exanple of FIG

6, it is assurredo\tembﬁ_@ aglwgnq_eg lepdethefchedkdoarhwill alwayis mpew(cevegy ovdshead.
regul ar | oad at.i ve advanced | 0g etc n
ol enent ai Gh, A PEETEMEHE 0k ST RO (S Up st e 105 08 BSRseHAYF oads

are of the Sami‘ld 83th ! S6REspoHd 48 muft L fREuth iRl GRBAL atH.QB fﬂ_‘@gulgtw bat i on
may be perforned aalt ough SIgtohe coveﬁ?ng lf)atds are anycco!n%i ation eg? the six
| oad types. Undelioudd tdilectivalyrpbmmerettht spenylativacheelks. rthatwied witery cdngroper f or med

if the covering loads include some conbinations of |oad types, but not

ot her conbi nat i &i#§h ‘??fonFG&H’CtSPE;‘éiﬂ“VACF%%H AR NOHCPVEHRT O aci&@@ﬂatwg lpadag
types may be in on is that, because of the variety
of possible co %8‘#%‘5 E&Jef}@%mnx%?glfs’é?%gl ficantly to the conpl exity of the
conpiler. In Exarrnlfa% ecubfide foad Poelhinatedlahé odtrdshehdlag dstdlatise HaMMaF e
passing both Id 1 and 1d2. Alter natlvely, Do El 1 mnation and ot her
functions cowullunipasd. drspgeulaipve cherk shpdd novles ¢ihpinkiedysless all gsspeigsdl d be

det erm ned based .fro cE@{ﬂaval | abI e | oads anal ysis and the code being

conpi | ed, thr%’ﬁ@ﬂa‘é" HEIBPAEE: t han passing Id 1 as an argunent.
Further, Id 1Bcan ROGLHAR 1904 XliRRGieRvering load at a tinme, rather than the
entire set of nul tTple covering roads. I n sone cases, and redundant | oads
may be passed to aBewuge thesdroantics oispeduldtiva-ty pabbads rghitchnok -tyre leddsmrenat ed by

th tine. E i nst Ex 12 th |
cl'i i nati on | 40eIeal BBAIC5AAREDIHORs A e AbIAPa TS HOR raed SHEMBHAR MeBohot
actual |y el | ALk B0l SIuRdRRIm b8 Tohidil uckBal Batndst WRYiA LSRGt O cOde

that is incorrect an ess e ent e was Wt

redundant | oagptindiBatiRdGbdtibéildonGbiznt daBldpbed&tjon. 0 7 AUG 2002 WD 99/ 46677
PCT/ US99104433
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For each | oad operation Id: r = 1load [addr], dest(ld) represents t hel 7 AUG 1002
destinati on wegbvagstear r, and addr(id) represents the | oad addresasydbessi ze
of the | oaded val ue may be denoted size(op). Under one inplenentation,
size(op) is used in connection with the ALAT. If the sizes in a comparison
are not the sane, there IS no elim'nation ~Under one inplenentation, to
el i mnate one of m .Taé ..L |uc|.u opefrat+ons—-ad—+t—and—td2—the-shtuati on

I

wher e dest (1d2) déls'f 9 FOPRPIC ‘rj‘\)m dered to deci de whether to renove or
change a load to a2c65py oad hyffer[cdy routine Elim A2 or Copy A1l to A2(1d 1,
1d2) in Exanple 1 iD%mﬁ ydefebcnﬂd which elininates 1d2 if dest(ld2) |=
dest(ld 1), or cha SFDE@ copy "dest(ld2) = dest(ld 1 )" otherw se.
ElimA2 or_Copy_A i%& %ad f f ( dest(1d2) = dest(ldl) ) Elijm nate

(1d2) else 1d2 to ructron "dest(ld2) = dest(ldl Exanplie 10A:
The Elim A2_or Co —1r +N2’r11fts§?|||ty routine A ut|I|ty routine EllrlnAZ
(1d1, 1d2) in Exanmpl et 26pd sdgilendi*eeoft han that of Exanple 10A, but |[serves
the sane purpose 08. & +gparahingoddteompsond ar gunent passed to it. Qther
optim zation can jbg plegglggd’rqgagq SRPPV-L4 )the copy instruction if it ]is
desirabl e. EI imA2,4ldl " 1d2) Elim nate (1d2); Add the copy instrugtion
"dest (1d2) = dest] WAL WL | d2)
utility routine Vari Bismplele Cott kdqum& WOt rEQUSHMSSndEY t&8pdtaRdon For
exanpl e, the Exanple 10B could include a line of code "if (dest(ldll) !=
dest (1d2))" malting the line of code "dest(ld2) = dest(ldl)" conditional.

| n anot her i rrpl entTitedecond ldat €toad)yqurdsers tosahmt thaherty locanon @s thedodd srethef code
"dest (1d2) dest(ld 1 )" in the case in which dest(ld 1) dest (1 d2)
(e.g., code .@fﬂ? ige,and “1“9 Is noysters Spycastheme  Tsaditionabredyadant iqadelimingtione 19
SUBSTI TUTE S ) 6677 PCT/ LS99/ 044

limaz or ConPrc et B8 e oo by BT e il oM AR R

i nstead use téwex@wejgl?&ieqa‘rogrmrﬂ&fenﬂ&& @Epceh vﬂfeh@{c @letiri|bat doRspdndingne

D. Routines The follow ng provides exanples of the routines identifie by

t he conpr ehenwitheadvaaeedioadimiasidonloant I hreasonHy thapihe regulatdead ddeamot ¢rder

of ol I m i i P P DRILALOHEGH S MR ReTe ok B ol eehPTeG) Rexocuti o

frequency, ratiagged. hmosmzpdeyfoﬁhm PRbIeROshbER: nol BEr&ORYd bp%&ﬁw}emn y be
generated freely assum ng that copy propagation or register coalescing wll

renove t hem i the desikriadd eperdsornmedtheromsedie irbgram may behave incorrectly. This is

because the value of the advanced load may be aliased with a store and the check load
re-executes the load in case the store invalidates the load.
Similarly, the last load (line 9) in the above code accesses the same location as
| the first load, and there is no store between the two loads. However, the last load should
not simply be removed in the above code because the spec_load has a corresponding
spec_check later in the rest of the program. If the spec_load is not needed, its
corresponding check load should be removed as well.

C. Comprehensive Redundant Load Elimination

The invention involves available loads analysis to identify redundant loads and
program transformations to remove these redundant loads.

1. Available Loads Analysis

One implementation of an available loads analysis is a global data flow analysis

performed over an entire function. It indicates which load expressions are redundant in

11
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foll ow ng routines deal with only one covering | oad and one r edundan® 7 A& 4002
The routi ne¥cAMEGE extended to cases of nultiple covering | pabvsSyerzs | d 1
represents the set of nultiple covering |oads. Certain code of Exanples |

1-48 b i fi.ed t . ta handl.e thi i tuati ill b t
Lo thoss ki TP achif: FATEEISE aRarPiRaon WHTo FRREERuY S RotldrT e PBad 1y
become the ngxfiod, eﬂ&mgewg%@mées oﬁegeinﬂgué BB Aot G Aalys 2 utr1§e'1§uR) The

R Rroutine perforns the sanme action as perforhed by tradition ndant
| oad el i m nainvanionli§ nbtiémitetxolinadl$oadrezprerdod Idjreghs avaitble ('dailabledoadn nat ed.
If the two |loads send results to different registers, change 1d2 to a copy
fromldl's dEPIESHART R SpragPErsEm peint H2nd opkydf pleag ewsry esefusipe pathAp thscanpl e

f the RR ti i. i.sted i le 11 d. | f th h
ion coge cauggrgg%&e?chgt’ h‘i{fﬁgfﬁeéxg?“%‘ié}ﬁ%ﬂ%‘e°’i°ff%?é5§%§ ‘@E%‘%ﬁge r%(gr%)}t ee1(1: ?B?e
I'n Exanpl e 1défdNed @RAFhdrd isHo\@bre Bp&ARbEH tAELAMY jochiidh. I BicterbRNE 153Hde shows

code before the transformati on and the right hand side shows code after the
t r ansf or mat i epresioR1d[rell] at & gdprdm poinbmdedundaint)if and only dadis(adrdatty) &lailablaat
or_Copy_Al to A2(ldl) 1d2)... ---~ ....r2 = load(addr) r2 =r

1(a) ( b} ExanpiPat PregraR pein  Requl ar | oad and advanced | oad. (R A). The R A

[ ond needs. tho ALTeR 1y B o R A ol O FORIRIRCE, o

| oad needs the A y entere y t ver, I't can
renove the rgabdlaatal fad anaedcdllee tie 'iAsva bl SUG SIS TAVE [HHEEY sic RM&eA6) 07
AUG 2002 WO 99/ 46677 PCTI US99104433 no use or definition of dest(l|d2)

bet ween | d 1regweflantipadRithe functipmniarthe fpreatatips, pload expressianont lewit® use
and definition of. dest(l1d2) between |d | and Id2. Note that the destination
regi ster of ’t“ﬁtéucé‘ﬁ{?ihced | oad shoul d not change. The R A routine is |isted
in Exanple 12 {a)Landrzagloqg@rrpl e of the change caused by the routine of
Exanpl e 12(a) is shown in Exanple 12(b). As noted, the left hand side of
Exanpl e 12( bis redvadantdfida evedfyqraeh frive the STARGrbiatk (@lsp caltd 4 helc) bhthe chamol si de
shows the coae after the transformation, R A (Id 1, 1d2)r 1 = |oad (addr)
r2 = adv_| oatoV&mphyte L. fisrgedsteanotsr lepdsh? 1d2) betweenuse rl rl = r2id 1
and | d2use r 1m)v&.l d123 Qﬁ{[gge ld 1... ~ ...ElimA2 or Copy_ Al to A2(1d2,
ld 1 )r2 = adv |oad (addr)(a)(b)Exanple 12: R A

such that rl is not redefined/killed between L2 and L. (Note that L and L2 may have
the same or different destination registers. That is, r2 may or may not be equal to r3.)
There may be different L2's on different paths from START to L. The load expression
in L is redundant since the value loaded by L2 can be used correctly as the value loaded
by L. i

For each block n in the control flow graph, the AVLD(n) is defined to be a set
of available load expressions reaching the entry of n as in equations (1) and (2) as
follows:

AVLD(START) = © (1)

AVLD(n) = (\((AVLD(m) " PRES(m))w GEN (m)) )

VYmepred(n)}
where pred(n) represents the set of immediate predecessors of n. A load expression
1d[r1] is preserved in block m, denoted by PRES(m), if there is no definition of rl inm
and there is no store to the same memory location after the load. A load expression

Id[r1] is generated in block m, denoted by GEN(m), if there is a downward exposed

12
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In Exanple 12(a), the phrase use/def of dest(ld2) means use of dest (0 HAY6 &l
definition o¥oeess({d d2). An exanple of a definition of dest(pPdBusbeoszs = r3
+r4. If the condition in Exanple 12(a) is not net, the load is not

‘el im nated. Exanpl e ,12(bE§ il lustrates an exanple of the.second technique
for elininatioagespresidbnt nBad lPad erreaiopddlablos dovmvehespesedinblsskm | t he

redundant | o S?ﬁ T 1l my&d; nd.the.covering load (| oad
(addr)) is e]?iqrr% na\éelé(’ja%grﬁgﬁgg{l%ﬁt%éec% Vi eg&géﬁ c,ied}Htéonr %fflljr?ﬂgﬁ? Sf%%eaé’ t?‘%

el i m nat ed agehd emesMetdtipd. | oad is nodified. Under either perspective, the
redundant load is elimnated by no | onger being inits position and there

is one fewer | oadTheweshliting 60E8.D Brfomengioh andi¢atesdvlzini loet exiressiend.ard v ailpble
Because the regul ar | pa e e expensive than the check |pad, the R C
routine first Py ¢ a?’é%%%%@trﬁgmnaaa@ €BibE Prapagye when
th i : - | il Ll : : . . Lf th

ere is N0 4ol gL DlobkaB i@ fPShichddh RSIAGER. Lol hinBl iRl the

regul ar | oad can not be renoved, t’he c can be renov | d2' s

advanced | oagropfanietechrt W ea patticalatindelRtion Ni K 18y 1d28 phst@etien afieieklohdad
with a copy. For sone architecture in which that a check | oad has shorter

| at ency t hanexpressiop,is atdilsblemghhbriorddneivenied. theml contoned redyndant lnadk | oad
may m ss ALAT and. engrgte g recovgrg. Lf &6 Cﬁn b_g det erqi n<§d hat the
check~l oad V\f’fﬂresﬁgse‘fv e ER 8 ELYR LIRS PhRIPYHEAENICRTHYE" shufd not
be repl aced Ryvé). GORMunddde 1d2dAs & QI iRGuttfor do%a‘?ﬁin%@r@dlm&’ﬁ%@d FessibRET
(RULE 26) 0 7 'AUG 2002 WD 99146677 PCT/ US99104433 E: canple 13(a) and an

exanpl e of the ef Oacta bfadtikserutti@mis ividemificdno be resinoduntiaseExbempliee 13(b). The

routine Try renove check |oad(ldl, ,1d%¥e i,n Exampl e ”13(a% choqses between a
copy and a cHO¥RNPHARad Rsiguqtiogs gherejp salied {coverigg doadgddry Of eatipebthiat | oad
(addr)if no ( . e =2 2nove
|32 bef or o 1 SR TURP LI BISH COsRARIRePL S kg 10304 Bt oo @b ST
checkyl oad (aadm), Theye £X6G5OY CetWITREE or nRdichekering” |lo%)d?ﬂ)ﬁLfogg@Mﬁm§f@Ek- load(ldl)
| d2)if (1d2's advanced load is not betweenld 1 and 1d2&&(dest(ld 1 ) =

dest (1 d2) ~~ fed2ndnpy. Mihep the pxopramxeaytian reachcolyit hasigone thagggha fgverigg Joad
(2) (D) EXe! o R b TR AR S Bl hne
be removed, {dei&hRCK 1S aNE&%et contains only one load, the program transformation
needed to remove L is relatively simple and is presented in the next section. If this
covering set consists of multiple loads, there are two cases to consider. First, when the
multiple loads are of the same load type, the elimination of the redundant load can be
handled in a way similar to the case when the covering set has only one load. Second,
when these multiple loads are of different load types, the program transformation is
more complex, except for the cases where L is a regular load. In some implementations
and circumstances, some redundant loads may be allowed to exist in the compiled
program because, for example, it is believed that the particular type of redundant load is
rare and eliminating the redundant load would be excessively complicated.

As an example, FIG. 5 illustrates a control flow graph corresponding to function

A:

func A()

{
if () {81}
else {S2}
for ()

13
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| oad can still be elimnated if there is no other check | oad dependimbAB&ZWZ
the i nplici woabhwasmoed | oad (this is often the case). The R CActouéggagssl S
shown in Exanple 14(a), and a transfornation exanple is shown in Exanple
14(b) that renoves the regular |oad. 22 SUBSTI TUTE SHEET (RULE 25) 07
AUG 2002 WD 991 46677 PC T/ US99/ 04433 R CA (1d1, 1d2)rl = toad (addr) r2 =
check adv_| oad (adds)i $3no def or use of dest(ld2) bet<veenuse rl rl =
r?1dl and 1d2nove 1d2 fefore (d 1--~ use rlElimA2 or Copy Al to A2...
...(1d2, Id 1 );elser2gz check adv_load (addr)if (1d2's advanced load is
not betweenld 1 gpd 12and 1d2 is the only check ofthe adv-load )Elim A2-or
Copy Alto (Id 1, 1d2);(a)(b)Exanple 14: R CA 5. Regular |oad and
specul ative 1o0ad. (R S% | f the specul ative check corresponding to the

(R . !
spccul ative | oad WigiTefesencedo FHO xandibs arsceding sayprie eadst impguatipsi 1 ihe start
generate a defearr. pt.i_on. ver lar |10 esses sane
menory | ocaﬂ’ ﬁgﬁg lgﬁ’gocﬁﬁg?'eﬁégﬁtef(gﬁ% lﬁlch')%mr%a;ir’ggsg"%nf? hgporc gg%(ér g’re Hr%&a%.e Thus

the specul atiiyek B9asibRERs BheB S RAe Weat LY/ £B8CR4 A BN NASRGTARM stiiénddie
specul ative |l oad and its specul ati ve check operations can be elim nated.
The R S rout$heé2j §3s¥hwndiS? aexeatrplleads Sthale mmdbaotherstaddfmmntreatat ohovex tiapdre i s

shown in Exanple 15(h). R.S (1dl, 1d2)rl = load (addr) r] = load (addr)Elim
A 2_or Copy Mt lea&%ﬁwmhaelzglsz@ee@resaw ep ayios @p@ey Ebaogk as the

{ — _ i .
Spec.| oad. . selisBihfed GSELMABRCETY by g, mR- iR T8 GRRANNTS,
Load and Spemighahbiis: pdvaned(t.d.arckillddR Ihreldie, the HAilietdadearsiaid d not

renove the specul ati ve advanced | oad because its correspondi ng check | oad
needs the ALXPpzastasythevpbribelblogkstsadhalplais hawn wéiddoadrxpressiorsare pralkebler | t he

| | oad b dif . .th | ati d d | oad b d
before the r@AREFPEaNIRanr L haRPDaL thaet PElPdiBved, the specul ati ve
advanced | 0ad 23 FBSHNTR 150EER o Boblay 28 oy nolA0AGGT G fxtf2: 3002

PCT/ US99104433 shoul d be changed fo an”advanced | oad as any exception
shoul d be r adiogédlistéedyit Examplaé. spaimprehensiRe SRailable lomds angyshowntypaioExanpl e

21 12 | AR badate e s BSPARAA DiRSs OOBMIGr of dest (1d2)

beriveenuse r 1 ry1 = %Mg’} | d2nove 1d2 befor e_l dl -~ use rlchange 1d2

to advanced load... ..: T _Copy A1 to A2r2 = spec adv_| oad

(addr) (1d2, 1d 1(poddachradmidentlifad IR sAppropriate program transformation may be
performed according to the load type of L and the types of loads that cause L to be
redundant. Given the six types of loads considered, the transformation can be very
complicated. This is a major reason why one cannot straightforwardly apply traditional

| redundant load elimination to the problem under consideration here.
The outline of a comprehensive redundant load elimination algorithm

(CRL_Elim) according to one implementation of the invention is shown in Exampie 7.
CRL_Elim() may be called between global scheduling and register allocation or at
some other part of the compilation. Comprehensive_Available_Load_Analysis() is an
available loads analysis that handles all six types of loads. Below covering(ld)

represents the set of covering loads for a load 1d, which is the load to be eliminated.

14
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7. Advanced | oad and regular load. (AR The A R routine can renove 0HeAUG 2001
regul ar | oalOIME6IY R routine is shown in Exanple 17(a) and BCT/US99/04433
transformation exanple is shown in Exanple 17(b). AR (Idl, 1d2)rl =
adv_|oad (addr) rl = adv |oad (addr)ElimA. 2-or Copy Al to A2 -use rl
-..--.~userl(ta 1, 1a2)r2 = | oad (addr) r2 = rI(a)(b)ExarrpIe 17: AR 8.
Advanced | oad an l‘ﬁgg t-oad: U'\ A Twoadvarnced toads—wtihrthe sane

r

size and fromthg ess @ | gﬁjagﬂ% b%/ a single advanced | oad. A
conplicating fact E[E §el-§‘q @ check l.oads shpul d have
t he sane desti natlon 1Cé ?"é‘tré‘ilund@welﬁa dy fne 8 FovgTiRmieads cavrEng(lanced | oads,
its correspondi nd _checkP¢ Figynagiraicevdsagddaliged t o check the dest|nation
for the other adJanced l.oad. une the.two . adv nee | oads and thE check

| oads are used ag in Exgﬁ?)q’@e?gaoﬂ’r%ﬁ FFE‘J"I"EZ’“% lmppptony¢ iy WO

99146677 R1 = adv_Toad[addrJuse rIrZ = adv Ioad[addr]store pri— =

heck- | oad[ add
Sampl e code 0 7 R0RZBRIREH BRORFARITT Sy AR AT AR
second adv anmededudladaf e nvailaie boabCariatymied. thesole bdiflg corhpiddd. IThesit(res!] )

 =dest (1 d2) change 1d2 to a copy "dest(Id2) dest(l1d | )" change 1d2's
check | oad t@rogmél@saé@nplmbgmw]‘mﬁémQr@cnoyerm lgask (e @ndpnuredundant lepd | d2' s

check load r = virtu ter( nse new = dest (1dl) before
T s chack 165G WRa et aleanyiplaby fioa bags MRl hedang Bliefr FBIAT o use
rt_new el se ﬁd&‘s'&?b%aél‘xé}?ﬂ dEXATRINg vl%ﬂeh l%a& 820k AR §fc. FBEARGRNT
advanced load is elimnated and thé€ foll owing actions are performed. 1.
Change the smmmndnadualmmdtahmadhct kmadehmmaman baghvangth thhecdundak ldadddghest r 2 t o
a check load, of r 1 and add a ¢ ){ r after the check 3. If rl is
used after tHPrEBERKOIASHA- Cf,s?mrrzcwgéptthe'bcsmﬁwf the-fupgigny ansbwerks the

check | oad. f%%:él e eq{dloftllrkefu}fét?o% cUncfe:r %oﬁetr%plgmgnt&hcﬁf lﬁm 185'&161 n?mgt?c?h r

new. This is

begins with the redundant load lowest in program order and works toward the
beginning of the function. Other implementations may be used.

For simplicity, in the following examples, it is assumed there is only one
covering load (1d1). Further, in one implementation, the sct of covering loads (whether
one or more) is not passed as an argument through the Do_Elimination function. The
information regarding covering loads can be conveyed through other means. Further,
even if there is more than one load instruction in the set of covering loads, a single one
of the load instructions can be processed with the redundant load at a time. That is, the
other covering loads can be handled later. There are various ways in which the
invention can be implemented.

There are at least two techniques by which a redundant load may be eliminated.
First, the redundant load may be completely eliminated from the code (as in Example
11). Second, the redundant load may be eliminated from its position in the code and
moved to another position in the code, which also involves an elimination of a covering
load 1d1 (as in Example 12). There are different perspectives for viewing the second
technique. From one viewpoint, under the second technique, the redundant load is
moved and the covering load is eliminated. From another viewpoint, under the second

technique, the redundant load is eliminated and the covering load is modified. Under
15
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needed because the check load for r2 is changed to a check | oad for (0r1 AUG 2002
whi ch may degswosetthe origi nal value of rl. The A A routine PST/Sh®Wa433n
Exanple 19 and a transformation exanple is shown in Exanple 20. SU9STI TUTE
SHEET ( RULE 26) WO 99/ 46677 0 7 AUG 2002 PC T/ US99/04433 rl = adv_| oad
use r 1 r2 =STHEYPEREqHYS & rrdundapdpad isslippnatedherqlopgudeingeis it postiore *q r2
= check_| oad S‘fgrf: 1szonléhf§wﬁﬁp ﬁﬂﬂélo&e = adv_| oaduse rl (addr)r2 = r luses

ristore *p[aa(ff1 uses rrstore* gladdr)rl new =r tr =
check_l oadr2 = r|BgRsplE 8 iSSextampld GV FHRLiLatRR: (1A 12) hdlMdied agki ] (addr]
9. Advanced | oad and check |oad. (A O~ The check load is unnecessary as
t he advanced | oad |fEruoraldad Tyipe =viakpdaf load, eancé blad | ahack 1089, ¢Heckan be

removed. The A C rauiineed iosd,sSpesMlative 1€2dasmebelaile z{cBJ)anc&l’cldo@d}ranSf rmation
exanple is shown iln exarrple 21 (b). AC(Id 1, 1d2)rl = adv_| oad (addr) ri

= adv_I oad (addr)'l IdI | d2);r2 =
check | oad (addr) g?@)p?bﬁxyﬁp@&%ﬁr&kméhe (5)9%2 ced | oagl and check
advanced | oad. (A This is sane as the case for advanced | oad and
check load" (A O |D°_IE+‘P€T1@"|°§ (144, ¥2her check load for the same destination
as 1d2 (this is ofjt enrattiee gage}=Clidviferdritpe(ld hadntypetd2); advanced | oad
shoul d not be rentLvedcﬂSroddhm_gmﬁxe(lm IldiZ)pause t he check | oad to i mcur costly
recovery. |In this [CasSeE, e routine 15 trea € sane as ced | oad
and advanced | oad’| (A A). TheEﬁ@f@lergoDPLWémlﬂé“@Ih&M‘inFn Exarrpl e 22(a) and a
transformati on exanpte—+ts—showrTn HEET ( RULE

26) VD 99/ 46Gr 7Examplcs of routine_name(ld1, 1d2) are providcd in connection with Examples

11-48, below. The routine examples in connection with Examples 11-48 may be
examples of cases in which there is only one covering load. In Example 8, 1d1 may
represent a single covering loads or a set of covening loads.

Under one implementation of the invention, a matrix is used to hold identifiers
for combinations of loads. An example of a comprehensive load combination matrix is
defined in Example 9, where in one implementation, the vertical column of load types
represents the redundant load and the horizontal row of load types represents the set of
covering loads. For example, R_A is an identifier at the intersection of regular load and
advanced load, and represents the combination of regular and advanced load. Inthe
implementation described 1n detail herein, the regular load is in the set 1d1 and the
advanced load is 1d2, although that is not required. (A load combination matrix may
have fewer entries or types of loads in which case it would not be a comprehensive load
combination matrix.) The entry location (i, j) in the matrix is the name of the routine

called by Do_Elimination where load_type{ld1] is i, and load_type[ld2] isj.
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A CA (1d1, 1d2) if (1d2 has no other checks for its destination) A CQI7dAUG 2007
| d2) - el se AvA(sbdbe77 1d2) (b) Exanple 22: A CA 1 1. Advanced Ipgadsanelisss

specul ative load. (A_S). The advanced load will raise the exception that

t he specul ati ve advanced | oad intended to defer. So the prefix

"specul ative" has no effect. This is the sane as the case for "advanced

| oad and regular load" (A R). Atransformation exanple is shown in Exanple
23. (a) r | = adv_ Ioad (addr)r 1 = adv | oad (addr)use rl ~use rlr2 =

spec-| oad (qLCL al‘lrég & [Tadyatcd 3 SXATPChéck ATSpdcdlaifidVE c&fatv2ap and
specul ati ve |advanced qu. ( 5 ) . qga TS tdg;g%/:g@c Ioa Wi J r%dsethe
exception that the spﬁ'cu atijve advaq qu(?l ende to defe he
prefix "Spe(Jll| ative" has noleffect IThis |9 4‘?@ sane as the Qinr
"advanced | qalcgwal adva®cdd || odd (A AF Esee Rdedion DR8Y. An aifpl ef of A
SA el i m natijolead s shown in Bxanple 24. PCT/{US99/ 04433 AUG 2002 rl =

adv_| oad (addsjvdnked adw_Rodd (sacdr)[~ ase 1l k@yse ri K23= check sdv_| oad

(addr) r2 = rlloagl newsri r2 |= check-|l oad(addr) rl 3z check_| oad(addr) 2=r|
use r 1 use 21—t '“S?:T' FFE—-SHEET—{RUEE=26) 0—7—AUG26062

601 46677 pCT/ RSB IR 43 R b M%Lgag—kaddgz&—u use
ri-2 = spec a@beqkoad[cto@'ﬁ].RZ LA Ases G4 GsdsCrof#r ¢ ﬁ:&%re * (A1 SA
check- | oad[ gdafhvendcd= dheck-l|oad [addr]uses |rluses r2;tore *qgstore *qr =
check_| oad[ gdidadir | ngw = r jluses r2rl = check load [addr]usges rlr2 =

rluses r2usgSgfecheMEXERI €24°s A SA 1§.c Theck ¢pad ang gegulargTead. | (C R)
The regul ar jlpgd can he renpved 'as its valye i's availabTe in the

desti nati on fggrster—af Sj' eheck—t TR A i% t+He re;@“'af Hage—wh

cause an exceﬁﬁqcﬂ?,t"’?k AR ok F‘éa‘é‘ i A Sae SPalled | A he o RSt i he i s
shown in Ex3 Vén@ﬁ(a) and a transformation exanple is shown in Exanple
25(b). C R (jlwad | d2)rll = check-load (addr)| rl = chcck Ioad addr)EIi n A2
or _Copy Al tlo A2use rl = use rl(1dl, .1d2):r2, = | addr. =r

| (2) (b) Exangl e 25: C R EX30P B9 CRPiehe e o R GomBatdt (c A . The

advanced | oad shoul d not be renoved. Theé check I oad can be renoved 11 there

is no reference i i's shown
i n Exanpl e 26(a) %R'g—eﬁ"ﬂ)ansg\g ﬁgﬁ&g rlShg’ﬁfellcijrg&g %\t}mqo%n% ‘%rmgx%(b) 28
SUBST1TUT' E (SltEEE'luﬁgLLEanﬂa)/ be eﬂmZna&ldGnZGﬂiécm 92h 469 4f7theG 6/ dobfdatidds33 C A
(Idl; 1d2)rl = check_load (addr) r2 = adv_load (addr)if (no defuse of

dest (| d2) bexfwetypes of lomds:(sqeezﬁwlaﬂh Helgeverpompichensiesf seundagt lpgd r| use
riElimA2 or

(addr) (a) ( b)ﬁ%?%fﬁ%‘r%‘ i5ghi9hgeximate ofsedfntanfichd kihafaf i 4B5" expmples of 1y,
second checkeh@fdn85H Qfnination, redundant loads may be eliminated in fewer than all 36

combinations. For example, under one alternative, if a matrix is used, the matrix could
include fewer than all six types of loads in the vertical column and horizontal row.
Under another alternative, the matrix could include all load types and the intersection of
two loads would provide a routine name (as it does in Example 9), but one or more
routines would merely include a return instruction (i.c., no actual code transformation is
performed). Under yet another alternative, the matrix would include all six load types,
but rather than call a routine name, a code at the intersection of the two loads could
indicate that no redundant load is to be eliminated. Other implementations may be
used. Certain implementations of redundant load elimination (whether or not

comprehensive) may perform activities in addition to those described in detail herein.
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removed. The C C routine is shown in Exanple 27(a) and a transformat@&hUG6 2002
exampl e i s WRAWMASE7A Exanpl e 27(b). C C (1d 1, 1d2)rl = chcckpdxsshopadar) rl

= check_l oad (addr)Try renove check | oaduse rl -.~ use rl(ldl, 1d2);rl =
heck | oad : > G C 16, k | oad heck d
Foad. (0 cay s el e RMBeD f e fiediests ROt medd FPooRoSimiftaa,

| oad has no (eghesruah@GkmbpPan addredses REotBATBelieas inat tadr. regi ster, as the
first check |l oad already reloads the value. In this case it is the sanme as

"check | oad and diléck illestmtes load 11d2.2hE3, amdtiel whhedkl, Laaas] L3 frendentifiyd nay
expect the AT entr, tered by the inplicit advanced load. In this case
Tt the: saovel avbfalondspatiii = GoAi 18HebIo T ETEEC RS EPRSoanown
i n Exanpl e r I : | . C CA
(1dl) 1d2) i%§ad(lFﬁzHﬁg“gU%oﬁ%ﬁté?%e’g’Egm%é&“?’?gmg’gg m%s?’g“%?%g&f%&“? | d2)

el se C A(I dllpadsdid}h fexpetpteL 28Thdrefofe, 28tiS1BPY ElkmsidkEILY, R 2P 0 7 AUG

2002 WO 991 46677 PCTI US99/ 04433 17. Check | oad and specul ative |oad. (G Y9)
The check | daxpkaiite ekiminste/wansfasmdeht L bis 2 ¢vaeringload paduesnerite U2oad i nt ended

Specul at | ve Mo [aspee e i oe ERBSE RauR e gy LA fofes”
dom nat ed byrHehesrs PErcohiAk! aﬁeﬂigﬁfkaéﬂmﬂp%uﬁmgg@%%mwn% moved to

several destination |ocations d they collectl m nat e tﬂ'ei r spec

checks. The C S riaubé erampde sHiBih 6] 1 iExsanmeethadOl axndhdl are ditbsinariost type
exanple is show in Exanple 29(b). C S (1d1, 1d2)rl =check-load (addr) rl
=check | oad (E&d&pihece ags, b coulativepdugngsd lqads,etq )k Upder 089 | 1a2) : f or

h |d2' ol (it .0 s .dom nated, b 2 = - | .0ad
Cadar) 1o = PERARESn joat chlmindiph 14 fo SEIRAREAY NPT BRT AR -
18. Check | cagheasul @p@.cuhaéﬂamsm&dlw@xﬂémhmg1oa69ﬁ§&ﬁanom§ayqngﬁkfoh@aﬂ wi |l

e

rai se the exception that the speculative advanced | oad intended to defer.
So the pr ef ialthosgietalcavénng lomdssrnanyeddnekinatiofituif she sx idad typere Uadertatbirdase for

“check | oad .ang advancef Idogd'f ﬁ.C A) . A transfor (‘rj%i ion .exa | e N é shown in
Exanpl e 30( HPPEISA O foad efmrafion miaydieyper G L dth oV HIE- ORISR~ oMkl ) C
A(ld 1, 1d2)combifatibngof R4S b Rot diher comBRRG ALY lb?c?cﬁpé 144 (6 o Minfrx anpl e
30: C SA 19. Cflleclk nagvance eIL”oad %néﬁr ecam%ar Foadf. Rﬁi. Tq)ﬁge r eg%ﬁgr
| oad can be wigribvedtriag loductyped msy bd inivalved detl 1o dlpwidaticn ialthiatcdyauay af thabl e
in dest(ld 1 ). The CAR 30 , . . Lo ,
variety of possible combinations, it can add significantly to the complexity of the
compiler,
In Examples 7 and 8, Do_Elimination (ld1, 1d2) is shown as passing both 1d1
and Id2. Alternatively, Do_Elimination and other functions could pass only 1d2, and
the covering loads of 1d1 could be determined based from the available loads analysis
and the code being compiled, through some means other than passing ld1 as an
argument. Further, Id] can include only one covering load at a time, rather than the
entire set of multiple covering loads.
In some cases, and redundant loads may be passed to a routine function, but a
load might not be eliminated by the routine. For instance, in Example 12(a), there will
not be an elimination if the conditional “if” statement is not met. Reasons for not

actually eliminating the redundant load include that it may lead to code that is incorrect

and/or less efficient than the code was with the redundant load.
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SUBSTI TUTE SHEET (RULE 2S) o0 ~ au~ 2002 WD 991 46677 PCT/ US99/ 04433 7 AUG 1002
routirne i s YHOWH647M Exanple 31 (a) and a transformati on exanptBUS®/084WN i N
Exanmple 31 (b). CAR (IdI Id2)r| = check adv_l oad (addr) rl = check

dv | oad (addr)El | t T 1 (1dl).ld2):r2 =
oad ?gdd§? D EF ?(%?)C{lﬁ‘iaé?a?ﬁ%@“ Odgz 8759, adadoSalebl b ahidh
advanced | oage 15(1&‘/% A addhied) rEﬁ}@seﬁQ%oﬂﬂjH@d}Eﬁdﬁhgf%Qe'o? 5h8ao%alvmu% Veé(‘jor

its correspondi ng advanced ‘| oad, the check advanced can be re

wi t hout wor r yenvgededimafdp)i tUmdef cbxe:atnpmmaltdtmcaﬁlmﬂq:)am 1Ahd\ilh @nhédtion Gittethed se
this will be the same as "advanced | oad and advanced | oad" since a check
adv_| oad can 8T hthcaeesiy 2 spmagipon a%?dlot tesamp, Reregsnp gkiminatignolndemn

Ex le 32 f t

Exannl & 320 bhnefbienbA AR, O B0 AR RERLRE Sed Gl ad lioRERA g AL
(addr)if (I dIsmﬁau@@mmqldng'ﬂ@laét(idqmrdonmdérzd t&@ecﬁd&@&mw}éﬁ%\ze%eck | oad
and no defuse touse rldest(ld2)between Id 1 and 1d2). .nmove | d2 before

ld 1r2 = adv Ch@ada(ltmidp)aEJIOpm Axtibity ©opye Blih_Ad GXZCDRSZ /%llalc)_er(kjdAlon krd| ,

| d2) (a) (b) Exay ck advanced | oad a ck | oad CA;C
When a store® @Fﬁéét‘gg @i‘etdh?é’}“c flimpatesy gplf qe Qgg) BF%&@S’ ‘P“rfé‘ﬁ%‘&ﬁsllé~ be

i nval i dat ed ‘ 1%)dd fie sane. However, in that case there
shoul d be onl%gl ?ig%:t{)l : iﬁe%ec% ¢heck | oad can be renoved, just as
t he case for ",EgﬁkADO@dt@ ‘@hegkgjpndm2)31 SUBSTT TUTE SHEET (RUCE 26) 0
7 AUG 2002 VWO P9/ 4B6¢( 4B Pp The CA-C routine is show, ~n in
Exanpl e 33(a) and a tran Fg{c (?‘Q exarrpl e is shown in Exanple 33(b){ CAC
(Id 1) 1d2)rl E chec adv oad (a 21 ri = checl: adv _load (addr)C C{ldl,

| d2) use rl ~ uke rlr e::check | oad (addr) r2 =rl( gb ) Exa Iq,33: Cp-C
22. Check advapced |oad aH@nghidd o Hig¢apy: Bgrpciog, dF%ﬂ‘%ﬂﬁdes d1)

Example 10A: The Elim_A2 or_Copy_Al to_A2 utility routine

A utility routine Elim_A2 (ld1, 1d2) in Example 10B is simpler than that of
Example 104, but serves the same purpose of eliminating the second argument passed
to it. Other optimization can be performed to remove the copy instruction if it is

desirable.

Elim_A2 (1d1, Id2)

| Eliminate (1d2);
Add the copy instruction “dest(ld2) = dest(1d1)” in its place;

Example 10B: The Elim_A2(1d1, 1d2) utility routine

Various other elimination routines may be used. For example, the Example 10B
could include a line of code “if (dest(1d1) != dest(1d2))”” making the line of code
“dest(1d2) = dest(ld1)” conditional. In another implementation, the compiler could later
remove the line of code “dest(1d2) = dest(ld1)” in the case in which dest(1d1) =

dest(1d2) (e.g., code isrl =rl1). In examples, below, the code refers to the
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Check adv | Qad can be safely replaced by an advanced |l oad. So this ro(bz AH@ZUUZ
can be done™h¥“8%te as "advanced | oad and check advanced | oR@I/US/04¢x¥0Ve
the second load, as in Exanple 34. CA CA (1dl, 1d2) A CA(ldl, 1d2) Exanple

ond ol i m naltt B ot Pk ek el b eLE B RIS SR TEREE e

possi bl e i nplugimatiad bOBLarhwie 108 sbmg otteeelfrhindabh Rutihel Whi ch the same code
can be used in redundant |oad elimnation in response to two different | oad

conbi nat i ons Ibf aRowtidesl i mination matrix. In a first inplenmentation, one

function calls anqther function (which is_illustrated pn Exanple 34). Note
that the functi onofiae%z\“?%ma@éewﬁ ¥amples o€ the gRutes afealtisAby tha & second

i npl enent at i : i - i b O . I

i ncl ude codeqp Wg%éﬁ?g&?ﬁfé}agg%@fbé@nt% ﬁg{ﬁ% %{r}’%%'i ﬁg&g?géh %'@P@Sccg)% b(réfati on
(e.g., CA CA)exprs@seaﬂaﬁe&ﬁtlwwm&xm[pmnwasﬁ@mw;mads;@ldfenmmftmg@dli &ndef the
second conbination. In a third inplementation, a single identifier is used
in the interSecnpneliminatohp ledgevith pualles axecyiewn frdqueoabirathritbarssisplit here i s
only one funct.ion call.ed.and only one set gf code. e that et her a
particul ar cé l?f‘é‘tn%ﬁfi T HPYK PPIECUBPS A% %%%ﬁ”de%%b HATHE oB¥
arbitrary. 2 " i 3 ) 1)
routine for ':i)éo va%gég]d&fjrgglg&gﬁgbg%gjcgﬁﬁgtrﬁl\@ggﬂgg@"lyrg%brtg?g'eA%% é@)r&%{ih Ia'%e used
to renove t hdoldpeaprattinee deaadith ewsly Bxeiopleein@oad32d ShiBSdhriddhB o&HEERe ( RULE
26) 0 7 AUG 2002 WO 99146677 CA_S gl d 1, 1d2) A S(Id 1, 1d2) Exanple 35:
CA S PCT/ US99P@inessarphie extprdad tg ¢938s CEtU|tipiacoysting [pacuveare (H rgpneaeniede| oad.

CA SA) Th i Ll raj . i-on t t | aki
Savanced 1 oades S iR tind B3, QOB FHERRY SRR Ea L B Rel BBt
advanced | oadome@hady 2A6@E thidfuatiodss will BX A5kt &PtholeAkRA(h thelar. | Adr CA

A(1dl) 1d2); Exanple 36: CA _SA
1d2 is eliminated, a covering load may become the next redundant load.

1. Regular load and regular load. (R_R) The R_R routine performs the

same action as performed by traditional redundant load elimination. If the two loads
are exactly the same, 1d2 is eliminated. If the two loads send results to different
registers, change 1d2 to a copy from 1d1’s destination register to 1d2’s destination
register. An example of the R_R routine is listed in Example 11(a) and an example of
the change in code caused by the routine of Example 11(a) is shown in Example 11(b).
In Example 11(b) (and in other examples below), the left hand side shows code before

, the transformation and the right hand side shows code after the transformation.

R_R (Id1, 1d2) ri = load (addr) rl = load (addr)
Elim_A2_or_Copy_Al_to_A2(ld1,1d2) | .. —_—
12 = load(addr) r2=rl
(a) (b)
Example 11: R_R

2. Regular load and advanced load. (R_A). The R_A routine does not

remove the advanced load because its corresponding check load needs the ALAT entry
entered by the advanced load. However, it can remove the regular load, when there is
20
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25. Speculative load and re uE; lar load. (S R). The specul ative Ioachéup 2001
be renpbved WO 39g617egul ar | oad can be noved to the place of RCEUSHPHEBBati ve
|oad. @ herwise, the regular |oad can be replaced with a specul ative check

followed b opy. 0, cul at check of the ecul ative | oad
that I's. doni s Shes B Rt L R e diseistr feé%’wé&an%ée S R

t i I
Eoapl e 57( by el FHIBY S (s Snattinioh of fec RAsSRieh iy RN 182 SoSBEAD 11
(no defuse ofhect&smﬁdtdaa)re@ettememesevahtedused $Hohutt ﬂotaﬂﬂugédZMe-RDAeoﬁxd% iso

before Id 1. Al to A2r2 = | oad (addr) spec check
rl (1d2, 1d1) hﬁté%vgwml%iaeﬁé) m»gwaplewcﬁt@rcim&gqcam@qd%therm@ae@@f(|d|) i's

"opec. chack SEATpld i Pl Clrh AR bk Batithicat el "

1d2(a) (b) Exampiug sihvs codd bedte tiRBmsofthild Wﬁc%ﬂt 1REM afae @H’o\b%g code> A -

The advanced Ioad shoul d not be renoved. The specul ative load and its spec
check can beaftantby @dniférmidtmnadvanced | oad can be noved before the
speculative lgad. - The S A routine is shown in Exanple 38(a) and a
t ransf or mat i orHRef?‘a(r‘Fd W2} s shown i n Exanpl e |3BTH92d (@) SusSTROURd §ddBT| (RULE
25) WD 99/ 46617 royse/dehofdsstib?) pteeyso9/ 0443 S A (1d 17 F@)rl = spek_| oad
(addr) r2 = spec adVdli2sddd addr)if (no defyse of dest(ld'i?”between ~rl =
r?ld 1 and 1d? ) useveld2befoes Idl 1nove d2 to |befor& Ta” 1. .. .Elim A2 pr
Copy_A 1 to A2r2 Elimdd2 lopdibplasidto A3¢d: 1ddheck=rrHY 1@2(adﬂrd1) remove the spec
check for Id 1(a)(b)Exanple 3§ S A 27. Speculative lo @S and check | pad.
(SO. SRcould be used to (Pnove either tlhe specul at i | oad or the| check
| oad. However [ Tenovi ng the check Toad thi S way W I T change 1t to a Spec
check and a mpve. The spec check and™#@Mpd eyt be nore expensive thah the
check | oad. |t—may be destrabteto omty tTry to Tenove the specutatt | oad.
The S Croutine is shown in Exanple 39(a) and a transfornation exanple is
shown in Exanpl e 39ERimple Q(ﬁ)ldﬂ:,phia@@hn:rel’def‘:oﬁ@&((_dzqafimﬁm%)’dési’(l@)@heck | oad
(addr)if (no defuse of dest(1d2) between--~r = r2ldl and 1d2 )nove 1d2°
to before | ddefimigiop of degt@d?). ¥m ¢xampnle 2 ctgéipyxo;xcrfd@%(lds’é is2=13trgdfthed 1 );
renove the s eck for check d c check rl /*

del et ed */(a?f‘b‘i %ffb?’ém%@)qu%ac):ls me@g‘é §t%’§?§ F”Bl{ﬁpghd check advanced
load. (S CA). Thi Exampld!E2BRRis@SedMEXERPR JfPhe seePRLLRIduéFol QRsinai(k £heck
|l oad.” A sanple S CAroutine is shown in Exanple 40. S CA (Id I, Id S
C(ldl, 1d2) Edamghst 140t refered 184bSOBET M OTE viSMERIRt (tRUCBwRBNt load (adv__load

(addr)) is moved and the covering load (load (addr)) is eliminated. From another

viewpoint, the redundant load is eliminated and the covering load is modified. Under
either perspective, the redundant load is eliminated by no longer being in its position
and there 1s one fewer load in the code.

3. Regular load and check load. (R_C). Because the regular load may be

more expensive than the check load, the R_C routine first tries to remove the regular
load. This is possible when there is no use or definition of dest(ld2) between 1d1 and
1d2. If the regular load can not be removed, the check load can be removed if 1d2’s
advanced load is not between ld1 and 1d2. This may replace a check load with a copy.
For some architecture in which that a check load has shorter latency than a copy, this
may not seem beneficial. However, a check load may miss ALAT and generate a
recovery. Ifit can be determined that the check load will never generate a recovery,

then the check load should not be replaced by a copy. The R_A routine is listed in
21
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WD 99/ 46677 0 7 AUG 2002 PCT/ US99/ 04433 29. Specul ative | oad and
One of the specul ative | oads toget hecT/os$dnddss

specul ati ve W@sake6s(’S_S) .

07

specul ative checks can be renoved. The second one is renoved. The S S

foutine is shown.jin Exanpl e 41.

A2(1d2, 'd 1 ymek@alé;s@eawlaﬂ@smsp
advanced | oa
duc to its e

ST sl

1,
£l ofiths

Tt TRElouEATI SRR LR FAyAN

| d2) ELim A2 or Copy A1l to

CRe PR

P oa

AUG 2002

mawmsfrb@w ekExaraple
l ot be renoved
can e hlﬁ?)\r}éot?s%ss in the

case for "speswlesh b\¢g yma@mka@h\danced load.” The S SA routine is shown in

Exarrpl e 42(a) and a transfor mation exanple is shown in Exanple 42(b). S _SA
(rd 1, Id2)r | = spec_ioad (addr) r2 = spcc adv_|load (addr)S A(ldl,
1d2 -~ J’)IICQ rl _use rlr2 = spec—adv- | gad (addr)spec check rl [ *
del et ed */(a)(‘f)?1 A4 42: s sA 31 Spec'tlJI:g?qd\f%ddé?dvaﬁ%édhqcbdaade{ﬁﬁpﬁ elgul ar
| oad. (SA R).| Thes df e piebeestiRebetusdnny t|Hee Bpecul ati vl &d¢anced | oad |j s
re-generated by a JdAkardiddad. If the chedk load is not between the two
| oads, the speculra@vedd2 pefereildd i s not needed as™t regwsarl | oad will rjaise
t he excepti on. SEliiA2 opsepy $\ltleAlane gs.-"advanced | oad and regul ar | oad"
pl us a spec check i(&d2atdded when the regullar load is renmoved. The caseaJV\/nen
the check | oad Elg between Id 1 and 1d2 shokEdhevsit lokigpgen si nce an advanced
| oad and its ichecCkylreadvs bnutk dodd@dis&par atled by an aliased invalidating
operation (such as a call or a store). THe SA Rroutine is shown in Exbrrple
43(a) and a tyransformati on exanple is shgqwn in Exanple 43(b). 35 SUBST|l TUTE
SHEET (RULE 26jry reMEVOhé@6i84d(R1,4d4HAUG 2002 PCT/ US99/ 04433 SA R (1d 1,
1d2)rl = spec adv%]@gag@qgg)loa@l,smt%n dv_load (addr)if (the check Ifoad
of Idl is notjuse r i4se rlbetween Id|l and 1d2 )A R(Id 1, 1d2)...

.add a "spec chggk dest(ld2)"r2 = load |(addr) r2 = rlspec check
r2(a)(b) Exarrpl e ‘%estﬁﬁ‘lﬁ d?»cgt(ldﬁpecul ativg advanced | oad and advanced |joad.

(SA A). This

a3 may miss ALAT) )
Ehm_A2__or__Copy_A 1 _to_A2
(1d1, 1d2),

(a)

(b)

Example 13: R_C

4.

Regular load and check advanced load. (R_CA). The R_CA routine is

similar to the R_C routine. If the regular load cannot be removed, the check advanced

load can still be eliminated if there is no other check load depending on the implicit

advanced load (this is often the case). The R_CA routine is shown in Example 14(a),

and a transformation example is shown in Example 14(b) that removes the regular load.
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to AAif the check |oad of the specul ati ve advanced | oad i s not bet%éHG ?0(92
1 and 1d2 af¥P?44%35t - domi nates the advanced |oad. In this cBSEUSPH433
specul ative prefix is not needed as the advanced load will raise the
exception, amng i tFhussbecomes—the—sameas, Sagyanced—aasd '
| oad. " The S/\f@qgoﬁléd}igrir?ée [, &@we&‘/n’: Exgrglggl ?aﬁ%%{&%A_A :E ;%Ee 1-%5)' [ ;EEW:(
check | oad of | tlchs fetvieen d 1] and 1d2 and the cfieck | oad of I
| d2) Exappl e 44: SA A 33. Specul ative

post - donmi nat ¢s | dzc) I 1)
advanced | oad and¢h g ¢ (‘%6{891 (SA,Q). |f the advaiced“fHad for the chegk
Iy y+’%‘at‘f§, t he| advanced | oad 'shoul d dom nate bgth

A4

load is not hetwEdh-
t he specul atifve ad¥dfced | oad and the theck load. If the specul ative
advanced | oad §%l d generate a def err efi"2exeptpdnload d8xcept i on woul d|al so
be generat ed byf(l@é“gwafﬁ’d@@ if padeeen 1 is not inportant to generate (é.g.
a page fault [exceptidlom}il2 So the "speculative" prefix is not really needged.
Thi s case be¢onmesndNdCis thihanyShe ofout i ne i s shown in Exanple 4. SA C (ld 1)
1d2) A C(ldl, 1d2) tiexdnpbdad )45: SA C 34 Specul ative advanced | oad and ¢heck
advanced | oad. ( $MnCAR.orTCupg AStd W@ safre as advanced | oad and check
advanced | oad. See (Bxasp] e 46. 36 SUBSJI TUTE SHEET (RULE 26) 0 7 AUG| 2002
WD 991 46677 PCTNS997/ 04433 SA CA (1d 1, |1d2) A CA(TAl) 1d2) Exanpl € 46
SA CA 35. Spegcul ative adv@hced | oad ang specul ative | &R (SA S). The
specul ati ve l[oad—Tanmatways e Temnmoved.—_The SA S Touttne s Sstowr T
Exanple 47. $A S (1dl, 1d2)rl = spekxample 14 ¢Addr) rl = spec adv-I| oad
(addr) El i m A2Z—er—Copy—A+to—AZ2—use—+—1 gse—+—td2—t+a—t+) 2 =
spec_load (addr) r2 = rlspec check r2 spec check r2(a)(b)Exanple 47: SA S
36. Specul ative adyancegglQathaaRfd %@@Hﬂi@élb?{cﬁ @dwaneed sheafativehed - The
second specul ati ve adv ed ™y changing all the check
| oad of the segesmbndogdo the spératdtivt head destraned ancaxce@ins therspedulithe 1bad will

| oad. Tenporary regi ster may be needed when the lifetimes of the two
destinat i on EBFratect defered eltRAtOR BIoNGY CrTiE TIBNGE deRdragcqssest te SHRFBICAYTA A,

Shown . Exaro g Bk iR PR Bythe RYMaAIchA STRLOEEBh AL ° O
adv-| oad (addnjAhdgedblativedBclige uhhecessaryune thd sp2cutatbedoadiahd togdclatihv ) 2

=rlrl new=rlr2 = check load(addr) r 1 = check load (addr)r2 = rluser 1
use r 1 new &hetk epeartnng capgoe ebjmigated. The R_S routine is shown in Example 15(a) and a

transformation example is shown in Example 15(b).

-

R_S (1dl, 1d2) r] = load (addr) rl = load (addr)
Elim_A2 or Copy Al _to_A2(ld1, 1d2) use rl use rl
- B B - wes LER)
remove 1d2’s spec_check operations if it has r2 = spec_load (addr) r2=rl
/ no other corresponding spec_load .
spec_check r2 /* removed */
(a) (b)
Example 15: R_S

6. Regular Load and Speculative Advanced Load. (R_SA) The R_SA

routine should not remove the speculative advanced load because its corresponding
check load needs the ALAT entry entered by the speculative advanced load. However,
the regular load can be removed if the speculative advanced load can be moved before

the regular load. When the regular load is removed, the speculative advanced load
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i nyention. Acco

thereto that defin

| ~E-~LAp NS ize%'fiﬁ@en? th% s@tH@aaQIQgs can be replaced by a single advanced load. A

26)

rdingly,

t heZ

gg

Bkttt

complicating fact is that an advanced load and its check loads should have the same

destination register. When eliminating one of the advanced loads, its corresponding

check loads should be changed to check the destination for the other advanced load.

Assume the two advanced loads and the check loads are used as in Example 18.
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VWhat is clainmed is: A conputer inplenmented nethod used in conpiling &7 AUG 2002
pr ogram coNﬂ??%‘iGﬁH identifying a set of covering | oads i nclkaaivsgp/oas33l east
one covering | oad having a flrst Ioad type and a redundant | oad havi ng a
second | oad type, wherein thefi+st the—second | oad type each
may be one of a group of | oad l%{/pégv lﬂéqrud)[#& a regul ar | oad and at | east
one specul ati ve-type | oad, whieiseirh at | east one of the|coveri ng and
redundant | oads is a specul atlinletadyeldadad; [aidd sel ectivyely elininating the
redundant |oad. 2. The net hod sdre¢bai m 1, wherein the $pecul ative-type

| oads i ncl ude advanced | oad, c,hac&eag\qag}ce dapad, specﬁll ative |l oad, and
specul ati ve advanced | oad. 3. ethod of cllaim1, wherein the
identification of the set of CS?verl ng | oads and the redundant load is
performed gl obally over a fun 4. The nethod of claim 1, wherein the
identification of the set of |cvefhes§ loaddEaddrlvol ves deternining the

i ntersection of |oads from di f’fmselht bl ocks. A conputel inplenmented nethod
used in conpiling a program risin entjf covering | oad having
a first load type and a redund x‘?’@&heghgv‘g Zféoé}(}'gnd | oad type, wherein
the first |oad type and the second [oad type each may be one of a group of

| oad types i ncl udi r.e 84 I oad,

and at | east one |(I: ec dtryg}ek| ESAd‘Q@\%e%?Jn&at %ggcaﬁg%g\%krﬁﬂ#‘#g r%:%%rl ng and
redundant | o&iberiviseathepecindaidivatreed Yad is eladinarddns elecfollowigiactbistirdrat i ng t he
redundant | oad. 6. The nethod of claim5, wherein the redundant load is

sel ectively &F§ formedt ed because dependi ng on the conbination of the first

and second | ga t he redun oad is elimnated if certain
condi tions aﬁedcrrle%’ Sec Q/C{? Vﬁmét%qoach? N PS5~~~ 0 7 AUG 2002 7. The met hod

of claimb5, wheCkinge thtecheedihadant2 looahekR Icagloe st Andeldd a%dpmr@atrﬁgﬂa%@use
dependi ng on the conbination of the first and second | oad types, the
redundant | oad leclnot el i m nat ed under any conditions. 8. The nethod of

claimb5, wherei he gro f lo i.ncl ydes regul ar a dvanced
| oad, check Po a@ g‘?( g%\)-g‘h EdlBé%P PRIl W %a]d %mg 'gﬁégﬁl ative
advanced | oad. t i ng

|l oad is identifi edg %%@%ﬁgﬁ qug%/gfrlénﬁe?%ggg&ekg?‘g&o Jlgg?l‘%ﬁg qnglytsﬁ%d of
claimb5, wher einmetidtbbdcdesetthé tiomkiload édr r2 Insechcm)gﬁdnb aghedidone futmtlaviicH may i s

per formed gl obal Ig/_ over a_ function. 11. The nethod of claim5, wherein nore
t han one coverlq’f’(ﬁ Pyt anginahaplue PfEd and each cover| ng Ioad has the first

| oad type. 1 h h It
regul ar | oad%-a)ﬁ-cli‘;‘ reouglgégbsns 01"85‘215?}“%8“’\’@ 2 sp fﬁ”?l {/Oene ije ‘%g*pﬁ“@da 13.
The nmet hod ofExémgiemd, wherein the check type | oads incl ude check | oad and

check advanced | oad. 14. The nethod of claim5, wherein elimnating the
redundant | oad incl udes_A8dpll@)ely elimnating the redundant | pad from code
of the program 15. Thefdest(ldbd=dkstdd2i m 5, wherein elim nating|the
redundant | oad incl udes ehange id2tto agomyHdest@dtindentidi)ybad fromits position in
code of the program and rshatigadd2fscchectolblkbw clesk dest(@di) i n t he code} 16. A
machi ne readabl e nmedi{um hgdesiidi st defadd bheed @fier [dB$ chack loahs, wh| ch when
processed by a procesisor, Gause=the Aredagser()to perforni acts|including:
41 REf ' LACLf G-Ff ~I ~ SlgEci:ﬂ-seQ ry néWG d&e0d1) before 1d2’s
check load
change uses of dest(ld1) after 1d2’s check load to
userl_new

else
Eliminate (1d2)

Example 19: A_A
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i dentifying a covering load having a first |oad type and a redundant0 ¥ d&G 2001
havi ng a se®@f¥/466d type, wherein the first | oad type and tHEE9OMB3| oad
type each may be one of a group of |oad types including a regular |oad, at

| east one specul aH—\ﬁe-Huge—Lead,—a@dEat—J—ea%L_—@nei—e-he«;k;Ly ad,, wherein
at least one of t|Hé"Vdri%hg and P¥Gindant 1'6ad4-P¢ a specdfditi ve-|t ype

| oad; and sel ecti(VEFY! elininating the redunant |oad. 17. The nedilum of
clai m 16, wherei nf eRe9YeAfp of | o0&k ypes i A@thdes regul ar |1 oad, ddvanced
| oad, check | oad,| ¥kedk advanced | oad—ppectestli ve | oad, and specyl ati ve
advanced | oad. 1§.st®egpnputer inpl enented neerhdel used in conpiling a
program conpri si{rdg=dhdeknlord yi ng [addsbver i ngrll=ocheckhed ng a [kddrkt | dad type
and a redundant |jomdstlavi ng a second | oad tuysperlat particul ar stages
gl obally over a fjumgt#on, wherein the firststbreag type and the secgnd | oad
type each may be (orte=efeclalq@doup dhddrpad typasndw€tiudi ng a regul ar (I oad and
at | east one spedquitive-type | oad, whereinriatcieglasdadone ghddie cqgvering
and redundant | oddgseks a specul ativetype | oad: jand sel ectively eli|m nating
t he redundant |ogd. 19. The nethod of clai M8, wherein the first |l oad type
and the second | gad type each may be one of , @ group of load types [i ncluding
a regular load, at |east one specul ative-type |0ad, and at | east gne
check-type | oad. [20. A nethod of | o&dawpie2BadiAn in conpiling a grogram
conpri sing: deri viArg—a—frouttre—nare—froma—H+st—toad—type—and—a—second

| oad type; and performng a routine selected according to the routine nane
wherein a load is eIim'ndated. l21. Th?1 t hpd of cl(gging a\éYnerein t he
routine may call &not hﬁ—&ﬁiﬂﬁw&w RRE heepgad G GRS ERSSK 1R290S UIESESARY t he
deriving the t i [l he fi r&t: I

types 10 a | aaeeanindaTRa PRaine ST ShthelilTod SR ILPAIEERNN PR (e
derivi ng theAr @uouti@e ixsi®wh g bxaatgse R l@nirdf ytragfotheidroedampee i9an@vain an
intersection of the first and second | oad types in the | oad conbination
matrix. 42 e¥apple A} k:~' ~f~-T ~;1f~k--~ 0 7 AUG 200Z 24. The nethod of

claim 22, wherehrn *{l‘.“ ']cﬁ“d cofrbtatt S ijs3; ri\x ia a—€ompt ehenst-yve—toag
conbi nat | on maf A-E. (P52, %h d, off ‘¢l ‘?Vmoﬁ?),a fher ef n_ﬁ%dtv—l%‘gﬁ?‘?r\bi ef at an
i ntersection o thJW-irF@PV%-ﬁE‘% e@ﬁ?lud "¥dd types % a H&fbry address ¢f the
routine nane. 26. Théldle/dRbd of claim 20, wherein for some combinatiéns of
first and secomd | oad types, the routli'ne nerely includes a return
statenment. 27. |The nethod of claim 20 GACRileHd4399Da28"Hne of the first
and second | oad types is & ecul ative |l oad type. 28. g) machi ne readable
medi um havi ng s$tored thereon instructli ons, which whén processed by a
processor, cauge the processor to p ts Ancluding: deriving a
routine nane froma first and a secg)](ég{pggag?té*p%; and perforniing a foutine
sel ected according to the routine nane wherein a load Is elimnated. 29.
The medi um of claim 28, wherein the routine involves accessing a | oad

conbi nati on mat ri X0. 30. Admaacegdesd @ndgtheel a 2d loaghéAelCh)+ hais imsamiexasi the a

conpr ehensi ve | oad..conbi t
np Case for “a vancegelo

same destination as 1d2 (this is often the case). Otherwise, the implicit advanced load
should not be removed as doing so will cause the check load to incur costly recovery.
In this case, the routine is treated the same as “advanced load and advanced load”
(A_A). The A_CA routine is shown in Example 22(a) and a transformation example is

shown in Example 22(b).
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matrix. 31. The medium of claim28, wherein at |east one of the fi rsgzemgl 200
second | oad¥PyPe¥77s specul ative | oad type. 32. A machine r &&d&IPE448Hi um
having stored thereon instructions, which when processed by a processor,

cause the proges r qumm-f L f -
covering | oads & El%l, clin at checasst on ls clgverl ng | oad harzl %g@?ﬁdé’ﬁ | gad
type and a re:iun t‘ %ih a second | oad typE wherein the first |oad

type and the >econd ke @“ ach may be one of a group of |oad types
including a rpgul F

nd at Ieast one spec tive-type | oad, wherlein at
| east one of th S'?:overl n and r edungd® thChFﬁ‘ag‘%V E@?Qd%&ulratl vetype | dad;
and 43  ~~~~ L r~8_A0dL )t~ 0l 7 AUG 2002 sel ectively elimnating the

redundant |oafl. 33. The medium of claim 32, wherein tHéspecll ati ve-tlype
| oads i ncl ude|advanced | oad, check prveedkdiondiadin) speciiFahicldotdgaddr) and
specul ative aflvanced | oad. 34. The pedi um of clai m 32,2®%krein the
identificatioh of the set of coverihegerbads and the rederdsaw |oad is
perfonned gl obally over function.| 35. The medi um gf claim 32, wheré€in the
i dentificatioh of the sé of coveri ng | oads i nvoI veg0 Jdet er ni i ni ng the
intersection ¢f Toads fromdifferent DI OCKS. AA T ATAHTAA
. AL A@A. AE. ASE. Ay. . AY. A A2. A A2. AAE?‘aNEPQZZ AF_Q&\K A. . A3A. AL2. Al E. A3E. |AYI . AE

AAEAAFl AY A AE A EAY AT A YA A AT A A TA(EYgE

Baj | 8zupkf a\
cat L exunkt o) W o2 o) sl sahoeleal sl atale () SPetadksalenlaatap) oo oo
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al] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca] ca] ca] ca] c*a] ca] ca] ca] ca] ca] ca] ca

"I 2K7<, I [ ke} xr mhb] Xkfa[ V] ]] ca] cal] ca] ca] caU] ca] ca] ca] ca] ca] ca] ca] c*a] ca] ca]
caj] ca] ca] ca] ca] ca] ca] c™a] ca] cal] ca] ca] caU] ca] ca] cal] ca

VQTMPg8- OLOQR] } xsnmhc] Xkfa[ V] ] ] caV] ca] ca] cal] ca] ca] caU] ca] ca] ca] ca] ca] ca] ca]
_cMa] ca] ca]ca]cal ca]ca]ca]ca]ca]c”Ma] cal] cal] ca] ca] ca]calca Yp;

n2>Y\ hu| w mhb] X] ] ] ca] ca] c”a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal]ca]c
a]J ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal 8=0) ->Cgt x' Tcl {vgkfa\Wrhb] X]]]c
a]J ca] ca] ca] c™a] ca] ca] caU] ca] ca] c*a] ca] ca] ca] c”*a] ca] ca] ca] ca] caU] ca] caU]ca]c
a)J ca] ca] ca] c™a] ca]calU ca]ca 8;

enpx| "' Bf {upke [ Vmhb] X] ] ca] ca] ca] c*a] ca] caU] ca] ca] ca] ca] cal] ca] ca] ca] c*a] ca
] caU] ca] ca] ca] c*a] ca] calU] ca] ca] ca] caU] ca] ca] ca] cal] ca

-1~si . 1>?Y] ~Pl s} wr mhc] Xnmhb] X] ] ] ca] c”a] ca] ca] ca] caU] ca] ca] ca] ca] c*a] ca] cal] c
a] ca] cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] c*a] ca] cal] ca] ca KQu

7NRy/ & FS} xsmhc”rYmhb] X] ]]] ca] ca] ca] caU] caléa] ca] ca] ca] ca] ca] ca] c”a] ca] cal]c
aJca] ca] ca] ca] c(a] caU ca] ca] ca] cha]ca] caUlca]ca]calca o

“r KT>#wpl ~yt oj e [ V] ] ca] ca] EHBSA|TUTE SHEETdRIJEE]26] ca] ca] ca] ca] ca] c”a] ca] cau
] ca] ca] ca] ca] ca] ca] ca] cal] ca] ca] ca] ca] ca] ca] c™al | FJt (4et xi 95gTX~ytoj e_ZU] ca
] caU] ca] ca] ca] ca] ca] ca] ca] ca] c*a] ca] ca] ca] ca] ca] c”a] ca] ca] ca] ca] ca] cal]ca]c
a]J ca] ca] ca] cMa] ca] ca] ca] ca! X| >14 .

7| w mhb] Xj e_ZU] c] ca] caU] ca] ca] ca] ca] ca] c*a] ca] cal] ca] ca] ca] ca] ca] ca] c”a] ca]




~mp{vqgl gb\ We_ZU] ] caU] ca] ca] ca] ca] ca] ca] c*a] ca] ca] cal] ca] ca] ca] c”"a] cg@]M]ZﬂUZ
a] ca]'ca] ca] dHP 8¥66H] c”a] ca] caU] ca] ca] ca] ca] cfa XHOWA- Wof V' PCT/US99/04433
{vqgl gb] X]]]ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal

C_‘::I U L’a V 33y 8y ~T—— -
(l:J?]l ??4] gﬁﬁfﬁfﬁlﬁ?ﬁ%@/ ‘}/%a]i a"g) NP J ~sal‘ﬁ{\‘f-(ﬁ" 3913 ca] ca] cd] ca] ca] ca]
caf cal & e 67 vfé@ olgalsplaghoal cal calfafpal cal cal cal cal ] cal cal cal

a] ca] ca] ca] ca] ca] cale]rta] ca] ca] ca] ca] ca] ca] c‘&%f]f%a] ca] ca] ca] ca] cg] ca] ca] ca]
ca]ca] ca]ca (dES Y18WaU® () - Y9g10% - &10%BoER () - #10% U&' () -
10% U- U&' () - Y( mLO%)| Uk= Echeck; lg#581090(ad8f]( ) - 10%rUs check lload U ( YadZ1]0%
U& ()-Sf@0% U& () {1e%rU& () - qE BAEy@10% U&'uds2+y 10% U& () - sff|) 10%

ug ()-", 10% U& (){Fto@Bfo U ()-10% U& () - 9BatoxarCY(_10%& ()- 10 |U 10 U 10
UF%.710% U& () - s<410%dfiedk) lo@ 810%0[4d&]() - ' 7f X0%tew =rI
U& () - @ywUdmbCl s, 1108662G, & ()-*! n, * 109BB& ()rl*d dheck1BMBBE ( YaddHF, [* 10%400& ()
-*1d, *10UB8& () -*! |, usdDA& ()-*y8z[ <mbCl sS2- 10%&1() - 010%& () -
& 10%& ()-!V, *10%4& ()-*!|,*109%P& ()-*!n, * 1RUBBE () - ** EFGHTpb@|s! #910%&' (
)-, 10%& () - uses rl_new

Example 24: A_SA

13. Check load and regular load. (C_R) The regular load can be removed

as its value is available in the destination register of the check load. Also, if the regular
load will cause an exception, the check load will have raised it. The C_R routine is

shown in Example 25(a) and a transformation example is shown in Example 25(b).

C_R (id1, 1d2) rl =check_load (addr) rl =check_load (addr)
Elim_A2 or_Copy_Al_to_A2 userl p userl
(1d1, 1d2);
12 = load (addr) r2=rl
(a) (b)
Example 25: C_R

| 14. Check load and advanced load. (C_A). The advanced load should not

be removed. The check load can be removed if there is no reference of dest(1d2)
between 1d1 and 1d2. The C_A routine is shown in Example 26(a) and a transformation

example is shown in Example 26(b).
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S 110%1 & ()11 10%) & ()2 | MO & ()~ @10 & () g&&&&&&&& b@ ! SHMLOYS
& () 10968 () '.F! I" %8 3 A-‘ =

*Z' " ((dEb@ s T 3 11

109G 8 (+5, ¥ °9‘%Q(%$’/§é%ie)“ 10%&'()@(7@ - 10%& ()
91-109%& ()-!11 o= T/ R S T/ U ayK@s 10G 10G 10G&<s 0968 () -
109638 () -2 10% )f%gr lak 3‘%&"?) U b/ n/}//*‘thO BVK@ s
f10%& ()- S 10% & of ehtoy &

S10% (& ()-' Z10% & ( d%d@m} 45506a’>VK@ 510° )#10%&' (Q “)#109%& ()-!!10% & ()
-, mO% & ()-! L0%U & ()- 10%&'() 06}677¢ﬁaid7dlwdcﬁﬂ N 10(_10(

10( <10% & ()-F{ 10% & () - 2 0% & (), 2 0% () - SOL0% §,() - 788#8q8BIAEYNC! s!

1

Example 26: C_A

15. Check load and check load. (C_C). The second check load can be

removed. The C_C routine is shown in Example 27(a) and a transformation example is

shown in Example 27(b).

C_C(di, 1d2) rl =check_load (addr) rl =check _load (addr)
Try_remove_check_load use rl ——p userl|
(1d1, 1d2);

r] = check_load (addr)
(a) (b)
Example 27: C_C

16. Check load and check advanced load. (C_CA). The implicit advanced

load is not needed if the check_adv_load has no other check loads for the same
destination register, as the first check load already reloads the value. In this case it is the
same as “check load and check load." If1d2 has other check loads, then they may
expect the ALAT entry entered by the implicit advanced load. In this case it is the

same as “check load and advanced load." The C_CA routine is shown in Example 28.
For examples of C_A and C_C see Examples 26 and 27.

C_CA (Id1, 1d2)
if (1d2 has no other checks for its destination)
C_C(1d1, 1d2)
else

C_A(ld1, 1d2)
Example 28: C_CA
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h& (- 989r 9¥EYPHEIVNCI syF10% h& () - @ 0% h&' () - @0% h& ()- S BEHASI9/04433
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#3[ & . &10%ugm(oyed.. \Whenmrndvig the S10vhatige to)ad,umplmypm ch@l sheubbh& ()-!. &10

Quu& &10% & A3[ & ..&10 I &10%u

Mlé)l l()&lotyu[i%‘%("? % fig; ‘{ by %&%%’EP&VE Oa%ii%%ﬁm%?f(”jatﬁé‘%% RALYEHAVE] - PMVD

&'VeR'MV“WNqKN“ 'VE'V“Q se@rh@lsfhafohQotitdng drd FPLNE Ay dofhBIM&:r Ghec S () - #3(
_@! #. &10%38&5 (Qutihd[i SbhoSkOIHE k&mip)e- 29 1% u&ng formadrDd%ath®ld s sh&IRUU& () - MM

M\/I\/I\/IVIZ] @ @' % &10%U& ()-.&L0%IU& ()-#3[ & . &10%IU& ()-!. &10%IU& () - . &10%u
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NNNDE] @ ! #. &10%u& () - . &10%Iu& () - . &10%Iu& () - #3[ & . &10%u& () - . &10%Iu&’ ()

- N N. N/ NSNHNAN{ Y7 @I 810%1U&’ () | . &10%u&' ()-!. &L0%U& () -. &10%IU& () - #3]

& 81008 () - MEONERTIINC VST @31 & Tl Tadki S IOAREC U Joall cREAVMLE: () -
. &10%IUu& ()-#SL&ENNN #Bko &1,03/%@, () ~#3[ &1 . &10%yg&' () 001U’ () -1 .
&10%u&' () - . &10%IU&" 2@3@)

ovY7j _@# . &1oc%§¢e£ ]d ;é@%ﬁccq\) #3[ & . &10%u& ()-!. &10%IU& ()-! . &1P%Ug’ (
s .

<O A _ @ #1 TEH AT dbyéf‘éﬁ% [ % TFe-PEdRR () Halar . s10%mug () -1, &1
0%u& () - ?0eCf Qyohoi ERRS To%ii&! %%85}0%111& ()-.&10%u& ()-.R10%IU&

'()-#3[&!.&1ocyajuu&_(_)_ooooooop¥5;_@ #RIPEr 48— 810%u& ()| &l 0%Iu&’
()-. &10%IU& () 1#3] &OOCO RBPI X
O-#3[ & . &10%

] _@#. & 0%u& Y -1 %’I 0%u& (-1 &1 So)mu&' O-_&10%u&l () - PPP
<P=P>P?P{"A] _@#. &10%u& () - &10%Ju ohi %%%!C%O%Ju&' ()-.&10%u& ()t!.&10%
uu& () - ?PCPQPRIPSPUPPPgP] [ : @0>* s< -

C10%* & () -. &10%iu& () -#3[ &(!. &10%iu& () -!. &10%u&' () - gPr PSPPQxRTdTa@gL0>*
109%4& ()- _ 109%t& ()-. LS&$109%& ()-F CS&$10% & (Cz- F | S&$10%##&' () -F
10>*u10>*dT| U=V[ vwwxw Chelogd endoppauletive adygugped'1¢ad. (C_38%48hg yheck laadog’ () -

4 10% 128 () MY FREObR B3SEPLYY DTS SHSRIEA 2 %ﬁé&%ﬁ%ﬁ’&iﬁw%@@we

10%#2& () - prebQ %ﬁ&%xawv > QU QUrre&, (Dhis R@BOHRFSs(the cAGRAMEREK 1614 an
0@0%/ z& ()= 1 Y \YA]]" A PAGLO# 210%#2& ()- 0210%#2& ()- ( 105z & O)- (

10%#2& () - EdvbBeEHo&H(|C_ A‘3 YO rartsfdiin(a)i o Xanip1e/4s@hawB iCERample 3O(S).
'mM0%$& ()-10z#z10z#2107#7 <" 10%z#z& (V- &7 100z#2& () - 610%#z8 () -
Y4010%#2& ()- P \C.SAaliisR) [ : busld ! ygheckopaddaddr) yre Fgk.dend (addr)
,LGLO%$& ()- f! 10%$&d1)d2)%# 10%$4' ()- ml0%$&- bBBDEr ccd| [ : bu4{l0
y110%3$8 () - @&J0%$& ()- 109%$& ()userliowe$s’ ()- @UEe%-$& () -
yf10%3& ()-dleeqeee|[: bU410 Hy@ -[20%3& ()- 's- 109¢3$& ()- y-10%3$& () -
+10%$& () - *1096$& () - @ (f 10%$& |(1P ~eBu6eSgPadXidd0gogvUi10 , , 10%B&' () -
'ml0%& ()-10>$10>F10>F < (g%>$&' ()-] :10%%$& ()- 2
109%3$& () - &og~gg-|nChhj | [: AM10 y- {1098 ()-s @0k ()- y. 1008& ()-
ysmlO%b&' ()- yg N0 () - #SI0B&E ) jjOp% B&é"% vU4T10 Y410%B&( - Y410%
& ()- 210%& ()- |y010%& ()- 109 a(“Ype 0 ) - >pAp] p*p_p” pnpyppvU410 ,

109%+3& () - @0%-$&()="to9%$& ()~ J.UibIUth.Ufb IO & ()~

: 1098& () - pppsst "t [ vU410 S@O%Ir$& O)- 10%Ir$& ()- S10%$& ()- fl
109%$& () - @10% #1, 100658 ( r

L0v%sg (). fo* AL ) jcHé bad dd 8. R, TS 164d catf

10%-$& () - G"%’f% E&H@ueﬁnﬁﬁé}m&&tc{ Joad xs\éfﬁ@@%&mﬁ)ﬂ'c id @88Ed () The CA_R
F(Z109%8&' () - 10+$10+$10+$ <10%$& () - 2xYxxx@'| |1[:vU410 yY10%8& ()- T

1098& ()- fS1098& ()- glOY%& ()- NO6 el09%% "5& ()-1 )06 el09& ()-1_| ~~

- <=>| [NA41010$10$10$ <s1096& ()- :1098& ()- . 1098& ()-@vy, 1098& ()- !y

10968 () - >KVie- | [ : NA41010 S@ 0% $& ()- yz10%$& ()- yl0%S$& ()-3

#S109%-$& ()- , 109%$& ()- ' mMLO%$& ()-- Rt |30 NA41010 F1f10%$& ()- 9G

1096-$& ()- 0910%$& ()-: 910% & () - 1094$& ()- 9109%4$& () - -
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L09@$& ()- Ff T0%3& ()7 y 10%%& (]-( ", 109%%$& ()-BfT:vUlk 31 10%()-&
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310%$& () - 110%S$& () - &010%( b&' ()- |.10%$& ()- npvU410 , 109R$& () -
"mMLOYRSE () - 10x$10x$10x$ s<10°c»<$:8= é})eu\ ]&Q%@@& () 1O $& () - Xy| \ <vU410
109R%B&' () - 10YRB& )= @OYRI& )= 1T09B& ()= 109R$&E (=3
y#S109R$& () -xp D410  (APIURDBE () - 109R3& () - 0%@&' ()- 10983%&' () -
089EkS7410 1043%&) HOURGE (- —HOHRSE&—) RS
109R$&’ () - EFGcdt X<410 10‘%R$& () E@W& 5(3) CA ID‘%R$& () 109R%& ()
109833%& () -t X@d0 REE 3 URSE!
109R$& () - ( 10O 54 () ' - 56xX<410
109R%8&' () - 1096$& JO4R KE6zBERINGt T<410
109R%& ()- 1 09 ()-
y$210%% () - %m@ lfadlg@%g% ré@a@&@ ?c}‘%’c 85;%1 hé%dl\#z%@,?e cifihe
" | [ NA41010#861E10¢ s5d Q¥ viukced: 1408 dhkck advadddd63d( Jo rebddi& dedorld load,
(310%#& ()-"K[kK3410y T 10% & ()-T 10% & ()-y T 10% & ()-T 10% & ()- 03
(10% & () - pXasimOExapgplg 84() -y T 10% & ()-T 10% & ()-y T 10% & ()-T 10% & () -
%AW 410T 10% & ()-T 10% & ()-y "”“"8(" "'10,{',&() (T
10% & () - @i j vwxx\ D410Ty T 10% & @-Z]dﬁéf‘g T 10% & ()-T 10% & () -y
XOW410T 10% & ()-y T 10% & ()- T of &L T 1n°/r'\’ ()-T 10% & () -xX8410T
10% & ()-T 10% & ()-y T 10% & () 1 TELQM (3); (yATcAO%& () 7}~=410
3510% & ()- T 10% & ()-T 10% & (l-y T 100 & ()=T 10% & ()-y 7<|[: =410
33"310% & ()- 3y f 10% & ()- 310% & ()- 3z 10% &' ()- 3s10% & ()- 3
10% & () - ( JKo} ~k STH iH¥0shsd OPC & CA-an@Mh 008, thO9%4n& dojle caditbehted & thedodd 0$
10% & ()- 0% 10%& ()- SV\74100$ 10% & (%) 0% 10% & ()- N 0% 10%& ()- 0%
10% & ()- N e¥mimuog roytine foy heth $_Lhos @erere Pgeashhye gopsibly o
10% & ()- 08%. 1 cB
10% & () - 3Fi““i 5%" &‘2“)0“5 f%§a’l‘g% Eﬁ%? g‘”gégi‘bgﬁé?‘ﬁ)g Eﬁ‘%’é %8’ %6%}}‘&
33, Y10% & () redlindéht 18adlei3hindGOR & redpodisedd: e Yifberdn) toad 3.8111@%:1&01@ of a load
V-~fJ*10% & ()-10% & ()- 10% & ()-10% & ()- 310% & ()-' 310% & ()- -.;
<= \ xX@ 0% elivigagiop)matdeq &  Jirst ropieie(tatiam P& funytion cab X an@dgrougdion) -
(which is illustrated in Example 34). Note that the function A_CA is described in
section D.10 above. In a second implementation, the routine of a second combination
(e.g., A_CA) could include code that is the same as that of the routine of a first
combination (e.g., CA_CA), so that it would be unnecessary to call the function of the
second combination. In a third implementation, a single identifier is used in the
intersection of both the first and second combinations so there is only one function
called and only one set of code. Note that whether a particular combination is the first

or the second combination may be arbitrary.

23. Check advanced load and speculative load. (CA_S). The routine for

“advanced load and speculative load” routine (A_S) can be used to remove the

speculative load, as Example 35.
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10% & ()-10% 98“ &10% & ()- 10% & () -t X<10%0% & () - 10% & () - 07 AUG 2002
10% & ()- 10 6771004 & ()-mv6 (K 10% & ()-1K 109 & ()-}  PCT/US99/04433
L&S10% & ()- mL0% & ()-10% & ()- pT< K 10% & ()-}1K 109 & ()-}} K 10% & ()-}K
10% & ()-}K 109 & ()-}./378HpX<K 1R8p& (peok—16%€ ()-}K 109 & ()-} K
10% & ()-1K 10% & ()-}H JKVMBP/ LU, 40 1’59@{ & LLirg 10% & () -
109 & ()2 10)10) 10y L1000 & () - |L3aMoft 53 LI PBI000 % ()

% & () - . <10% & () - L83 -CALG ?BLOWHE () -
LLI.Z10% & () -] krsz{| ow4 ()- |LEkeMR S3-chld 0
y10% & ()-x-y10% & ()-y10% & ()-xyl0% & () - yl0% & ()- w\4
ylofi/% 8;( ((& )8/10%8 8/5 (34.;<y1@!i%/'agymwo%a%amfmm%@dmmwmd. (CA_SA) The
yxyl0% & ()-yl0% & (,)-xy10% & ()-yl0% & .()-xoWw4 . :
0% () ?)yé%fé%a Niaatne Sdoptbhet tie RS e o3 veopssipad teadsd mise) - w

% & () - AE AR e IAE 0 & {1)= ;|

YL 10% & () HOR Lro RS o AR S b A bt b e 3.

CA_SA (Id1, 1d2)
CA_A(dl, 1d2);

Example 36: CA_SA

25. Speculative load and regular load. (S_R). The speculative load can be

removed if the regular load can be moved to the place of the speculative load.
Otherwise, the regular load can be replaced with a speculative check followed by a
copy. Also, any speculative check of the speculative load that is dominated by the new
speculative check can be removed. The S_R routine is shown in Example 37(a) and a

transformation example is shown in Example 37(b).

S_R (1d], 1d2) rl =spec_load (addr) rl =spec_load (addr)
if (no def/use of dest(ld2) between | userl use rl
d1 and 1d2) —
move ld2 to before Id1]
Elim_A2 or_Copy_Al_to_A2 | r2=load (addr) spec_check r]
(1d2, 1d1);
remove the spec_check for Id1 r2=rl

else if (dest(ld1) is not changed
between Id1 and 1d2)

Elim_A2 or_Copy_Al_to_A2

) (1d1, 1d2);

insert “spec_check dest(ld1)”
before 1d2

remove Id1’s spec_check
dominated by 1d2

(a) (b)
Exampie 37: S_R

26.  Speculative load and advanced load. (S_A). The advanced load should

not be removed. The speculative load and its spec_check can be removed if the
advanced load can be moved before the speculative load. The S_A routine is shown in
Example 38(a) and a transformation example is shown in Example 38(b).
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&N10% & ()-M &N10%$>& ()-M| &N10% & ()-Mh|[:/4 e 1110% & ()- | 07 AUG 2002
-1096 & () - #MOLDH6677() - |1 1098 () - | 10%<&&' ()- |:10% & () - n2>YRUSHWHaA433
| s<10% & () - |$10%&() #1,#Y10% & ()- | s110% & ()- | 10% & ()- |
&10% & () - Z[ \ hhA410! | S1004 008 () - @1 S109%02' 9&' () - @1 S10%0?' 9&' () - @
| > S#109898( 9& §Aé‘é,idd?8(& () 10' 10° | \ RAZT0C_iogd (gl (13 3 gm@%f& jopd (addr)
S10%6&' () - @ SLod@restef/yse @ dsHIoDEmersn () - @ | S10908(9' (T} =&, - xX@10'

f g109%&' () - glD%B& ( ﬁrgilléﬁ/&s& () - gLOYBRESE YL f - . 678ABI pXiaalo’

gl09%& () - f g1pYs&mpYe IgA IpRrq L f g1098E&:--( ) - glO‘V&S&' () - 1-YZ[ cdeosW410' g10P8&' (
) - g1098&' () - f g109BKkN (A2 g1 OYH&A() tof 42 OUBE Ady -lophiadda 1 BhécgdiBHB &l () - g10YBR’ () -
f 910%8& ()-glpus& (JldX piXys410' g1098& () - f g1098& () - g10%&' ()-fgl0v%& ()t gl0% .
$& () - W =410 j10%R&Io(d thgifeeBEeck forflgll OUB&' () - g10%& () -fgl0%& ()-|[;
=410' ("10% & (V- SI0% &, ()-Z 3, 10% & ()-m3F, I0% & ()- 3F10% & ()}
3F" 10%Z2%&: () - LDEQRSW () (b)

410' (C10% & (=T 109 &= 10% & O 0% & O =tx 109 &) =1RSTst X|
IXX@10' x* (" 10% & () -] (" 10% & () - | x Exkanpie 88($-A(" 10% & ()-| x } 0vW4410| 30)
10% ' & () -

3|(@0%&'()-(‘10%&() | (C10% & ()-|x (T10% & ()-] (> 10% & ()-|OvU410 3s

109%#& Y10%' > 110" 1 <10% %

10% & 8 ) Stx|[: M&S@éﬁﬁﬂ&&& ﬁig%léb(z)use%%bf%nge

109 I's ;

910% & () - &0STO &e%%%%‘%(%f‘ §0 e shech 3% dite ey iy chek load s

109 & () - 910%ay )it k086 i€t J syt QHedk {)d-HrhO9%6. &) spet |checkAld a mY¥vd Ay &2 () - X
,10% 1%c & ()-x YO, 10%d" &ém X Yl S 10%&& ()- YP, #: 10% & () - Y$10%& () - 89:

ez{w:10  10DOME\eEPENsivEAhan trrcherk (oagdosl may %9 desirblyag ayamVE rem01®%10e$10e$

Y~I1: 10%$& ()1 PO:

Y1000 vt () - SOBRAIRpad TSRV e 4 Shamil FXemmis 38wl 2 ppgformaion

109%) Y& () - JQUAPY's GhowOPB 4 pld 39kBY0Y) Y& () - (* 10%Y) Y& () - eE/ ;

10%) Y& 10%) Y& () - 109%) Y& () - fow) & ()-'-10%) Y& () - 10%) Y& ()-!"*+45| P4:

10%) Y& ()-109%) Y& () -'10%) Y& () -10%) Y& ()-10%) Y& ()-'5>20VdeneGt;

109%) Y& () -' 1QRYCY& 1 M2)10%Y) Y& () - 10%y) Y& spyc. (dad () Y&' r F=aimaeiiuivad (addr)

' 10%Y) Y& () - LQod)(v&d¢Husel UNSHYR) bgtween09Y) Y& () - 10%0A-¥ (r) =R2;

109%) Y& () - 10%) Y& (J1-2b@UE)Y& () -' 10%) Y& () - 10%y) Y& () - 10%) Y& ()-hM |

1090) & () - 109%Y) Y&'nfove 1d2OIDEH&IA]) - 1094Y) [Vile ¢1) - 10%Y) Y& () -use MNgWxk S7;

i 109D) & ()- i 10YD)ESim A2 ot A8y A o AR10PD) & () -i 109D) & (.).- X\ <;

i 1090) & () -i1Q9%®) & (2, §0%) & () -1 109D) & ()- i10%) & ()-}"=;

| (f &10%D) & () -{i 10%Mheve thesp eLO&@&o( i i Q%M€K Jondt Q) & () -

(VUS@B10%X) & (|) - F$109%X) & (Y- 0 ml0%X) & ()-10D)10D) 10D) <t 109D) & () -

g$ ég;/g) /ff) ((& ) ( § TtLstW 5®10%0 & () - BLOYX) Bspld cheBfPLOYX) & (/r 6@ ¥X) & () -

$t\ BBLOY) & () - $BLO%GR () - BLOWK) & () - $QBLOWK) &b)) - QBLOWK) & () -
}

Example 39: S_C

28.  Speculative load and check advanced load. (S_CA). This is the same as

the case for “speculative load and check load." A sample S_CA routine is shown in

Example 40.

S_CA (1d1, 1d2)
S _C(ld1, 1d2)

Example 40: S_CA
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"W =5Q10%X) & g% @BL09X) & () - $PBL0X) & () - (QB10UX) & () - 07 AUG 2007
$(QBIOWX) & WTE) 109 & ()- 10% & ()-10% & ()- 1099 & () - PS'TM/&“@; - (
@ 10% & ()-F&9EFGH W ; 109 10% & ()- 109 & ()-' 10% & () 10%

Ao & 0 ol " Shedlfd e AT ) 04 enbhisooP10%
810% & () - Z Wik .
1210988 () - gga(@fggg&he}) Z&ts(gpeh!’/og ]‘@ﬁks Ciﬁ%dﬁ @%i& S oo o ()-

(11098 & () - FOnbOIIl Th&S<BLOBGE i€ Shobir A BHrRpleN
, 8109 & ()- YEP_}] E) 0100 '

() -E&

n*lO% & ()-FE S_S ldl 1d2)

n*10%&&' () - EWWW010%9109 8151([1) @19"[@@)(_)?‘1_950_0“17(0%&5]()’) *0109%8& () -9/' 01098$& () -
"HI=>XxX@109®/ 010%$& () | 010%$&' () -9/ i éO%S&' () -9/ >AMNRVWgpX<0109©1
09%$& ()-9/010%B& ()-010pB& ()-9/010 ()-ghijlqP/| $10%*& ()-&

S#Y10%* & () - f!110%*& () - 0I0%&& () - 010%5& ()-97010%& () - k57
6<(10%*& ()-) 6<(10%*& () 6<( 109%* &' () -)

6<(10%* & () - 6<(10%>* & A4S\, B<( 109> & () 6<( 1008* & ()i

1099 & () - <6<( %@St&e@hvﬁﬁ@am*s&oﬁlhbt Herrh@V& duc(td e ALAT: JThe 7uT3
LA@LO% & ()- @10% & ()-!#F (10% ' & ()-10>*10>*10>* L<10%*& ()-

Y: 10%* & () - kgFlativedosdeean)belremd 0sh 28'ixf Jhe caofp R speuldtive 1@hagd @jivanced

109% & ()-./37x\ <3 .. 10%.& ().- 10% & ()=! 10 0% & .
10% & () - 781 JREkG ﬂﬁjs-gﬁrﬁf’é%%zs(%m@ )63&113% A(gs(}?g?é‘&% SPP”‘]%%%%&’(“PE is
10% & ()-! / Lo 096 & ()- F-109% & ()- Fy 10% & ()- F10% & () -
F: 10% & () - &hﬁg&’%ﬁ%‘?’ggﬁo‘% 3 0l; 10%& ()- : 00!; 10% & ()-0! "
109% & ()-0!; 10YE&EA a1 . 10% &r(F smWidad (88dr) LOPH=%pkd a8 Joad QRS (]) -
0'; 10% & ()-0'] 308Gd¥, dpy : O'; 10% & () )*tTg3 ri=dl: 10% & ()- Ol
10% & ()- : )0!'] 10% & ()-0!; 10%|&dn)- : *DEFQRSXies® O!; 10% & ()
109% & ()-0': 1046 & ()- : 0O': 10% & ()-0!: 10% & ()-XYZhijnrxx83 o!;
109% & ()-0!: 10%6 & ()- : O': 10% &,ﬁ;s&g,adaqo@d odaly 0 013 10% & ()-rls}n=3
F210% & ()-FO!: {109% & ()-0!: 10% & 54 ()-010 10% & ()- |
ol [NA4 10'10' 10' F <10% & ()- FI :{10% &. () F7Y10(V JF6@10% & (|)-
FF410% & ()- “r|[:NA4 10109%6+$S& % ?"g‘& &(o’t]%s +$S8! (9))“% clekg 05<S+$S& () -
Ff #1098+$S& () - HE S8 —FOF(LOYE+H S —s W4
110%8+$S& () - 10US+$S& ()(a) 10%6+$S& () - 1096+$S& () -(bLOUB+$SE () - X\ D4
1! 10%6+$S& () - 1048+$S8 ()1 10%6+$ 38! () ~109%8+$S8 ()~ L TeBDA—1-10%x$&-( ) -
100688 () - FYL04K$& ()- y10%$& () - ExAAMEBE& (95 1006+8S& () - >l [: 4 1
SMLOWXS$& ()-& "

o!;

31. Speculative advanced load and regular load. (SA_R). The exception

) deferred by the speculative advanced load is re-generated by a check load. If the check
load is not between the two loads, the speculative prefix is not needed as the regular
load will raise the exception. So this case is the same as “advanced load and regular
load” plus a spec_check is added when the regular load is removed. The case when the
check load is between Id1 and 1d2 should not happen since an advanced load and its
check load should be separated by an aliased invalidating operation (such as a call or a
store). The SA_R routine is shown in Example 43(a) and a transformation example is

shown in Example 43(b).
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109 $& ()-& 9! MLOYS$& ()-& *109x$& ()-& 109&$& ()-' 9Z 10% & () - Zpl | 76H5 2002
L 109%$& () - ¥QPHMT & ()-& F+- 109%$& ()- & )f10%<$&' O-&° 1%@9(
@109 $& () - F|[ DI 1:109S& ()-& F7 10%S& () & y5810%<$&' ()-

3109&$& () - : , ’

& ()- m100/e$&' ', 3 Eﬂ
@0%$& ()- Lpdb
710%3$& ()- 95gv| [ 0§ Q‘)'drﬁ l@ F10%$& ()- 10%$& ()- Yy 10%$& ()-
10%$& () - 10%9@“&‘% L7477 010038 ()- 0 QLOYeSS! (-%- QLO%eS$E () -
S e () | et fmm('d“)qg% e iy o2 0)-
@ - - = - -
QLO%es$& ()- QL 0%3$&'()- B <4 QL0%SE (- QLOY%eSE)()- QLO%SE ()-

Example 43: SA_R

32. Speculative advanced load and advanced load. (SA_A). This is similar

to A_A if the check load of the speculative advanced load is not between ld1 and 1d2
and it post-dominates the advanced load. In this case, the speculative prefix is not
needced as the advanced load will raise the exception, and it thus becomes the same as

“advanced load and advanced load." The SA_A routine is shown in Example 44.

SA_A (ldl, 1d2)
if (the check load of 1d1 is not between Id1 and 1d2 and
the check load of Id! post-dominates 1d2)
A_A(ld], 1d2)

Example 44: SA_A

33. Speculative advanced load and check load. (SA_C). If the advanced

load for the check load is not between the two loads, the advanced load
should dominate both the speculative advanced load and the check load.
If the speculative advanced load would generate a deferred exception,

’ the exception would also be generated by the advanced load or it is not
important to generate (e.g. a page fault exception). So the “speculative”
prefix is not really needed. This case becomes A_C. The SA_C routine
is shown in Example 4.

SA_C (id1, 1d2)
A_C(ld1, 1d2)

Example 45: SA_C

34.  Speculative advanced load and check advanced load. (SA_CA). This is

the same as advanced load and check advanced load. See Example 46.
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QLO%e$& ()- QLOY%Ee$& () - xX<4 QLO%e$& ()- QLO%$& ()- QL0%e$& ()- 07 AUG 2002
QLOY%e$& () - WORBMETR' () -! " #t X@ QLO%$& ()- QLO%e$& ()- POTOFRHEAL) -
QLO%$& ()- #456: >?20kS74 QL0%$& ()- QL0%$& ()- QLOY%ES$& ()- (

QLOY%e$& ()- QLOY%S$& ()- OPQRT>QP/ 4 96S 109%$& ()- 94109%$& ()-

&3y109%$& ()- QLO%ES$& ()- QL0%$& ()- QLO%S$& ()->vU4 f#10%$& ()-
10%$& () - 10+$10+$- 10+$ ~ <s YOOFEK (JT; 1d} L07FS& ()= 9S8 19%-$& () - 1<=LkS74

0# 10%$& ()--1 " $0# 10%$&
109%$& ()-L\]u} ~sWr4 O# 109
10%$& () -1

W ol lapds O -1 "

S ()" UF IO/ S ()=

Example 46: SA_CA

0# 10%$8& () - O#
L9100 $& () - O

35.  Speculative advanced load and speculative load. (SA_S). The

speculative load can always be removed. The SA_S routine is shown in Example 47.

SA_S (1d1, 1d2) r] = spec_adv_load (addr) rl =spec_adv_load (addr)
Elim_A2_or_Copy__A- 1 to_A2 |userl p userl
d2, 1d1); 3}
r2 = spec_load (addr) r2=rl
spec_check r2 spec_check r2
(a) (b)
Example 47: SA_S
36.  Speculative advanced load and speculative advanced load. (SA_SA).

The second speculative advanced load can be removed by changing all the check load
of the second load to check the destination register of the first load. Temporary register
may be needed when the lifetimes of the two destination registers are overlapping. The
procedure is the same as A_A. The SA_SA routine is shown in Example 48(a) and a

transformation example is shown in Example 48(b).

) SA_SA (Id1,1d2) | rl =spec_adv_load (addr) rl = spec_adv_load (addr)
A_A(ld], 1d2); userl ——p userl
12 = spec_adv_load (addr) r2=ril
rl_new=rl
12 = check_load(addr) rl = check_load (addr)
r2=rl
use rl use rl_new
(a) (b)
Example 48: SA_SA
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X109%$&' ()- X109%$& ()- SW4  x109%8& (

the routines could merely be to return wnhout ehmmatlon of aload. Alternatively, the
intersection of a combination in the matrix could be another instruction that does not
result in an elimination. One reason for doing so it that certain combinations of loads
could be so rare as not to justify the code for eliminating the redundant load in that
situation.

E. Additional Information

The routine Do_Elimination function can be incorporated into various
traditional redundant load elimination techniques to handle data and control speculative
loads and check loads.

Code performing the functions or other activities of the invention may be stored
on a machine readable medium such as memory 14 in FIG. |. As merely examples, the
code may be stored and transported on a disk, such as a CD-ROM, or be stored on a
hard drive. The code can also be transmitted over conductors, such as through a
modem.

The term “act” refers generally to an activity performed by the computer.

The term “function” is used above in the sense of computer science function
(e.g., code being called by a call statement and including a return statement). However,
the term function is intended to be interpreted more broadly and may include
procedures (another computer science term) as well as more divergent code. For
example, the compiler may perform the functions described therein through object
oriented structures which are not classical functions in restrictive computer science
terminology.

Of course, a compiler according to the present invention may perform a variety
of other functions in addition to those described herein and may be used in conjunction
with other software.

If the specification states a particular event, activity, or feature “may”, “can”,
“could”, or “might” be included or have a characteristic, that particular event, activity,

or feature is not required to be included or have the characteristic.
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1 109%-$& () W@IABIB$E () -x10%$& () - x10%$& ()- *svU4 ° 109EBRSEI 04433
10%$& ()- @ 10%$& ()- 109%$& ()-10>$10>$10>$ <10%$& ()- 8x|[: vU4

5, B I ST e Ol
185@32‘ \(/) 12(y€§ %> Qg/@%% EC%}%{“ 19/5%%)% % % %%3&%%?& 200 S&%@_{@}i&% o
*10%#t& () - & Et(@xh@ﬁ’#r&elﬁt)'y. Th&ZddPdtit (Jady ik Ue $&h§ved in ddijrB&0i itk classical

optimization (common subexpression elimination, dead code climination, etc.).

While the invention is susceptible to various modifications and altemnative
forms, specific embodiments thereof have been shown by way of cxample in detail
herein. Those skilled in the art having the benefit of this disclosure will appreciate that
many variations from the foregoing description and drawings may be made within the

scope of the present invention. Accordingly, it is the following claims including any

amendments thercto that define the scope of the invention.
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type and a redundant Joad having a second load type, wherein the first load type and the second
load type each may be one of a group of load types including a regular load and at least one
speculative-type load, wherein at least one of the covering and redundant loads is a speculative-
type load; and

selectively eliminating the redundant load.

2. The method of claim 1, wherein the speculative-type loads include advanced load, check

advanced load, speculative load, and speculative advanced load.

3. The method of claim 1, wherein the identification of the set of covering loads and the

redundant load is performed globally over a function.

4, The method of claim 1, wherein the identification of the set of covering loads involves

determining the intersection of loads from different blocks.

5. A computer implemented method used in compiling a program, comprising:

identifying a covering load having a first load type and a redundant load having a second
load type, wherein the first load type and the second load type each may be one of a group of load
types including a regular load, at least one speculative-type load, and at least one check-type load,
wherein at least one of the covering and redundant loads is a speculative-type load; and

selectively eliminating the redundant load.

6. The method of claim 5, wherein the redundant load is selectively eliminated because

depending on the combination of the first and second load types, the redundant load is eliminated

if certain conditions are met.
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7. The method of claim 5, wherein the redundant load is selectively eliminated because
depending on the combination of the first and second load types, the redundant load is not

eliminated under any conditions.

8. The method of claim 5, wherein the group of load types includes regular load, advanced

load, check load, check advanced load, speculative load, and speculative advanced load.

9. The method of claim 5, wherein more than one covering load is identified if additional

covering loads exist.

10. The method of claim 5, wherein the identification of the covering and redundant load is

performed globally over a function.

11. The method of claim 5, wherein more than one covering load is identified and each

covering load has the first load type.

12. The method of claim 5, wherein the first load type is a regular load and the second load

type is a speculative advanced load.

13. The method of claim 5, wherein the check-type loads include check load and check

advanced load.

14. The method of claim 5, wherein eliminating the redundant load includes completely

eliminating the redundant load from code of the program.

15. The method of claim 5, wherein eliminating the redundant load includes eliminating the

redundant load from its position in code of the program and moving to another position in the

code.

16. A machine readable medium having stored thereon instructions, which when processed

by a processor, cause the processor to perform acts including:
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identifying a covering load having a first load type and a redundant load having a second
load type, wherein the first load type and the second load type each may be one of a group of load
types including a regular load, at least one speculative-type load, and at least one check-type load,
wherein at least one of the covering and redundant loads is a speculative-type load; and

selectively eliminating the redundant load.

17. The medium of claim 16, wherein the group of load types includes regular load, advanced

load, check load, check advanced load, speculative load, and speculative advanced load.

18. A computer implemented method used in compiling a program, comprising:

identifying a covering Joad having a first load type and a redundant load having a second
load type at particular stages globally over a function, ‘wherein the first load type and the second
load type each may be one of a group of load types including a regular load and at least one
speculative-type load, wherein at least one of the covering and redundant loads is a speculative-
type load; and

selectively eliminating the redundant load.
19. The method of claim 18, wherein the first load type and the second load type each may be
one of a group of load types including a regular load, at least one speculative-type load, and at
least one check-type load.
20. A method of load elimination in compiling a program, comprising:

deriving a routine name from a first load type and a second load type; and
performing a routine selected according to the routine name wherein a load is eliminated.

21. The method of claim 20, wherein the routine may call another routine.

22. The method of claim 20, wherein the deriving the routing name includes providing the

first and second load types to a load combination matrix.

23. The method of claim 22, wherein the deriving the routine name includes identifying the

routine name at an intersection of the first and second load types in the load combination matrix.
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. 30. The medium of claim 28, wherein the matrix is a comprehensive load combination
| matrix.
31. The medium of claim 28, wherein at least one of the first and second load types is

speculative load type.

32, A machine readable medium having stored thereon instructions, which when processed

by a processor, cause the processor to perform acts including:
identifying a set of covering loads including at least one covering load having a first load
type and a redundant Joad having a second load type, wherein the first load type and the second
load type each may be one of a group of load types including a regular load and at least one
speculative-type load, wherein at least one of the covering and redundant loads is a speculative-
type load; and
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33. The medium of claim 32, wherein the speculative-type loads include advanced load,

check advanced load, speculative load, and speculative advanced load.

34. The medium of claim 32, wherein the identification of the set of covering loads and the

redundant load is performed globally over a function.

35. The medium of claim 32, wherein the identification of the set of covering loads involves

determining the intersection of loads from different blocks.
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