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(57) Abstract

In one implementation of the mventlon, a computer implemented method
used in compiling a program includes identifying a covering load, which may be
one of a set of covering loads, and a redundant load. The covering load and the
redundant load have a first and second load type, respectively. The first and the
second foad type each may be one of a group of load types including a regular
load and at least one speculative~type load. In one implementation, the group
of load types includes at least one check-type load. One implementation of the
invention is in a machine readable medium.




Sufrmary of the Invention I n one irrpl ementation of the invention, a
conputer inplenented nmethod used in conpiling a programincludes

i dentifying a W4ty | oad, which may be one of a set of coESHURPHRs,
and a redundant | oad. The covering | oad and the redundant | oad have a first
and second | oad typeOMPRERENSEVE REDENDANE LOAD ELEVINATION POR type each
may be one of a g SUPFORTING CORTROL. AND DATAOSPECTLAATON ST

one specul ative-type | oa I'n one i nplenmention, the group of | oad types
i ncludes at | east one check type I oad. One inplenentation of the invention
Is in a machi ne readabl e nmedi um Brief Description

of the Drawi ngs The i nvendiaskergund of the fyvention, .y pre fuily fromthe

detail ed descripti wemlaalwme%ﬁaﬁmerﬁe@ﬁﬁamauwﬂe%%\shaﬂ&sOT _
enmbodi nents of the 1 on I C owever, should not be taken'to limt

the invention w,mm@mmmmmm perfiormsredyadant load elimination.

expl anation and undgr st andi lis.a bIock di aqr.
representation of aﬁm&ﬁf‘é@eﬁ&%ﬁ?m ‘g'fﬁe’{ hat

My be used t Oif@soufde arpRagy dndltiafidlates it into a targePprogrand
Il lustrating major features typically used in conpi I atlon froma hi gh | evel
into-

source progr anfXample ;sompileroiransiate a highrleve] squrce pragrapuisneias

representation C h ed by the
processor of Ff‘g‘p'%d W%Féaﬁ%émts&aﬁ%ar é‘g%%%‘%i sqmﬁ {@%{,ﬁg};@%ﬂ; a nmenory
conflict buffer of Haﬁyc&npllersmcludﬁhﬁesfagbﬁ (@acﬂ'mlfﬁid”fiﬂﬁllicﬁlﬂiﬁﬂburce
iIlustrating an exanple of available |oads analysis. 6 1s a

f1 ow graph i || Beogram isigmslated fnio intermediate aeprepsniationsy() 2 “middle end? i which

Pﬁé?hl}lgg r?gfrg;?ﬁ;i amge% pro?gé@c%ﬁ%&%%%ut es corrp@er l%Egir%orrpl | e

a programin nﬂm;teniéptuhhtmmaﬂeﬁnﬁﬂelaﬂdcodﬁs gemgttaim@pmnhmtmnsmad ed,

i nternmedi ate for t.he program..and resultln . ed pro ram Menory
14+ 5" nt ended SRR PR FHLRE Slor S8 e emaHg by e rbe RS

2 However, “optimized” code is not necessanly optimal under any mathematical .

measure.

Techniques for improving the target code include local optimization, peephole

optimization, and global optimization. Local optimization wotks on individual blocks
‘of a fanction. Peephole optimization examines a short sequence of the target
instructions (called the peephole) and, if possible, replaces it by a shorter and/or faster
sequence. Global optimization operates over the entire function.

Redundant load elimination attempts to remove load operations that are
redundant. A load is redundant if it loads a value from a memory location from which
an earlier load already obtained its value and the value s still valid (that is, no store
writes into the same memory location in-between). Redundant load elimination can be
implemented as local, peephole, or global optimization. However, traditional
redundant load elimination involves only regular loads, not more compiicated load.
types.

Accordingly, there is a need for a compiler to handle other types of loads as well
in redundant load elimination.
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and may include a variety of forms of nenory, such as a hard drive, CD ROM:?
and random access nenory (RAM and related circuitry. There are-
various waySVO¥M487ch a program may be conpiled. However, REFYS®POHEPI ation
techni ques can be characterized as in a flow chart 20 of FIG 2. Referring -
to FIG 2, a high level source SBum@sof theIfwntioanted in block 24. The
source program na be hel d in menory 14. As represented in block 26, in a

"front end" ofth pmnm#@%mmm@vammmmwo

i nt er nedi at e; I machi ne
| ndependent dw are érd‘}g?denﬁﬂ% eés}ﬂ)ﬁ 6]'{dfons ré’ﬁ%rg{/wsﬁtso be
sone nachi neoﬂmmmbmwmmmnmmemmgm&mwtmmmm "back .
end" of the conpilatiogn, rrachi ne dependeg't pwﬁ&%w e .made and code
i s gener at edbavesfpand second load cI i go"ﬂ

nvention is tline of FIG
Vet O |5 lgbe GG o 3siaPy AR TRl d U] it Bl o 1
specul ati on, sp&ﬂhﬁvmﬁypmhadelﬂmmplﬂnbﬂkhmnﬁébtd&boﬁmdtjwsmhﬂmatl&ﬂftmre

pi pel i ni ng, i catiop, .global scheduli regj.ster.all aca and code
generati on. &’é anﬁppéﬁmlm #&@W‘@%"‘H Sihg Ol?%’eﬁ‘g’?!,erl bed
herei n may oWef ore register allocation and, nore beneficially, between

gl obal scheduli ng and register allocation. - _FIG 3 illustrates a
conput er system 30 i ncl ud| ng Bﬂe@nsclypmtlfrtheﬁmgessor 36, which executes

t he programthat co e ut.er s m 1 S i ntended
to be a generali z é‘ﬁ'?k dr%%@ %? %ﬁ&%%&?@% arrpl e,
a hard dri vebelwaﬁwomaﬁdada&%mgrm@bmm of theiivention Giichem 30 may

performcontrol specul ati on and data specul ation, described bel ow. As an

exanpl e, conpowever.shonldnetds taken to limit the ipyention odheigpesifig embadiments conf | ct
buffer 42 of Qﬁﬁﬂ:ah@fﬂ:dﬁ%ﬁ&?@&::@%ﬂl (ALAT) is an exanple. O
cour se, processor&%ﬁﬁmu d r*'ncl’'ude various o er?el enents. Conputer systens
10 and 30 may be F@ﬂhzamwbmaM@mmuQMmmmMmcluMenent ation, -
conput er system 10 could als Xec e ram corrpl | es, and conputer
syst.em 30 coffiempozy ayl mog?l{aﬁ F’%Eﬁeé P‘%gﬂ t’sn O The present

i nvention concer neyct 9ph HbWiaghh iS4k nidfor fdaneipically Be€ /ITDI | er conpi | es,
t he prograns such that they can be executed in corrput er systens that

i ncl ude somne cewpilation foprehigh teyelsonnge prograticto campliedgoder ¢ control specul ation
e a2, D=L 535 s gemy e O B, L1
conput er  sysipRigradd cotipiled  ftiey procepsdt of FIG. 12
FIG. 4 is a graphical illustration of a memory conflict buffer of FIG. 3.
FIG. 5 is a control flow graph illustrating an example of available loads
analysis. '
FIG. 6 is a flow graph illustrating covering and redundant loads.

Detailed Description
 Referring to FIG. 1, a computer system 10 includes memory 14 and a processor
16, which executes a compiler to compile a program in memory 14. Memory 14 holds
the program to be compiled, intermediate forms of the program, and a resulting
compiled program. Memory 14 is intended as a generalized representation of memory
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| oAds. However, the speculation is sonetinmes incorrect. In that case,
recovery wll erfornmed by the conputer system 30 as prescribed by the
execut abl e prag‘sgﬂ?ﬂ“z& conpi l.er can aggressively utilize cont TST/UST0 a
specul ation to significantly increase instruction-level parallelismin the

conpi | ed progr atid may tichiis awarietp of forms bDmemdiy, §rhas 8 hard divy, CIPRIOM AindV e
(control specul ative) and advanced (data specul ative) | oads wth the sane
addr esses. TheT8gpmagress memory(RAM) andrelgted cBEWEY- [ equl ar | oad, advanced

| oad, check load, c g&se‘ﬂ?; ; : 3’%{#@ ggﬂg- | ve
advanced | oad. Advagg%gaﬁgéﬁ, C ggeg‘g{/cg?fe oﬁ?bépec ?tjiq‘\l/e Oéh‘,ﬁh nd
specul ati ve advcempilatiohdextinignes can bepharacterized peinlal fluw chartt2ppd FIG.2] Reféniag k
| oad and check v CegigL ad. are exanpl es of chegk-ty | gads. Not e t hat
t he check advafftedf ok VSH%@H&FWW%E@&'E%&&&%”Wand a
check-type | oagy e nbfdGn hitidoRy 41 9A € Rbfiskee i hB!ih 3*aaRcknd® 8f . t he
wor ds "specul atqfa\}/,e" an’gn"spg%vr@atﬁ\%n are ung: |Ea’clg%ng?t|o§ \;a\fttﬁﬁ cont-r ol
specul ati on andonipilationythe stumee programisi translates intedntenmedinte fepresentations.aln & ypes

Che dot ai hed ocbidimRnar Be somplfinn; mpatreiniqbendest opt bR o8 B e The vor
specul ation or sSHetlafibhs! freeSmalPAEb be some machi}® dejuRBéd: SptitB¥tics/ndB 3l fheSOMe

or all redundant |oads. The present invention includes conprehensive

redundant | oad middieendtineribackand? eftha sompilation mathine dependensioptimizationsrare

I nvol ves code (e.,g...routines). tnh el.i m nate each af. e, ShX. 0ad types:
regul ar | oad, M%%@%Fm t °P8&8&n°%mw&ﬁéam%% TE?)B’Eiﬁngt ive
| oad, and specivehiioteis asiresfiGied toebmpileP @t foR6WH e bitlihe 3£FKE. b nat i on

met hods under the invention do not handle all six types of |oads. Wen

consi deri ng code coAse&xamples; Yeiieljpde loop tasiformation specylation,

end g
st rai ght forwar I el 8 I |- 10 | £ 9. handl i ng
r edundant |oad§ﬂ’¥3%%ﬁ%5%g}éék@2@ﬁ)i‘%§#§%%%§%%& @g%",ﬁéﬁ%&}"e dto
i ncorrect and/ globalsehédulingrégistecttlocstion] atid codegénsfation Infcefthia implemehtations,
I ncl udes a gl oﬁ% ?a‘g&ro,ach that attenpts to remgve redundant, | oads
t hr oughout an &lpadelimipation descri may Qseunhstare register sllecatien ands moFe  when

[ Tker Tt means Peply YRc AR EAP andepisPal RIS 21 1O OF Lhe

4 i nvent i onFIMiXillestrates arcofmputensystent 30 ihclnding mplestory 82 andomprocessdran

T eont 2t} o, ik e e B SRR sl S 10 ek 15
intended to be a generalized representation of memory and may include, for example, a
hard drive, CD-ROM, and RAM and related circuitry. Computer system 30 may
perform control speculation and data speculation, described below. As an example,
computer system 30 includes a pipeline 40 and a memory conflict buffer 42 of which an
Advanced Load Address Table (ALAT) is an example. Of course, processor 36 would
include various other elements. Computer systems 10 and 30 may be identical or

different. (Depending on the implementation, computer system 10 could also execute

the program it compiles, and computer system 30 could also compile 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 subport control speculation and
data speculation.
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l. Control specul ation Wien a | oad operation is under a
condition, it is not safe to execute it unconditionally. Control

specul ati on DA s the conditional |oad to a specul ati vePSTHERNRc | 0ad)
that defers exceptions that may occur, and adds a specul ative check (spec

check) operation Theréfiagbé sibs@ntikd lsnty ih I6adifg frérfl inemidie 32 A6t #e | 0ad can
be executed unconditionally. Wen execution generates an exception, the

exception i sproe¢ssonibd Tomveiddhe latencyo compuperisystem 36 may perforanweenlatiNgr e bits of .

dost | nat i on 185 Gt e Bed el sSltelilts HEML. Bind Bdisbech B Y ; (0
The specul at patforsid@ by i ePsysieth 38tas piescribed by el exbautablé mograi. tAe | oad,

and when it detects the dererred exception, an exception handler is
acti vat ed: TWEMWMWMM%WMMYWa

regi ster whi &Q%“m G ?d.rﬂl e s %W&%&;ﬂ Flle of %@&11%1&}‘3 regi ster.
may be the destina ﬁ%%i eglegl'?lgrlﬁig% t rr spo%g ng“gs% culative~l oad or
the result ofemfatomanypipeculativedtontrolspeauiative) s advanced(dataspdcalative) leadsept i on.
. In Exanple 1, ;the conditional_l q i.s converted.to.a specul gtive |oad

fol  oned by anfbﬂw&ma@fi@rssseﬁé&ef FSH”‘(‘YP%.?{%W% logd po ampl e 1
il lustrates e‘.[hy:] L B &ﬁ!ﬁﬂ% 188 ahd $pebilfiiVe adbalRed loadiSt r at es
code with coir‘ldtmri’o sp@gﬁ}cg%?%&&ﬁﬂeﬁgg%cu ative I'oag’ I s executed
uncondi t i onalAdyaricad load,scheckeadpianeed load, speculativeload,ahd@pqummadaagc_ed_load '
ngdi:t ;sgtra];‘, l'graedexzt(tﬁples of speculative-type loads. Cﬁe%ﬂlo:adlagﬁlghe)&advanced load are' A

check reg  examples of check-type loads. Note thattherdhR¢iCadVancel [ad 88 andxempleif both
Note that in the various exanples in the specification, the code includes

pseudo code. aBpeculative-type toadiand a eheek-typrigadh én tha folloydrg detailed devort _

there nay  al Sl e oBRUAME| S Shedulztihr stfiabd MERnfSABE il 7

advanced | oagpealstibeariniaes speulitionpany il eomhédtioh iwdthpattieiar types afdomls aida or

;t ore to ove rgrcocl)lg%f iorzliﬁs &&Ee%néggbggl e LW%%@‘QWM descriptionand -
claims, it is clear in which context the word speculation or speculative is used.

The compiler may eliminate some or all redundant loads. The present invention
includes comprehensive redundant load elimination. Comprehensive redundant load
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 complicéted 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

spec *
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However, the present invention involves elimnating redundant -1 oads, not
det erm ni ng -4 rO0ma condition or store a speculative Qr anhced
| oad shoul d B@Wp’é@## oned. .. 2. Dat a Specut ation ?’crﬁ%ésp@%u
specul ation allows specul ati ve execution of a |oad before an aliased stores
or stores. Thiaventiogi Differbmtaefeiences epiaedniplemeatatiotiartaeiinglanehtitiny” érahel) and
a check | oad (.check Ioadéa.éi T‘;}ﬁ ?,d\zanceqc.il | oad, can be noved before the

ly gileeterng o the,

potential |y affefEepOLOLess Sep SuEtioRe ori gi nal | ocation
of the |oad, gcti s kfESacaig tional | oad. The check | oad checks whet her
~ the val ue accesse pondi ng advanced load is still valid. A

menory ‘conflict bulf.fer Gomirol speeulakibn nay be used for this purpose. If the
|l oad is not validuthe check | oad rel oads fhe val ue. Another f1avor of
‘check | oad operati ﬁ’?ﬁ@?fﬁ@é‘l&s%‘{féﬁ&%ﬂﬁ Yu g 13 pef SR O EXFOMEA) . . Check

advanced | OadlﬂcSndiﬁ&aﬂi\.nEoﬁ@ol‘s?&‘&lﬁtibﬂ B5hVRNE ﬁiétcoﬁclhﬁoﬁaﬂoﬁégo 4 &e@{llgﬂé\bflﬂadrhe

advanced load (this is useful Tor speculating a |oad out of "a

check | oad us(@ect load)thatidefeas sxseptiongthat mey neown apd adisresspecallative bkt he | oad

address) to h .espondi vanced | oad...So t he .adyanced, | oad and
the check | oa %a%ﬁee@?%%%fs&alﬁépod%g#ﬁ’ﬁﬁ of #8’&163‘1’%‘1' Thg speculative Ymgl"??‘ B anpl e
2, the code csxetihed ucohditionally. Whehlentution paitrais anexéeption) K égcle;?&fﬁ ipefore an

aliased store, Ii Exanple 2, p and g represent arbitrary registers (in sone
situations, tdsrredo dihg exreptiopmay beencedqdineng or mpxs bits ety destingtionomegistedr esses

for the | oad I bl o] y . ' In registers p
and q. |If the@%gf%gésatﬁ%é%ﬁ%nﬁ ga;ﬂfégtfﬁéﬁslgﬁ%s, %&%e@%#%h%%%ggﬁﬁi be a
rel oad. exception defetringsopemtiofisd The speculative check operationig bt the 8fyinhload * ¢

regl = load *q; .. store reg * ) . )

regl = Checkllg((:ﬁloaoftheload,_andwhenltcﬁetectstgedgferredew%@W&agcﬁ%w ation

A nore aggres&ﬁme&ar&s?e@eué&%&aﬁadﬁ%mvaﬂe&na%m %feps%%%ggm ng

on the advanced | oad before stores. In this case, acon onal I s not
enough to recwntain the deferred exceptiondnformativns e négisteramay Herthe destination registanced

| oad check ( | oad_check) is,used. .If_ the adyanced Joad is invalidated,

t he advancedaqq\él?ae 02%5%%%3%% eﬁ’?ﬂﬂ%ﬁ&é"%’@%‘%&?&?@f‘ PSR rgisfher f or ns
the | oad and with a d¢fenebaesiivhy dependent operati ons.

6

In Example 1, the conditional load is converted to a speculative load followed
by a speculative check operation (i.e., the left side of Example 1 illustrates code without
control speculation and the right side illustrates code with control speculation). The
speculative load is executed unconditionally in this example.

if ( condition ) reg = spec_load x;
reg=loadx;, ———— if( condition)
spec_check reg

Example 1: Control speculation

Note that in the various examples in the specification, the code includes pseudo
code. Further note that there may be instructions (not shown) between the if and
spec_load statements. In the examples provided below there may also be instructions
that are not shown. A speculative load or advanced load may be several or many

instructions before a condition or store to overcome the latency involved with a load.
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In Exanmple 3, the code on the left is w thout specul ation and the code on

the right illustrates an exanple of data speculation of a load and its

uses. st YOG regl = adv |load *q PCT/YUS99P4433 | oad

*Q; _ reg2 =use regl. . reg2 = use regl store reg -
However, the nt invention invoR/eY bIRAMEMGTKdUnASit loads| nof Ik

Lab: prese recover bl k: il ot B ifing

regl = | oad *kpw far from a condition or store a speculative or advanced load shoyli be pesitioned;|

go to Lab Q' 1% !géarrpl e 3: Data specul ation of |oad and uses
Note that the adv%oad n Exanple 3 is a potenti al _branch ~not a
| oad, and is not @awmm&bﬂuomepamhmmﬂswiebwmd%&&ll

bel ow. M xed. Dat a and Cont rol Specul ation

i npl ement at i o‘PF%?Tesa %ﬁﬁm oge: ’éé‘?ﬂh"ﬁ% M@é@ m&ﬂnﬂ@r&hﬁﬁy control -

fggﬁﬂ ag}a g(r)\t J@@ﬁ%l ve a anc&w spec acﬁﬁé{ %aﬁ%’dme

specul ative admmcmdmddowmﬁénﬂefmmhﬂlbmnbﬁﬂkloaﬂ,mm generates a
deferred exce ti.on, the ndi ALAT e IS |nvaI | d ed. Thus a
check | oad or %“é’&%l pashy é%éﬁgi"gq‘éﬁgéﬂ%lkﬁ tgﬁ%?l eck for bot h -
| oad invalid rﬁgp hmnﬁgf E‘m

adv_| oadchecﬁédc re- generat e ta(ﬁe ef erre% exceéption gé%atl ng’t | oad

so there is nbeméﬁ)rttlnspwemﬁﬁxbaﬁismhvﬂdeﬁblchgckﬂmbmtk@mnd ative
advanced | oad,to,t | n.exa 0 S
converted to gﬁﬂ w P%Efggﬁ‘gﬁeéﬁﬁé °ﬁ§ 033 %ﬁ?
operation. Theh&RaGVEnBed 1683 RUNARARSs biRRE 1dad eﬁé&ﬁ@tﬂé Rfoadqs as@a&mmr e

unconditionally in this exanple. f( conditi on? '
reg = spec adlpaqlﬁmglspeﬁﬂforspeculanngaloadggmf@loqy) The check load uses the if (-

(r:ggdlzt Icﬁgzz k ?‘35%3@8 register naind (addm alsR) usg(he"loafdeadﬁre%matclbg{ gr :n; Cont r ol
Specul ati on corresponding advanced load. So the advanced load and the check 16ad have the same
' destination register name.
In Example 2, the code on the nght side is transformed so as to move a load
before an aliased store. In Example 2, p and q répresent arbitrary registers (in some
situations, they could be the same register). The memory location addresses for the
 load and store are specified by the values contained in registers p and g. If the values in
p and g are the same, then there may need to be a reload.

store i'eg *» | regl =adv_load *q
regl = load *q; ————— store reg *p ,
regl = check_load *q
Example 2: Data speculation

A more 'aggressive data speculation ailows 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.
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4. - Menory Conflict Buffer Rerring to FIG 4, an exanple of ALAT
42 incl udes at"f‘}?"fﬁ% three fields. A destination register numnber field

hol ds an i dent 870N foritthe destination regi stéery, i n proc DRI
nmenory address field holds all or part of the nenory address (e.g.,

physi cal or virtual In Exanyii 3,0hé bode@nliled 16ft iowithout speeulatidn dnd thewaide opjdiecsent s
when an advanced | oad has occurred that has nat been I,nval i dat ed, and when

it is invali damhtwsaﬂm f@amﬂﬂ%ﬁf@l ang its &s?enaphore) The

right side of exgfpte—Zsis—used—as—amex T e of—codE; gl =
adv_lroad *q, a ny _representing regl T‘?‘g ad‘:’:reb"{“ﬁatlon regi ster n nber
and the contents| &8} t®r q is the ne The details of [he

ALAT are inpleneh F%E.Zl:o‘l‘Feé%mflc I n one tign, the valjid bif is
initially set tol1l in responseTo THe | | VQWB@ » *G TEEAVeT hﬂ al

meani ng that a.sfore is not nade to theLeluFre addr ess and t he advance oad
is valid (insofaf as is then known). |f the address of store reg *p is the
same as in adv_|lpad *q, the valid bit imcewamlied to a 0, neaning the pal ue
accessed by t he advanced load is invalid. reEl&hoddhq valid bit equal to| O,
the check |oad r¢loads from*q. By contragpy =iuse feB® address of store feg *p
Is different frofnthat of advload *q, theg(yg,lLag brt would remain 1, aphd the
checkl oad *g woulld not involve a rel oad. In one inplenmentatiop of
the ALAT, only offe entry is Examplaﬁebaﬂa@pemladesoﬂnadwsegu ster,
regardless of hoy
- 1 npl enent ati on, nore than one destination regi ster entry nay be nmade for

the same desti natlOTN&@WtheM\ﬂYdﬁeﬂmékﬁnﬂ‘ihﬁmpleadﬁlapsﬁnmbramzlnlmed The
ALAT may be fully associative, set associative, or direct nmapped. In one

i npl ement at i on 1e4d, andis appetimipsted by the implementations deseribed indeilbelaw.e £ e d
(indicating the size of the region of nenory being read) and a register
type field (general or floating point). The type may be used with the
destination registen. nureremBammndﬁdmliS@mlmilon ALAT. The si ze,:

organi zation, matching. algorlthm repl acengnt orithmof.the ALAT are

i npl enent ati on speciAT EpigpEntatio F@Hﬁ‘?ﬁ"é’f“?"gﬁ“g ad&‘? InYERtOnRAYFO: ém’la

instructions s ] Ll BlafiviEload] TIRSsull oF bothas a Of
el ohded W&W"s@“@% i :

t he regi on of Ing witten ries corresponding to

over | appi ng- regppemﬂatamadvmailmkh(spcb_@dy_@ad) aASpecelanbdndedlqaﬁMabel d -
field). An adv_&%ne‘i( ﬁgha%tﬁﬂegl% aI I(ﬁf eicregtri]gn(,) the correspondmg ALAT

entry is invalidated. Thus a check load or an adv_load_check operation is sufficient to
check for both load invalidation and deferred exception. Note that a check load or an

"adv_load_check can re-generate the deferred exception by repeating the load so there is
no need to pass an exception identity from the speculative advanced foad to the check
load. In example 4, the conditional load is converted to a speculative advanced load
followed by a check load operation. The speculative advanced load 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 = checkload *p
~ Example 4: Mixed Data and Control Speculation
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The invention is not restricted to any particular inplentation of the ALAT.*
Fromthe fol I ovm ng exanpl es, enough information is given for _one skilled in
the art to iNP the invention to conpile code for usePSHUSIMUESsor s
havi ng ALATs or ot her menory conflict buffers. O course, to sone extent,
details of the cogpi| e¥emsl Bdfférai | s of  t he nmenory . conflict buffer.

5. Summary of Load Operati.ons The follow n are SIX types of

| oads: a regul ar R#&Giﬂgéﬂﬁﬁéeﬂlmle"é‘w %‘&é“d‘bswg oad,

Zg\e,gmsggl Ygag spec%%ﬁ agyggig%dat | ve%%‘% oa%mfeegiarrpl es

of specul ati prbcés;mesa daﬂemo@mddtesdﬁnwhddﬂalbdnquoﬁﬂwmmty mddress4e.g., exanpl es .

of check- type |o te t eck adv nc | oad |s n exanpl e of
both & specuPBts - cnbplh i ioufnoe Sr s 16 Bt reprcsensS Wi 5
summari zes e % xm&édﬁﬂﬂhas%ﬁmehﬁﬁaﬁwmﬁmlmmw oad
operations as we r a specul ative check operation. Oher

i npl enent ati (g, bmysﬂm AEAT conflict, orasEypphore) The right sideyfigxample 2 is used

ond  Advaftetpraple. ga g SEiPutel Bl AR oA, (0

enter an kifeakstination mnnberandtlmcontentsofregx@tbr"dﬁs&li&m&moryadﬁ%@s}k load r
= checkl oad Check t e ALAT entry. If the entry in

addr ess The details ofmmamylmmbmwﬁegm%emal&alenmmmevahd
ALAT entry |

generate t he °f éﬁlgﬂ%‘ ség%gﬁﬂﬁe%’?n&atgﬂ&qen&?fmmgl adv oadEanea[nnghat Check

the ALAT ent kibre &hoirhﬁe&ﬁﬂie)&mhéaddres&dmﬁtheedvance loadlisevalid (insofar as is then
i nval i dat ed, perform an_advanced | oa

_ | oad 11 s
r = advl oad &aw@sgfthea@bessefapw 1t is the same p,inpdv_load Yq, the valid bigdy e i n
address to r, h%{ge@ﬂ)ao n&eMgthevalueac&%&ﬁ?ﬁleadvancedloadlsmvﬁﬁcgmﬂﬂ@ occurs,,

defer the.exception |1 ng by
propagat i ng tvakid bixegyat fod;the check_load reloads from *q. By contrast, if the addressof stomet i ty i n

xcept thai mesmplaﬁ*ﬁa“éem&f%eﬁea%“@gﬁevﬂﬂbtmﬁd b A occurs, i

al so defers %K&ﬁpfoh&’a?woulh%ﬁnvolveareload. | handling by not.
al I ocati ng an ALAT en Exanpl e 5: Loads
9 Inone mplementahon of the AL AT, only one entry is allocated fora - :

destination register, regardless of how many loads are involved with that register. In
another implementation, more than one destination register en&y may be made for the
same destination entry, moﬁded a different address is involved. The ALAT may be
fully associative, set associative, or dn‘ect mapped Inone mplementatlon of the
ALAT, the ALAT also includes an access size ﬁeld (indicating the size of the region of
memory being read) and a register type field (general or floating point). The type may
be used with the destination register number as an index into the ALAT. The size,
organization, matching algorithm and replacement algorithm of the ALAT are -
implementation specific. In one implementation, store and semaphore instructions
search all entries in the ALAT using the address and size of the region of memory being
written, and all entries corresponding to overlapping regions are invalidated (e.g., a 0 is
placed in the valid field). Anadv_check_load changes the valid bit from O to 1.
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A specul ative check is not a |load, but followi ng the pattern of Exanple 5,
a syntax for ﬂgi%(;ﬂ%wgative check is r = spec check r, and semantics for
specul ative ¢ | ude "Check r and if r contains: a def er FEI/USY4R on,
rai-se the exception.” I n sonme. i nplenentations of the invention, for
conpi | er gener at ed Tigcdvention i nod restricted tol aiypatichls dnplementatiicof tié ADAT. t he
fol |l ow ng condltlons e .observed. 1. A check | oad y have rrultl pl e
correspondi ng B S‘g £Rough; °nlslgﬁ’éﬁn% H‘lﬂ‘??‘b?"e

check | oads. T; ﬁiilhﬁ q'ﬁﬁir? The
destinati on reigﬁlﬁas‘ter pggn(aaogﬁje Ei ggg to | t'l hémvm?espon Qmm

advanced | oad mﬂnsqcmﬂmtbnﬂmeQmmepbéomaaﬂmdﬂml@fdﬁdo&qﬂw&pM nat e

the set getalfsa;J oads. O herw se.when control reaches the check | oad
via a path not \%’T'@E“‘B‘? ed | oad, the check load will always
i ncur recovery overéead.g SPE6aH Gbdrfons heck may correspond.to nultiple
specul ative | oads and a. | may correspond to nultiple

specul ati ve checks. 'ﬂﬁtbllewing@tes'pmdlbmh 4 reguler load, afivantetl load, icheckilosad, y

dom nate the s cks n.contr ol ches, on of
t he specul ati v@‘ ﬁ@‘? Yﬁkﬁ’“@n@{}&m&'ﬂ? eﬁ%’ﬂl—f’ﬁ%} afl; 33 P
unexpect ed excgipck advaiiBod 19&1,§ﬁécﬁmdve load, andsﬂetmau@%%ticea 1owa}ef&&nb§s of

el im nated, the corresponding specul ative check nay be elim nated.

_ specu: ative lchmulghmwelmds t&heek | mmr@s@d&mmm@ﬁm&k—
L
Shoause the selgniE SpeBdBetraciavmssE e Hb oxalBl o bhrptePliyervms. o

e
di fferent fronocalahd 9&heek bk | oad, the traditional redundant | oad
elimnation may not_be used to elim nate the=m Exanple 6 contains a code

segrment, resul ting Fxasmpl 65??@2'&%%‘6@%%&0 (syRigx ansemgntics fer the six types of
specul ation. joa4 operations as well as for a speculative check operation. Other implementations

may be used.
Type Syntax Semantics

Regular . | r=load address load the value in address tor

load ' : '

Advanced | r=adv_load address | Load the value in address to r and enter an

load ALAT entry.

Check load | r=check_load Check the ALAT entry. If the entry in

. address = invalidated, perform a regular load. If the

ALAT entry is not allocated, reload to
generate the deferred exception. '

Check - r=check adv load | Check the ALAT enfry. 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 to r. 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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10 SUBSTI TUTE SHEET (RULE 26) 1. rl =

| oad *(conpp 2. r2 = load buffer[ci] 3. cnpyi ndex, rl

4. jgeq QNSWB@”@‘" 5. r2 = advl oad buffer[ci] RCT/YS99/0443D  +

yof f set . = spec advl oad *ceof 8. r5 = spec adv_| oad
*conppt r 9A iﬂecﬂm&heckllm a'164d0b Followingithe pattern of Exhmplé 5; a

Exanmpl e 6. Code sequence w th redundant | oad due to specul atjon The

second | oad ﬁ‘)"a&%@?g@%d{eﬁ’é‘%m%mi ang sepnansies for spaculativethedl ¢ he

fifth I'ine, ﬁfaﬁls qeﬁﬁ@ e LnPe€dundant | oad
elimnation m g@suggest e loa gn enf;;?t h ﬁt 58 removed. :
However, doing sohMﬂn@mnﬁhynsﬁgbeaﬂmbngbmmmﬂefgmmmdéoadespem ally
when the checkl oad fg gnndl n dvanced | o I s inside %‘f | oop. The
reason i s thdPeRHENS b@ﬁma W&B@?Lﬂ%w 9%&%!?#?@?5 0?95?1” ALAT
buffer. So the ghRedk 1batPlay'hdve niufiile CorleSitidRa ak iRaHdead. Al so,

the performance problem shoul d not” be resol ved by si rrply removi ng the check
| oad operati on. loﬁmﬂnwnﬂnplephwgﬂm r’rﬁl}eytaﬂfshmdddeﬁmrthemmesﬁﬁanenl S

b th | t dth
ook T ond"r o clpEit TREqeRRR KR BT R o SRR e e 32d ’
Simlarly, the hRghcedda. Mlémﬂle%dfﬁdm&dqmgh&ﬂujﬁlw

| ocation as the first |oad, and there is no store between the t wo Ioads

However, the |agﬁchp%ha@h&mwwewhs¢muylwheem¢wkulwdtwaﬁbw code

Decase e e My g o B Rl il 0

shoul d be remvadg mwmmmwmmmnawmaw i on

The invention |nvolves avail abl e | gads analysis to identify redundant | oads
and progr am t r alea ByaKgemrespand tg multiple speplative checks: dhg set phipgiulative loads

should collectively dominate the speculative checks. Otherwise when control
reaches one of the speculative checks via a path not covered by a speculative load,
an unexpected exception may be raised.

If a speculative load is eliminated, the correspondmg speculative check may be
eliminated. A speculative check should not be eliminated unless all associated
speculative loads are eliminated.

B. Redundant Load Elimination

Because the semantics of speculative-type loads and check-type loads are
different from that of a regular load, the traditional redundant load elimination may not
be used to eliminate them. Example 6 contains a code segment, resulting from
optimization that uses control and data speculation. |

10
SUBSTITUTE SHEET (RULE 26)



1. - Avai |l abl e Loads Anal ysis One inplenentation of an available

| oads anal ysr | obal data flow analysis perfor med over an entire
functi on. ‘hﬁ?&ﬁ S which 4 oad expressions are:redundant iFFT/USS904433 (o
function. Ld[reg] is a | oad expression used to represent any type of | oad
in this section. The follow ng describes one techni que of gl obal data flow
analysis, but the invention is not limted to jt. A load expression |d[req]
- i's available ("availlabl & lomitcempptes4) on") at some  program poi nt if and
only if along every2exRelbadbuffesftd) to the program point, I1d[reg] .

executed at | east (@CQm ﬂdegj,tler It is executed reg i s not redefr ed and
there is no store ¢p esarre | ocation. Therefore, a |oa

expressi on Id[reg] ra ] is redundant if and only if ilt is
al ready avail able & gt %g% nt. The techni que workg on the
control fl ow graph 13 =13 It performs a global data flow anal ysi s

call ed the "Avai | afjife ré5spec_ adwvload)*cedfal ysis to detect redundant |dads in

" the function. In thé&. frtiFrmbcaadmﬁoadd'cbmpptrexpresm on in the follow ng
instruction L 9.lr] = SF,&; JAoadf(cothppts+ #pdundant if, on every path from
t he START bl ock (al 90, _(;_gl ed a node) of the control flow graph to U, there
exi sts anot her | oag 28— rt—suvch—that—rtTs "ot
redefined/killed betM&@@@MW@WMMWMBMN heg sane or

di fferent destinatiten lcglotclo FHarat ro,' 2 rey—ot—"ty rot—pe €t | to
r3.) There nay be differen diff nt paths t The

| oad expression in L §°ﬁ°&@r!ﬂ¥§é‘ﬁ gest WIW‘%L‘E@EA 1°E§ﬂnﬂ¥§ used
correctly as t ey d@&é%&%ﬁmmﬁh@@&ﬂk&%&&d&mﬁﬁw”ol
fl ow graph, the AVLD(n) is defined to be a set of available | oad

expressi ons r eguightsygesstthetithe joadon thefifth kinedhguemoveds Howevemdoing o eatild ol | ows:
AVLD( START)

= [
0 A S flegrade program ety espegally whep-e ook, lopd poreesppnding
(2) where p_redbﬂieddeﬁ{ce@maﬂisﬁxﬁdeslﬁopoﬂ'hémﬁllﬁﬂxﬁtthé foa@ d6esafot Bater
| oad expression |d r eserved i n bl ock gg denoted by PRES(m, if

there is no def Th‘ﬁ?‘aﬁﬂ%@(b wil o load gaghime it nenory
5 Sl Yo bl A Ao AP iy Al
the check load operation. Otherwise the program 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) m 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 irxvention 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
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12 | oad expression id[rl] in m A load expression Id[rl] is
downwar d ex%?sed in block mif fromthe load to the exit of bI ock rag there
is no defin QPHI? r1 and no store to the sane rrem)rylo The
resul ting AVLD information indicates which | oad expressions are avai |l abl e

at the entrythofmeaied) iffeghis!al1oatkexprebiion used fo répreseatanyaypd dfdoadas this opagat ed

wi thin individual basic b ocks to Identify which | oad expressions are

avai | abl e whrtien clhs fellawing descrbrsone tepmigicof globaldatafigw analysis Rt then | | 1 |

| -execut ca, EYFURR R RRNe o, RUPITHBCRRR o) GUBHEL WRIRE T T 1 |

renoved or re@kaﬁeﬁr’)hysmdpwgnmlpahmfmpdbm;uﬁa]nnglwuy(ene@npnpathm/&y: A
redundant load is a.,lo | nstru cont ai n| ng a redcrr}ga | oad
expr essi on. progeam pc regl i expep ? ¢A5t QuigF, and pller;itis fxepfed £22 1800k | equndant

a set of earﬁ“%ﬁem.@?‘lggg 5tBRGbperafibd t0Ghd ARk 16caR6R 1 ThefefbleSflioad OVEr i NQ

| oads") can at t oget her make L redundant. Covering 1 oads
are domi nat|a@tésmaUkl[m§bngmmmr¢duadhnUfanﬂleﬂElﬁkiSMw&l atone or
nore "coveri | oads t hat together nmake L redundant. Wen the program
executi on reﬁlgﬁﬂgsfﬁ?‘m!n as gone through a covering load of L such that the

covering | oad accﬂmddﬂem%n!ﬁéé&tﬁlrm%hﬂamm@ehﬁﬁﬁd on as L
does. If this set contains only one | oad {) ramtransformati on needed

to renmove L gbbddhammymnﬂ{ed%'b\ﬁaﬂahhb@éﬁ Slﬁme%ctlon | f

congi dor . Fi PSR 1% ey o fopnih o?&?%l’%%%% o R BRGREE, e

elimnation ﬁ,&u-ﬁdﬁen[,edundant | oad can be handled in a way simlar to the
case when the covering set has only one | oad. Second, when these nultiple
| oads are of difflren2=18H types, the programtransformation is nore

ot emont at | Beosafipe 6 SRR Sat B d SEART 0B MY all A node o b BRIl o 16

exi st in theﬂowmphminhaglemstslanmhnslm,dﬁbr exanple, it is beI i eved that the
particul ar type 3 rlaiat load is rare and elimnating the redundant
| oad woul d be ex el npl i cat ed. As an exanple, FIG 5

: } '( U)St E a }?S eucﬁwgﬁgg&ﬁ&weawmm (Notd ATt A LY inay bive A() {
the same or dlfferent ion registers. That is, 12 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.
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) = @ . €3]

AVID()= [ Y((AVLD(m) PRES(m)) GEN(m)) @
Vuepmi(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
1dfr1] is generated in block m, denoted by GEN(m), if there is a downward exposed
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for() 13

S3 S5 Wth reference to FIG 5
and the prece(ﬂ,ﬂa"ﬁ%l e code, in equation (1) the start bl oc¥CHESHBPHBR B1.
As -an exanple, in equation 2, assunmng n = block B5, the pred of block B5
I's bl ocks BS3, Bﬁcle(a;mdssﬁﬁld'[rl]sintx]n.lmhﬁ%}cprﬁﬁioﬂ&ﬁlﬁgﬁowd\zﬂ'ﬁﬁpds&ﬁﬁlﬂédizﬁﬁemS
S, S2, S3, $4,..and, S re eac s (there y.he other statenents not
shown that arelf %jﬁ@-%tﬁﬁﬁ&am@%aa@@wfamn BRsterertp ghe by
equation (2) NEmEhaRes 18&atohe anal ysis advances through statements S3, $4,

and S5. For exanple, a’load expression mght not be preserved (e.g., be
killed). Therefore, Théwesulting A¥BDcinformation-dindicates whiph lnad geyiression meaghildble

bl ocks so that jt is k whi oggd. expressi ons _are avail ab) e, (.and
therefore whi cﬂtth?ﬁn e%m&iq&aﬁg“&@g@awcm@%gﬁWwﬁm The
avai | abl e |03d§1dﬁﬂ&lal’5&s§cl§lﬁéks%i&ﬁifzﬂﬂﬁqﬂlé iSRCite SVailable whied tHey PES Of

| oads listed in Exanple 5. A conprehensive available |oads analysis is a
type of avai | aptogramexecutssivg toxa particular instractiondn Ifi Ids aldad énstructionemnd its Idadads.

2. Tr ansf tion . . . F h red | pad L i at
o7 ogr am &1 aner SRR wreie g ERRC Ll SRl b f Reaine OSBRI Ot °L and
the types of | sioffwhieh d&itbd refnBvddor réplabed B b Idwer terich nstiuktidn/@QS, a0

| oads consi dered, the transformati on can be very conplicated. This'is a

maj or reason wHPVekd\ redundant load isiadeadrinstmetion gontaining a redundant load expressiondant
| oad elimnation to e probl nder . consideration, here. . The
outli neI of a lzorr'preﬂéns?@ggﬁlgﬁ?%égg’tlgf%ﬁ%#%ﬁ&l%% (CRL_Elim
accordi ng to ohwverig"d6ad ihsthicons(hertifi @alldd eovdring 1dads™y BaYbe identiftcdiRite 7.

CRL_Eli O may be call ed between gl obal scheduling and register allocation
or at some ot hiqgethsy maks L redundagtyfrqvaring loadsase dominating
r

_ lpadsy dior a
oads. Bl ow corart ety apet E8FOr AP DS ldhng 1 B3 QB! oad

| oads. Bel ow coverin
| d, which is teduhdanat Wheﬁ)ﬂle@kdgna'unmeedionrea(_:hes L, it has gone through a covering load

of L such that the covering load accesses the same value from the same memory

location as L does. If this set 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
handied 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 ihmplementations
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 {82}

for ()
| 13
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14 CRL_Eli nO Conpr ehensi ve_Avai | abl e_Load

Anal ysi sQ For each redundant load Id, find its_covering |oads
covering(l dYV°”’4‘"7 Do Elimnation (covering(ld), Ws”mg
Exanpl e 7: Conprehensive redundant | oad elim nation I n one

i npl enent ation, tfhe set of covering loads is determ ned by considerng the
results of the avail algge | oads anal ysis and the code being conpiled. The
routi nes provided as anpl es bel ow i nvol ve one covering load (1dl) and one
redundant | oad (1d2).S ere there are nultiple redundant | oads identified
in-a function, there are various approaches in determ ning which |oads to
consider at a tirfe. For exanple. under one inplenentation, the |oad

eIirﬁnationbegins_vviththe ndant | oag. hi ghest jn. progra der (i.e.,
coming cl osest ﬂﬂ%@%ﬁ%f’f@%&%ﬁ%&%?@?ﬁe ’W&%@Mﬁ%e end
of the f“”Cg)&l&gcisUIB@EB&??@%H%M'EE@E&@&L%M@%LMkﬂSLﬂib@ﬁildim begi ns
with the redundant |oad | owest i'n program order and works toward the '
begi nni ng ofblodkBS istblacke B3, B4, land BF (isl..aneR3aBioand Be)y Apumedhay statements  For

coveri ng | odthSPaty SHeeiTare SAeh KB o oy B 0 it orEiol Bl 7
| oads (whet hgg J6H8). e BPdiRbleilSadtRprestichs fdtnfifiedby uIND) mayclanghasithe

DoEl i m nati on tion. The information regardi ng covering | oads_can be
conveyed t hranalyisisatvencesthrongh statements 53, Sdyand §5 For example, alopdexpiessiothne | oad -

i nstruction in,the.,set of Ver] | aﬂﬁm ' ?’Lﬁﬁ“‘ﬁ ..l oad
instructionsm@hmﬁé’emggge&"v&e%ﬁhgge reégrﬁ’csjtgﬁ oa fog,[ﬁ.i.a i r?e. That is,
the ot her com@pigats kifasih thebloble sb dntlit érkronnarhichllbat expressionsare availableys in -
whi ch the invention can_be inplenrented. -There are at |east two

t echni ques bfandghersiorg EW?‘”E@@F‘? d. First, the -
19) - "Second, "t he. T ETlofls ity S iRl DAEf oG At O S e ol T the
code and noviveds listein BxampleSs iA compréhensivecavailable loads aphlysis isa typeefl ves an .
el 1m nati on g\];ailgblg o\{aﬁ; Ln%ysis‘that does handle all six types of loads.
| | 2. Transformation
For each redundant load L, an appropriate 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 u'adiﬁonal
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 Example 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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load Idl (as in Exanple 12). There are different perspectives for view ng
the second te From one vi ewpoi nt, under the second t t he
redundant | oawgﬂﬁg\zed and the covering load is elimnated. WMher

vi ewpoi nt; under the second technique, the redundant | oad is elininated and
the covering load is nodified. Under

15 -either perspective . the redundant load ls ellmnated by no

| onger' beig in its|EBEL EWBO and there is one fewer load in the code.
Exanpl e 8 is an exfnpl Comprexnsive A vailablg) Loadganalysis();r el at ed code.
Enum’l oadType = {r ¢gul Eor cacemtdurskintioadid, ﬁndat&oowtmxgldoidsadvemigﬂd)(
advanced | oad, spegul at IDe Elnmdaumr(mehng(ld),eldaﬁvanced | oad }

Enum | oadType | oad[Type re ur i 1.0

Do _Elimination (tdf, Id2 xample'7: %ﬁ%ﬁ? GE‘W%’H?SBtype(IdI),

| oad type(1d2)); carl routl ne namer ar1dzy, _

Exanple 8: Do Elim @lggma? %te&%ﬁ dl - 1d2)
are provided in conlﬂg%%%lléﬁ%ﬂﬁxmsftefcal- 'I OoW. e routl nehﬂéanpl es
in connection mrdsuE(aﬁthémﬂéHd&admgnabmsmndﬂplwdehﬁnmqnlednTwmmmere i's
only one coverin I n ent. a si Ie overing

| oads or a setPrB%de‘g leﬁEgg‘B mvoveonec l??ﬁéf ‘Q'E'f’% A ¢ he

i nvention, a Wedﬂﬂﬁh'ﬂdd?{&nﬁ@édlﬁﬁmdﬁaﬁ,tﬁaéaﬁf | oads.

An exanpl e of a rrpre enswe conbination matrix is defined I n Exanple
9, where in onmnoﬂmmmmhamdﬁpmbmgwdumhloadstcodmmdaratfaﬂmad?drypmple,

apr esent & 1 houEt Ot pisAR g, e et e lﬁawa%epﬁmne"“ i S 5 vl W R o

the intersecti ﬁrbr%m%%& le.,| cOihgadlchedy hﬁé@fthé%cﬁ@ﬂﬁa%k‘s the
conbi nati on of regular an advanced Ioad In the i npl enment ati on descri bed

in detail her etoward the endofthefunctiond w@mmcmmuoan@eﬂmm@d | oad

Fover entri oo b i riaRhash it it iy progl oA Pk R o™ T "V

conpr ehensi ve begaﬂmsghfblmﬁiwmm l)em'Ehﬁh@i%tdiwaeQﬁédlon (i, j) in the
matrix is the nanme of the routine calred by Do-El'i ni nati on where:

| oad_typeldl] is i, Forsimplichyipthefoliowing ezsamples, it is assumed there is only one
covering load (1d1). Further,l in one implementation, the set of covering loads (whether

one or more) is not passed as an argument through the Dd_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 covming loads, a sixigle 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 ixnplementéd.

There are at least two techniques by which a redundant load may be climinated.
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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regul ar advanced check check specul ative speculativ

| oad | oad WO 9946677 ¢ advanced | oad . advanced CTUSINAASS

IRgad | oad Regul ar R R R A RC RCA = -
R ether ive, the redundant load is eliminated by no longer being in its position ' :

Advanced A R A A C ACA AS ASA yI oadng PO Check

load CR  anddiere is one feper load in thegode. CSA Check ~ CAR CA A

CAC CA CA CAS SA SC

Son Exa&}@g}% FEQW@&DA %ﬂm’ﬁeﬁﬁui ,300)\4Rd relathi code!

_________ EnunricadTypet= §egularibad, advaided load>eheck load uliedk SAS

S B TS | f Exanpl e 9: ‘Conprehensive | oad conbi nhtion matrix
_Eli Is a fuh ?ﬁ“’q @W\?ﬁéﬁ EQ;ratplellmwatlon. I n

CRIm_)EI imO, a | oad %Mgb e Bl |n)gonnect|o wth any of fhe 36

conbi nati ons Do,_Elimination (ld1, 1d2)

routine _name =CLM(load type(ldl), load_type(ld2)); -
call routine_name(ld1, 1d2);

Example 8: Do_Elimination ro_utme

SA SA advanged deaﬂcedload,speculauyeload,spﬂculamwvancedload}, _ |

Examples of routine_name(ld1, 1d2) are provided 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, ldl may
represent a single covering loads or a set of covering loads.

" Under one implementation of the invention, a matrix s used to hold identifiers
for combinations of loads. An example of a comprehensive load combinaﬁon matrix is
defined in Example 9, where in one implementation, the vertical colilmn of load types

' represehts the redundanf 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. In the
implementation described in 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 comprehenswe load
combination matrix.) The entry location (i, j) in the matrix is the name of the routine
called by Do_Elimination where oad_type[id1] isi, and load_typefld2}isj.
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of ‘two types of | oads (see Exanple 9). However, conprehensive redundant

|l oad elimnation is only one exanple of redundant |oad elimnation. In

ot her exanpl eWOM46&Aundant. | oad elimnation, redundant |oad

eli.-mnated in fewer than all 36 conbi nations. For “exanple, under one
alternative, if a matrix is used, the matrix could include fewer than al
six types of loads in the vertical colum and horizontal row Under another
alternative, the matrix could include all |oad types and the intersection
of two | oads ' ' ettt =

ATAE N AZAS lulltl L) 1 ll.l? I_U[ I L Uuvuo LA CAI :U Ut
_ k\ ) ve |'s
one.or nore r Ll'g?\@r I} §OE<a 'geﬁlfn |j§§ °d Y ho
actual code trhnsformatildead s or mpdged n padvaneed her 4l i
C a

the matri x woul d _includdg all i x _loadltvpes 1988 " atlher than [ 'Eine

nane, a code af Regwan nt dr ReRt ilonRoA t He Rid | oBRdIEAcul dRLBdi dat RiShat o

redundant | oad} loadt o be jel i m nated. QOjher inpl enentati ons may] be used.

Certain inpl eneAidadrcedsS [OTA Requnaaal lJoad @l | mAn@ on (NSt her  og_ St
conpr ehensi ve)| gy perfgrmactfi vifies|in add[tion tol those dgscribed i

detail herein. _

exanpl es, the %‘A%kil?ﬁdcrs%g—kh%é‘ ers_"cmtqo*.“c".p‘:
commands (e.g. J@‘?ﬁrn or? ﬁ%), —édcr.gés-gs ;%K-eq’
code. A efvagesd | Ysiratds | oad U1, L2, {L3, and
L3 are identif|!a8dt hroudh availl able | dads anhlysis ak
| oad expr essi ohSpeoulative ds fe®t |t o S_dad [L4AS_CGHopewefA u

i npl ementation) loadi tiallly, onlly L2 anq L3 ar¢ coverihg | oads pith repegt to

L4. Therefore, { Spéculative |, SRORHE I SANAL IJOBA{ C2{ SA)CALKH) SA S nvoksd SA
elimnate/tranp L1 Ts |a coverilng oagl with respect tof L2.

Therefore, fol] quyng the elimlnation qf L4, Po_Elimpation({L }, L2 )]is
i nvoked. Ther efatre—of—cotrse—otiret | npementatonrs—wtirmr—the—scope—pf
the invention. | n Example Qnomprshersive load combinatiommswixed t hat L2 fnd
L3 are of the Sewe—teoae S e e ACAmamm s io et e——hoth—speet-atle
advanced | oads, etc nder, ope | nplenentatiaqn, |0 | im.pation [ s not
performed unl ess alq:&(wéig?(%l’\’gaﬁ'&mgﬁ? %V%?ﬁﬁgﬁglﬁ“{nmt’r
anot her i npl enentaﬁﬁﬁo;aioggﬂna%b Rlififiatedin Eshhe&fonRATH £ B8 thedls!dRmatibNe
covering | oads are any conbination of the six load types. Under a third

i npl ermrent at i onof twodylpes lof lads:fsecFxample Ne Hoovever, porupreliensive redundant logd | oads
ypes. A reasofigaRm palyne pamle Rgdsi o intoatn. FEMBRRpBREof , O
| oad el i m nat i Rguidant load elifingdons fed@hdahtRadsrhayChe/cliiinfieFini fower tha @l 3@t | ons,
It can add significantly to the conplexity of the .
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.e., 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.

AP-CWETIY- -G -

UL
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conpi l er. In Exanples 7 and 8, Do_Elimnation (ldl, 1d2) is shown
as passing both Idl and 1d2. Alternatively, Do Elinination and other
functions cHO%4$9%s only 1d2, and the covering | oads of IRST/YBUP}e
deternined based from the available | oads anal ysis and the code being
conpi l.ed, t h&peiGhphs e [RMNFerOkt Y infetbadtions 66loads thal beymbEls,ogtiuirdis -
Furt her, IdI can incl ude onl y one covering load at a tinme, rather than the
entire set de-gautumrump)yenaddrgssesiopther locations in thg cedse cases, and r edundant

| oads may be pas “m | I
el i-mi nated by thesﬁr&o{sjfil ne. | ﬁg.?gl%%gﬁcﬁ‘% L%%zj% here w il not
be an elim avﬁlablbhﬂﬂmﬂﬁdsmwmmgamhbetexpmsmm&HeMMS for.

not act uaII el imating the red dant | oad, ]. Jlead to
code t hat °P41%rH@WF"°fs Sm%‘ﬁq%‘t Yﬁﬁ‘fﬁr%%ﬁ% th the

r edundant ' 14, Therefore Ehmmanonc(j{LZ ,L3},14)is18
For each | oa operatlon 'f) r= oad [agdr]‘ dest(l represents the
desti nati on ine@teﬂtcelmaﬁltdnﬁ‘obﬂt%)mmpmméoadhﬂ mcﬁg&ﬁess The size

S 2o(op) 1o Hesdort lings Sfgion of [ L Smibep ETE L700 FRBERE 00,

are not the &%w%wlﬂlmwmwm twiﬁ{raiﬁeﬂt ation, to
elimnate one o m‘e’he redundant | oad operatlons I and 1d2, the si tuation _
wher e dest (1d2) llnthmmpwofm@&unsasmm arepfdbeemeload typpve or.

change a | oad t t to A2(1dl, 1d2)
I n Egarrpl e | ﬁ%’%ﬁ‘%‘e‘ﬂ% ﬁ'&?@%&%%&?%?@ —ans'g (rdl), o%
changes 1d2 lénéiﬂﬁbn,l@%élﬁﬁiﬁéﬁonlm &hieduarekmwmmngxoadsﬁteaﬁm or

CopyAl _to_A2(Idl, 1d2) i1 ( dest(1d2) = dest (1d|
El i ni nat e (| eaee load type. Under agogher implementation, load elimina eber) °FB¢4 he copy

| nstruct | On&%&fﬁ%}}gy \Fegag?o%ﬁ‘&ghﬂycombl%uonofthe%m%ésoﬁndy]ﬁﬂ' MA2_or

Copy Al to i ne ity routfhe ElimA2 (Idl, |d2)
"in Exanple |ﬂbléﬁem&ﬂmlmélhmnaﬁmanaycﬁeﬁfqudefﬁaéovmgIMWQMane :

purpose of ewblggédnggfloaf sec utno o rrEninng{filsSe‘iiloadtypes A reason to limit
" which covering load types may be involved with load elimination is that, because of the
variety of possible combinations, it can add significantly to the complexity of the
| compiler.

In Examples 7 and 8, Do_Elimination (1d1, 1d2) is shown as passing both Id1
and 1d2. 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 1d1 as an
argument. Further, 1d1 can include only one covering load at a time, rather than the
entire set of multiple covering loads.

In some cases, and redundant loads m#y 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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to*it. Other optimzation can be perfornmed to renove the copy instruction

If it is desiwz)bg : ElimA2 (1dl, 1d2) Ellmnate | d2
Add the copy mst@t‘h%’t’on “dest(1d2) dest(ldl)" in igs, place,; 594 3)
Exanple | OB: The ElimA2(1dl, 1d2) utility routlne Varlous ot her

elimnation routi neonrmyhh:adupeahoﬂd:r reiméi}ﬁddr], I

| ud I { d f t
code deot (1 Sir%xsteé%sefn@aawﬁ%éwé?ﬁf@ﬁiqad%ﬁﬁ% m?’ﬁ&@%@#&l 8y b
conpi | er. coul d g sizefSpV & é}%nhwﬁeﬂénﬁm.?m@ﬁ)t{shﬂ?amm 6&9&@1@ n the

case ‘in which dest(ldl) dest(ld2) (e.g., codeis rl =rl I n exanpl es,
bel ow, t he cod&LA. dfghetsgm Mcompansonarenotthe same, there is no elimination. Under

coul d i nst ead SEEARRRRAD ophimonki %@@%&@Mwﬁﬁim@r&b”t

routine. D Roudtibn Where dma&)ﬁ%&ghi)qmdeﬁamd@ﬁm&m&

routines identified by the conprehensive | oad conbi nation matrix of Exanpl e

9. Note that t Khangeaildaddeaeepy. A plitsxenting Edith A2 or-Copy A1 _ qzdﬂ(ldkdm , Wwhen

we have a ch0| d2 | i with
snmal | er executi i"?@é‘ﬂ@%ﬂ"“?’ﬁ"‘ﬁ%‘ "é'%le {dﬁ'\éﬁ&%ﬁ M?fﬂf opy
i nstuctions may deopyerdenad)e- desldl Y oltiebwige.ng t hat copy propagation or
regi ster coalescing will remve themif desirable. As pentioped, the

fol | owi ng routi npElimeAR ot €opyAilytonA2(dl¥di ng | oad and one redundant] | oad.
The routines can| be exfédest(li2) o—=dest@d!)of nultiple covering | oads wherfe |dl
represents the spt of mnultiBlininate@d2) ng | oads. Certain code of Exanplles 1
1-48 may be nodified sesgewhat to handle this situation as will be apgarent

to those skilled i_n the ar tcba:@‘etlﬂtoﬂxe copy instruction “dest(ld2) = dest(ld1)”
Example 10A: The Elim A2 or_Copy_Al_to_A2 utility routine

-

A utility routine Elim_A2 (1d1, 1d2) in Example 10B is simpler than that of
Example 10A, but serves the same purpose of eliminating the second argument passed

toit. Other optimization can be performed to remove the copy instruction if it is
desirable.

Elim_A2 (W1, 1d2)

Eliminate (1d2); -
Add the copy instruction “dest(ld2) dest(ld1)” in its place,

Example 10B: The Elim_A2(ld1, 142) utility routine

Various other elimination routines may be used. For example, the Exampie 10B
could include a line of code “if (dest(ld1) != dest(1d2))” making the line of code
“dest(1d2) = dest(ld1)” conditional. In another implementation, the compiler coul_d later
remove the line of code “dest(ld2) = dest(1d1)” in the case in which dest(ld1) =
dest(1d2) (e.g., code isr1 =rl). In examples, below, the code refers to the
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Id2 Is elimnated, a covering | oad may becone the next redundant | oad.
Regul nd regular load. (R R} The R R routine perforns the

sane acti onaﬁg’%ﬁ%?’ﬁr med by traditional redundant |oad eli FCRAISPUM433| f  he

two | oads are exactly the sane, 1d2 is elimnated. |f the tvvo Ioads send

results to di Efu@r 8Btor! CPySAEIS, Aztiﬂitg&mmaofmyr&% | e
glster n exanple of the

destination register To d2"s destination re

routine is |iteeestipnofiixamnle 108 ofsome sfher eliminpionsouting:  he change in code
caused by theprout Exanple 11 (a) is shown.in Exanple 1 1(b). In
Exanpl e 11 (b) (a t her exanpl es bel ow), the left hand side shows code
before the transfdme&bﬂmgptbvideee:mnmlﬁsohﬂﬁdotﬁindﬂdeﬁﬂﬂbﬂbydﬁe after the

amat on. = | gad, (addr ri =

| di
| oad (addr) R&?heﬂﬁlﬁ@gﬁﬁa %@V%W’M’@Wﬂ% MNote that the & Foutinds could be

(a)

expresse¢d1ﬂ'e;entfy2 Forexaxﬂ;ﬂ’é‘%@ﬁ%%mver #choite of Lliminating 1d1 or 142,

Exanpl e 11: RﬁemayehmnﬂeZheldeahaﬂalenMﬁmﬂeqndmapmﬁﬂrﬂmndmp@ﬁA) The R A
routi ne does r&gi\ﬁe he adva ced Ioad becau | t corres ondi ng check
| oad needs t hEIHPSER Q‘E‘ﬁ'@gg COP¥t can

remove the r o0& Ge E@Fébale?(ﬁﬁgawiﬁemo them if desirabl As tione
20 ngﬂgg%&gr defl nition of dest(l‘(’jeZ)ent%etween 7d| Igﬁt(lj 1d% Regi st er

renani ng can followingiroutinesideabwith onlyeone neverisg load dndierfeiredundan losd. dbst (1.d2) :
between | dl and.ld2. t est.ination r.eqj ster the anced
| oad shoul d n%’{‘m%ersfzg &M?ﬁt? “"PE %%@F g“and an
exanpl e of thﬁtﬁhﬁﬂﬁ 1e@av&3@1mst0&tai@wdewwmﬁwmem§ﬂ6@momﬁe&hom in
Exanpl e 12(b). notsed the | eft hand side of Example 12(b) shows code

before the trmm thig-situgtinn asiwilk be spparentiodlosg glolied i %déﬁﬂ'fter t he
transfornmati = | oad
(addr) r2 = ﬁh(x)nﬁtfdééggkenng%adfmaxbea%e Pext}redgg%ﬁ}og% bet ween use rl
ri =r2 1.1 dl mmadandju_laﬂoad (R_R) The R_R routine performs the use
rl nove | d2 befede %I

same action as performed by traditional redundant load elimination. If the two loads -

'areexactlythesame,lexselmnnated. 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 Exampie 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) rl = load (addr) ri= load (addr)

Elim_A2 or_Copy_Al_to_A2(ld1, 1d2) | ... —_— e
: ’ r2 = Joad(addr) 2=rl
() | (b)
Example 11: R R

2. Regular joad 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 lpad, when there is
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El rm A2_or_Copy_Al _to_A2(1d2,1dl) r2=adv_| oad(addr)

(a) (b)
Exanpl e 12! R™Q99/46677 I.n. Exanpl e 12(a), the phrase use/ dECTOISIUMAI | d2)
nmeans use of dest(l1d2) or definition of dest(1d2). An exanpl e of a

definition of deaﬁddﬂiﬁhﬁuanbﬁdes«rcﬁ)m&nlhiaﬁém egﬁbf cﬁﬁéﬂ)' e 12(a)

Is not net, the load is not elimnated npl e 12(b) ustrates an

exanmpl e of thepthMmedmn&fdﬁl@)bmmmiaNm@Mred

to above. Fro d dv dr)).is
noved and the%\r}%rl ngwmﬁi?@g‘?&gwwygﬁﬁwoﬁﬁ%ﬁm%%

vi ewpoi nt, t helisted!inBreaniplé m@)mmm lelof theahighdetused b tHe'tButireast |

nodi fied. Unde eit hgr perspegt Lve, e redundant |l oad is elim nat ed by no

| onger bei ng i fxmmEle mg@b Asnoteds thedeft band side of Exampide

mor ¢ eﬁﬁgﬁéf‘&eh?@’wﬁe @ﬁﬁc&*’ e ARRE S S U Brb B o

t he regul ar Ioﬁei‘thél’lnansfarmaﬁmm ble when there is no use or definition of
dest (1d2) bet wega—ic d_1d2. 1§ the reqular |load can not be renpyed, the

check |oad can hEALNR ¢ | do' s advancefir) Dlead (addr) ot 2seaduclosd (ediir) And
1d2. This may rp1f3‘&lése ofdest(d2pbetwepni h a copser! For sont <chitecturé in

which that a chéck Io'g?a?iialgzshorter latency|than a ¢ y,uells my nol seem
bad may ‘m ss. AEAT an ener-ate a recovery.
pf 260 fon A20kd2% ldd) ( erate a recoyery,

beneficial. Howg
If it can be def
then the check foad should n%) be repl aced )y a copy Tlfg) RA routine s
listed in Exanpl e

13(a) and an exfrrpl e of the effect ofg ,&ﬁ,@e{(f%aﬁs or rratlon i's shown in
Exanpl e 13(b). The routine Try_renove oad(ldl, 1d2) in Exanple]l3(a)

chooses between a copy and a check | oad. R C (I dI d2)

(| = Joad (add) g G ahEr o8 pflr%gedus)e/defotfdest?ldgex;lea%; useot denradsy e 192)
definition of dest(1d2). An example of a definition of dest(ld2) is 12 =13 + r4. Ifthe
condition in Example 12(a) is not met, the load is not eliminated. _

Example 12(b) illustrates an example of the second technique for eliminating a
redundant Joad referred to above. From one viewpoint, the redundant load (adv_load
(addr)) is nioved 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 is 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 1d1 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. If it 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
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Idl and 1d2 nove | d2 before [|dl _ use’

ri ElimA2 or Copy Al to A2 (1d2,
1dl); - E| WO994E67T™ r2 = check POHUPAHR)
Try_renove_checkl oad(ldl, 12) . Try renove check | oad(ldl, 1d2) if -

(1d2's advanEMnﬁle ﬁg Mtexhﬁﬁl%@meﬂ'ectoftheubﬂforaﬁﬁoﬁﬁ%hownmExa&ﬁe
(dest (1dl) dest | d2 may_ m.ss l) ElimA2_
or _ CopyAl _t @;‘50\‘2 eroutme Try mpmc@ﬁyﬂf ld2)mExampe 13(a) choofeg)

(b) Example 13:R C . Regul ar.
| oad and checbim acogggnﬁloglaeckzcﬁ&) The R CAroutine is siml ar to the RC

routine. If the regular |oad cannot be renoved, the check advanced | oad can
still be elindnated if there ls no.gther_chac 0ac—dependine
inplicit advdfeldldldd® (this js often t &l Tloadbpddory, . egheck joadeddDs | shown
in Exanpl e 14( &no defpyuse of destdd2Metiveeny e MRfle i s showd 5% Exanpl e 14(b)

t hat renoves |t he r &3@ndld2| 5a4d. '
22 mo% 1d2 before ldl S

~ Elim_A2 or_Copy_Al_to_A2
(12, 1d1); '

Else : 12 = check_load (addr)

Try_remove_check load(ldl, 12) '

vserl

‘Try_remove_check load(ldl 1d2)

if (1d2’s advanced load is not between
1d1 and 1d2

&&

(dest(ld1) == dest(1d2)
|| 1d2 may miss ALAT) )
Elim_A2_or_Copy_Al_to_A2

(d1, 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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R *CA (Idl,
use of dest(l
1d2 before Id

el se
advanced | oad i
check of

1 d2);

Exanple 14: R (
t he specul ati vd
exception, the
However, the r¢g
exception wll

t he specul ati ve
specul ati ve chd
Exanpl e 15(a)

A

g

1d2)rl
R shidetren

El i-m A2_or _Copy_Al

r2
rl

| oad (addr)
use rl

to A2

checkadvl oad (addr)

r2 |d and 1 d2
PCT/US99/04433

(1d2, 1dl);

use rL

"R_CA (1d1, 1d2) T2
S ifinoidefoe uvuf dest(1d2) betweeh d
t heldiaud lddad ) - Eli
move 1dg bsfore 1d1

A Elim_A2 or €opy AlRegAd ar
checkdz ¢dip;esponding to t
speul ative load will ger
0 iff (2’ sladvadiced dead S0 beltviedn S

be raldafdly the regul ar
c heskld2is@helohlyhekofr y arn
ck opdiealv tsag)can be elin
nd &lifal A %F CopPRIA100_AX ANy

G5 0 Gadin) | 02 Eahetk Jadv Toad R
abherdd2 is the onlly

wsed 12
m A2 or _Copy Al to A2 (
—> userl (b)
l.oad and specul.ative |oad. (R_S
he specul ative | oad ever rai ses

q2 alcheck ade ficad (dr)yexcept i on.
anme nenory | ocation and the
| oad. Thus the specul ative | oag
d the speculative load and its

inated. The RS routine is showt i

le is shown in Exanple 15(b).

if no def or
nove

I dl,

| f
an

and

RS (Idl, 1d2)
(addr) Elim.
renove | d2's sq

ri no ot
(b)

Load and Specul

rl =l oad (addr) rl | oad

a2) use 11 Usq
ec check opéﬁbilons if it has r2 sp@&_load (addr) r32
€r_corresponatng spec _t oad

ExpmpleddeR1GA RS . v
(RSA—TheR-SA

5. Regular load and speculative load. (R_S) If the speculative check
corresponding to the speculative load ever raises an exception, the speculative load will
generate a deferred exception. However, the reguiar load accesses the same memory
location and the exception will be raised by the regular load. Thus the speculative load
and the speculative check are unnecessary and the speculanve load and its speculative
check operations can be eliminated. The R_S routine is shown in Example 15(a) and a
transformation example is shown in Example 15(b).

(ld1, 1d2);
(2_or_Copy_Al_To_AZ(rar, 1

Red

atT ve Agvancedtoad:

R_S (1d1, 1d2) _ rl = load (addr) rl = load (addr)
Elim_A2 or_Copy_Al_to_A2(ld], 1d2) userl use rl
- > -
remove 1d2’s spec_check operations ifithas | r2 = spec_load (addr) r2=rl
. no other corresponding spec_load -
spec_check 12 /* removed */
(a) ®
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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routi ne should not renove the specul ati ve advanced | oad because its
correspondi ng check | oad needs the ALAT entry entered by th sgecul ative
advanced | 0P 9%48¢%ver, the regul ar |1 oad can be renoved ifP&r‘fg ?@é@ﬁl ative
advanced | oad can be noved before the regular | oad. Wen the regular |oad -

i s renmoved, tdaguld Be chingéd t6RnadviaberiBad afly exception should be raised right on the
23 shoul d be changed to an advanced | oad as any exception should

be raised ri giet JhefnSAgpufine iyshown inkxample 16(8) and atrpgiermation.exyppleisi 6 a) and
a transfor ”aﬁ,sig??nﬁi(ﬁ’@ﬁei hown in Exanpl e 16(b). R SA (1dl, 1d2)
r =

ri -= load (a aav | oad (addr) I f no. use/def of dest(1d2)
between use [[RSA(QdL,1ad) = r2 riFdbaddaid)VI2 12 =advoload (&dli?) b¢f or e
| di if no use/def of dest(1d2) between UBwse t1 change=#2d2 to advamced
| oad El ijlm A2_ i1 shdlag Al _t 0A2 2 = spec_adv_| oad (addr)

(1d2, Idl) move ld2 before 1df a) ' —>  userl b)

Exanpl e 16: RYA change 142 to ddvanced Rddancpd | oad and regular |oad. (AR)|The AR
routi ne can renov&LinhAa2 lof @apRAll 1042 [TRe=spée_sdvLibad(eddrs shown in Exafppl e

17(a) and a trijansf oqagtdiyn exanpl e i sf shown in Exanple 17(b). A R
(rdl, 1-d2) rT = adv|load (addr) rJ = adv_l oad (qddr)
ElimA2 or _Copy Al _to A2@  use rl ud® 1 | dl,
I(g)Z)_ E B)l%:zR:sAoad (addr) rz = gl

Exanple 17: AR

7. Advanced load and regular load. (A_R) The A_R routine can remove
the regular load. The A_R routine is shown in Example 17(a) and a transformation

example is shown in Example 17(b).
A_R(dl,142) fl =adv_load (addr) 1l =adv_load (addr)
Elim_A2 or Copy_Al_to_A2 userl —p userl
(1d1, 1d2)
12 = load (addr) 2=rl
(a) ' (b)
Example 17: A R

8.  Advanced load and advanced load. (A_A) Two advanced loads with
| the same size and from the same address can be replaced by a single advanced load. A
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 Exampie 18.
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8. Advanced | oad and advanced | oad. (AA) Two advanced | oads with the
sane size and fromthe sane address can be replaced by a single advanced
load. A conpl (A4 7 act is that an advanced load and its c S99/04433

shoul d have the same destination regi ster V\hen elini nati ng one of the

advanced | oads, its correspondif®g Py changed to check
the destination for the other @
and the check | oads are used ajs

24 ddl‘]

use rl ,

store *p _ CKk=108he d [addr]

uses rl usesgl or e *q r2 =
check_| oad [addr] store *q uses r2 .

Exanpl e 18: Sanpl e code 2 f=checkalodd r faddrle t he sajme, the second

advanced | oad can sinply be rerm:smi-z O herw se, the secnd advanced load is
elimnated and the foll ow ng ag¢t are 8 for Change t he second
advanced | oad to a copy 2. Chafge gﬁ@' Rie, 481 SamR QﬂderZ o a check | oad of
rl and add a copy r2 = rl after the Check 3. 1T 11 1s used after the

checkl oad for r2, | G8qlnd s hBeHE sande! the sécBhd adah@dGoddtan simply be removed.

Otherwise, the second advanced load is eliminated and the following actions are

performed.

1. Change the second advanced load to a copy

2. Change the check load of 12 to a check load of r1 and add a copy r2 =r1 after the
check

3. Ifrl is used after the check_load for 12, insert “rl_new =r1” right before the

 check_load, and let all the uses of r1 after the check load to use rl_new. This is

needed because the check_load for 12 is changed to a check load for r1, which may
destroy the original value of r1.

The A_A routine is shown in. Example 19 and a transformation example is shown in

Example 20.

A_A (1d1, 1d2)
if dest(ld1) != dest(1d2)
change 1d2 to a copy “dest(1d2) = dest(ld1)”
change 1d2’s check load to check dest(ld1)
if dest(ld1) is defined or used after 1d2’s check load
rl_new = new virtual register()
insert r1_new = dest(ld1) before Id2’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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check | oad, and |

This is e
for rl, vvhig‘ﬁ)

et all

t he uses of
ecause the check | oad for
destroy the original

ri
r2 is changed to a
value of rl. TheP

after the check |load to use rl new.

check | oad
eis

shown in Exanple 19 and a transformation exanple is shown in Exanple 20.

A A (Idl, 1d2)
change 1d2 to-a (

check | oad to chd
used after 1d2's
regi sterO

check | oad

| oad to

Elimnate (1d2)

[ rI'=adv_load

It
agrl " dest (1d2)
 ¢k=advSload dl )
akeek | oad
store *p
rl = check_load
usesrl
store *q '

jaddgt (1 dl ) ri=adefdad| d2) . [addr]
= dest (| dluserl '

{addr] 2=r1 if destldl)
usesrl 1 _new = new vi

insert rl_rsexe*p dest (1 dl) before
[addfinge usa$=checkldedd( | d| ) [addrfer |
use rl _naesrt el se
store *q

d
is d

Exanmpl e 19: A]

hange 1d2's
efined or
rtual

id2's

d2's check

A

25 12 = checRdvadl 0ad [addr] [ addr] 'new=r1 rl = advl oad (addr]

use rl " uses12 use rl ri=check loal = adfaddrpad [ addr]

r2 =rl ug afes'rl 2e3es rl store |*p

store *p Nl = checkl oad [addr] wsesr2 rl = check | oad (addr]

uses rl T ~uses rlusesrl_new Store *q

store *q - n2 = checkl oad [ addr . ri new = rl usesr 2

rl =check | oad [ addr ] U%LPZO'A-A r2 =rl
9.  Advanced load and check load. (A_C). The check load is unnecessary

as the advanced load reloads the value for the check load. So it can be removed. The
A_C routine is shown in example 21(a) and a transformation example is shown in
example 21(b).

A_C (ld1, 1d2)

t1=adv_load (addr) 1 = adv_load (addr)

Try_remove_check load |userl —3» userl
- (1d1,1d2);
12 = check load (add) _r2=11
(a) (b)

Example 21: A_C

10.

Advanced load and check advanced load. (A_CA). This is same as the

case for “advanced load and check load” (A_C) if there is no other check load for the
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 muﬁne is shown in Example 22(a) and a transformation example is
shown in Example 22(b). '
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uses r2
Exanpl e 20:

uses rl new

Awé 9. Advanced | oad and check | oad. e
check load is r??n’&%%sary as the advanced | oad rel oads the v'::\%@g&%’g’?;g?he
checkload. So it can be renmpved. The AC routine is :shown in exanple 21(a)

and a transfor

rl = adv | oad
use rl -
r2 =check | oad
(b) -

Advanced | oad
"advanced | oad
t he sane desti
implicit advan
check |load to-

the sane as "adyanced Toaga)and advanged | oad” (A_A).(bi'he ACA routl ne

shown in Exanp
22(b).
(rdl, 1d2)

FiA 'GA (81Ad) € 15 Showriiadexoaiiadar)? 1( b) rl = adv_idadiagdryl| |

( fdif (132 hasmb otherxdbockk 0ad] ¥sadldr ) —p Tr yserénovecheck]j |
0 fos its delstination) - (rdl, 1d2); S
addA) C(id121d2y | (a)
else Brenkpdkeady LloadA(addr) 2 =rl 10.

and cheas@idiagiiganced [ oagd. (A CA). This is sane as the ca

nd check load" (A Ct}if there is no ot henewseck | oad \
ngtion as 1d2 (this is}@2=check lvad(adds)e) . €Xcheck toad(addre
ce¢d | oad should not bejrenoved as doing so=vi || cause t
I pcur costly recovery.|userl his case, theuseqlitnewe iS tre

[1d2)
bad

se for
or

he
ht ed

| ¢ 22(a) an¥/a transfofmtion exanpl e shown in Exanp

S
e

20 A U
rl = adv_| oad (APl 22:A CAGy | oad (addr)

N

" 11" . Advanced load and speculative load. (A_S). The advanced load will

raise the exception that the speculative advanced load intended to defer. So the prefix
“speculative” has no effect. This is the same as the case for “advanced load and regular

load” (A_R). A transformation example is shown in Example 23.

rl = adv_load (addr) rl = adv_load (addr)
userl » userl

r2 = spec_load (addr) n2=rl
user2 use 12

Example 23: A_S

12.  Advanced load and speculative advanced load. (A_SA). The first
advanced load will raise the exception that the speculative advanced load intended to
defer. So the prefix “speculative” has no effect. This is the same as the case for
“advanced load and advanced load” (A_A) (see section D.8). An example of A_SA
elimination is shown in Example 24.
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i f (1d2 has no other checks wuse rl use rl for its

desti nation)
check _adv_lo

- Idl, 1d2 | o
wopuset?) 1o s 100 AT, 1d2) PCT/US99/04433

ri_new =rl r2 = check | oad(addr) ri =
checkl oad(addr) =adv_load {addr] rl =adv_load faddr]

r2=rl vserl use rluserl uge rl_ new
(a) 12=spec_adv_load [addr] (D) n2=rl

Exanpl e 22: ACA
The advanced | oad

usesrl11. Advanced | oad aesk2specul ative load. (A S).
istdre ¥l se t he exce-p-t-bon t &gk *p he specul ati vefadvanced

| oad i ntended to defre¢r.chésk lodde pr efadds] " specutiaidhedk’ lofRS no[ﬂﬁi]eqt "This is

transformati on exa

the sane as the caslasésat "advanced | oad and ésegml ar | oad" (AR). |A

*¢ shown in Exanple 2gore*q - rif = adv_| oad
(addr) ri = ad izeﬂedkalddr) [addr] rl_newserlr | _
use rl usesi22 = spec_load (addr)ri= chieck_load | [addr] : use
r2 - useslse r2 2=rl Exanpl e 23:
AS 12.

Advanced | oad and specul at i wesr@dvanced I oad. (MASA). The

first advanced load will raise the exceptlonusbmmeﬁrhe specul ati ye advanced
| oad intended to dgfer. So the pref has no effeg¢t. This is
the sane as the cage for "advanced '-'lr’ﬁgﬁgﬁﬁ ézéénced | oad"” (A_A) (see

section D. 8).

An exanple-of A_SA efTmnatron 1S Shown TN EXanpl 24.
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
loaq will cause an exception, the check load will have raised it. The C_R routine is-
shown in Example 25(2) and a transformation example is shown in Example 25(b).

CR (ldl 1d2) rl =check_load (addr) rl =check load (addr)

Ehm ﬁi 101id§:)<:py Al_to . A2 use rl ——p . userl
12 = load (addr) 2=r
(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(ld2)
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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27 - SUBST TE SHEET (UE 26) - use rl

use rl = spec adv | oad [addr] r2=rl uses rl
uses r2 wo’%’fﬁ? ~ store *p PCT/US99/04433 | =
check | oad [ addr ] 'rl = check | oad [addr] uses rl
uses r2 store. *q store *q r2
=checkl oad [ addr] rl _new=rl| uses r2

ri = checkload |C_Adldiig2) uses rflrl =check load (addr}) 12=adv_load (addr) | 2=r |
uses r2 if (no def/use of dest(1d2) between —uaps Hi=Rew

Exanpl e 24: ASA 1d1 a@i1d2) Check | oad |Jand regul ar load. (C_R) The

regul ar | oad can|be meyedd2beforsldlt s val ue |iuservai | abl e i n ushel destinati pn
regi ster of the ¢hecRlimoAdjor SpphAlite A%he [regul ar | oad wild. cause an
exception, the check |@&%ldi}I | have raisqd it. The CRroutine is showh in
Exanpl e 25(a) and_a transformation exanplia2&sdvsivedfaddh Exanpl e 25(b) .

CR(Idl, 1d2) ) rl = chedk load (addr) (b,rl = check | oaf
(addr) Eli m2_¢r Copy Alj t@ A2 use 1l use rl

ES“ , 1d2); EX?IB\PIQZS: d_%\_ [ oad (addr) r2 Frli
Exanple 25: CR 14. Check [ oad and advanced load. (CA)y. The

advanced | oad shoul d not
' 15.  Check load and c_‘.heck 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 (i1, 1a2) rl = check_load (addr) rl = check_load (addr)
Try_remove_check load userl P userl
(1d1, 1d2);
£l = 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." If 1d2 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(ld1, 1d2)
if (1d2 has no other checks for its destmauon)
C_Cqd1, 1d2)
else
C_A(ld1, 1d2)

Example 28: C_CA
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be renoved. The check | oad can be renoved if there is no reference of
dest1d2) between Idl and | d2. The CA routine is shown in Exa?lPI e 26(a) and
a transfor "WOMMR62%anpl e i s shown in Exanple 26(b).

28 CA (Idl, 1d2) rl check Ioad (addr) r2.
= adv_load (addr) - |f(no def/use of dest(1d2) between R ri-=
r2 Idl and | d2) nove | d2 before [dl ' use rl

use rl Elin7A2_QheSioloud Md specuidive load: (C_S) The check load will raise the
(1d2, 1dl); r2 = adv_| oad (addr)

(a)y exception that the speculative load mtend@cb’odefer So the speculatlveléad

Exanpl e 26: C A The second
check | oad can® B%d'rwq%m%me%*l ne |sg%e&§\%#ﬁ ng%}h&? 27(a) and a |

transformati ﬁﬁloeé’@ciﬁt'l@dcbxﬁmitb@wwmp&uhﬁpé load (tédagmber that El(ﬁd@dlbp mav2d

rl = check | oad (addr = check/ d
to sev ( destm)nauonlocauonsand Sla plel)ydommate’chexrspec checks. The .

C_S routine is shown in Example 29%(a) and a transformation example is shown in

Example 29(b).
[C_S@dl, 1d2) - rl =check_load (addr) rl = check_load (addr)
Elim_A2 or Copy_Al_to_A2 | userl —p userl
(d1, 1d2); - '

for each 1d2°s spec_check
if (it is dominated by 1d2) | 12 =spec_load (addr) r2=rl
remove the spec_check | ...

. spec_check 12

(@) I (b)
Ej(émple 29:C_S

18.  Check load and speculative advanced load. (C_SA). The check load
will raise the exception that the speculative advanced load intended to defer. Sothe
prefix “speculative” has no effect. This is the same as the case for “check load and
advanced load” (C_A). A transformation example is shown in Example 30(b).

C_SA (id1, 142) Tl = check _load (addr) 12 = adv_load (addr)
C_A(ld1, 142) — rl=p2

userl nserl

5= spec_adv. load (addr)

(a) o ®)
Example 30: C_SA

19.  Check advanced load and regular load. (CA_R). The regular load can
be removed as the value it intended to load is a;ready available in dest(ld1). The CA_R
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Try_renovecheck_| oad use rl - . use rl (rdl, 1d2);
ri = check_ Ioad gwdd_n) o (a) '

(b) 466 Exanpl e 27: CC RGT/US99.0833 k
| oad and check advanced | oad. (CCA). The inplicit advanced | oad is not

needed if the GliGdeid hAAinIBEMBR Nid)8hd & REEHorhRAAGS elaft ShoAA{R Example
destination register, as the fi ?st (t:d)rreck | oad al ready ﬁtoa s the value.
this case it i Si®e same as* “check | oad and check+load." 1f |1d2 has ot her

check | oads, then they may expect the ALAT entry ent ered by the |rrpl | crt

advanced | oad.

| oad." The CCAlr : .

see Exanpl es 26% o —)ﬁ&r;%CA(IdI,

(1d2 has no-otHer ch c}(sd?f)’or its degtination)

| d2) el se 2= AL, TdR)

Exanpl e 28: CCA load (sdrf 1 -

17. Check | ogd and speda) ative logd. (C_S) The chegk)load will raise fhe

exception that fHhe—speectitati-vre—toad—int-enrded-to—defer——So-the-speculat}ve

| oad can be renpved. When renoving tmaﬂpm::rl :BAVR load, its speculativ
check shoul d be—-rhemed—r-f—r-t—r-s—d-em-rm.ed_hy_Lhe_s.pemll ative |load

(remember that a |load may be m)ved to several destl nation | ocations and
they collectively dor natdeeing ag Rddoad. $<CAQAD. Wehen thestheckn i n

Exanpl e 29(a) mear&a%éﬁe%'cﬂek%ﬁ%ﬁe@%%mﬁé&me naell P) -

advanced load can be removed without worrying about its effect on allocating an
ALAT entry. Otherwise this will be the same as “advanced load and advanced load”
since a check_adv_load can be replaced by an adv_load. The CA_R routine is shownin

Example 32(a) and a transformation example for the first case is shown in Example
32(b)

1%

C?agl(ldl, 1d2) rl =check adv_load (addr)  r2=adv_load (addr)-
i ’s corresponding adv load | userl o ri=r2
has no other ' .
check_load and no deffuse to userl
dest(ld2) :
between Id1 and 1d2)
move id2 before Id1 12 =adv_load (addr)
Elim_A2 or_Copy_Al_to A2
(1d2, 1d1);
else
A_A(ldl, 1d2)

(a) | (b)

Exampie 32: CA_A

21.  Check advanced load and check load. (CA_C). When a store
invalidates either of the check loads, both of them will be invalidated since their
addresses are the same. However, in that case there should be only one recovery. The
second check load can be removed, just as the case for “check load and check load”.
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~C.S (Idl,
ElimA2 or

| d2)

Co to_A2
for each.|d¥ @%@7{{ check

spec_| oad (add
(b)

rl =
use rl

r2 =rl

r)

and specul at iiwExanopled3®) | oad.

excepti on t hat

prefix "specul &
| oad and advan
30(b).
(addr)

use rl
spec_adv_| oad
(b)

advanced | oad
the value it i
30

routin ot
shown in Exarmieek adv loadcanbesafelyreplacedbyanadvancedload So this routine can be

check load (addr) rl = check Ioad (addr)

‘use rl Id2)
if (it is dom nate

remove the spec_check

spec_CIhgICA_Z routine is shown in ExamElfGQQa? andatransfogmahon example is shown

18. Check | oad

e 29:
(CLSA) The check I oad will raise the
: opi3ss t he
FH ﬁgﬁim no efi‘g‘a IsTs the s as—t ¢r "check
Ce V(F(l(%, 823( CA). |A i for mat i omRanpl e |l_s shown in Exanpl e
E‘?'/A\. EUI dl : AIquZ a—chcck_ﬁJad(ad&-B'eCk Ipla._dﬂl( addr) r2 = gdv |oad
N Oy LI Y=y : i LI = 2
(@)se rl (b) r2 ¥
“udl () . . .
Example38t CA3G. CSA 19. Check
: . roved as :
nt engde

is

dl). The CAR
. S‘?@ﬁfﬁatlon example is

done the same as “advanced load and check advanced load™ to remove the second load,

“advanced load and speculative 1

in Example 34.

A CA(ldl 142)
A_CA(id1, 1d42)

Example 34: CA_CA

 Inthecase of CA_CA and A_CA, the same code can be used as the load
elimination routine for both CA_CA and A_CA. There are at least three possible
implementations for handling the situation in which the same code can be used in -
redundant load elimination in response to two different load combinations of a load
elimination matrix. In a first implementation, one function célls another function
(which is illustrated in Example 34). Note that the fonction A_CA is described in
section D.10 above. In a second implémenfation, the routine of a second combination
(e.g., A_CA) could inclu_;de code that is the same as that of the rouune 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 arbmary '

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

” routine (A_S) can be used to remove the

 speculative load, as Example 35.
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1d2) (| = check _adv_|oad (addr) rl =

31(b). CA R (Idl, _

check_adv_| oad (addr ElimA2 or Copy Al :to_A2 use rl _use
rl (1 dqYo? 727- r2 = |RGTAISOYB4PI
r2.=ri (a)

Exampl e 31: CAR~ 20. Chec K @R FRETSH nd advanced | oad. (CA

or its corresponding
ved wi t hout worrying

M se this will be the
neck_ adv_I| oad can be

|(é %}’oﬁg : cA

A) . Wen the check advanced |oad is tmga@pw)check
advanced | oad, the check advanhced |oag

sane -as "advanced | oad and advanced
repl aced by an advl ogd.
transformati on exanple f0

A (1dl, 1d2)  checkload will rmsethdemepﬁmdhatdtbspbmﬁvéﬁdh&edlbﬂlmteﬂd&dtb@ﬁde

addr if (I correspondin v, rl

gas nzj ot her( So E’w’:ﬂ sﬁ%ﬁ"?ﬁ&g n%‘eﬁlé?‘f andadvancedload-,"asmExample 36.
use rl dest (1 d2) and—ta2)-

e nove | d2 before Idl | ca afd, mydv | oad (addr) Eli m A2 or Copy
Alto A2 (1d2, 1dl); ErSc AACTO—1d2) (a)
(b) %nplaéeszA SA A 21. Check
advanced | oad and check | oad.—(CACy—Wrenma—store i..va. i d tes either of the
check | oads, both ofyst hergnablidtiveSoddWnd kd re the
sanme. However, in that c e re ery e second

check | oad can temoveshif thedegylardoadaean bl enoved the)plaéecdfehdepbaﬂihx&rldhdc heck

| oad Otherwise, the regular load can be replaced with a speculatlve 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 (M1, 1d2)
if (no def/use of dest(1d2) between
1d1 and 1d2) .
move 1d2 to before 1d1
Elim_A2 or Copy_Al_fo_A2

rl = spec_load (addr)
userl
.

£2 = load (addr)

rl = spec_load (addr)
userl

spec_check rl

(1d2, 1d1);

remove the spec_check for 1d1

else if (dest(ld1) is not changed

between 1d1 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)

2=rl

(b)

Example 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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The CA C routine'is shown in Exanple 33(a) and a transformation exanple is:

shown in Exa e 33(b) CAC (idi, 1d2) ri = check d (addr) rl
= check advWOR#¢2ddr) cc(ld, 1d2) . use rl aﬁé"ﬁ’ﬁ%@"’éﬁ”

r2 = check | oad (addr) r2 =rl (a) .
(b) S_A (id1, 142) N ﬂw%% 17~ spec_adv_load¢addr) [Check -
advanced | oad ai@g,( p@&gmgaw&ﬁad CA) . ckaelmj oad can be sjafely

repl aced by ap advqapﬁ{amp)ad So t hi buseguti ne can besedpne t he same as
"advanced | oafl angoveli®ak bererédnnced | opd" to renpve the second load, as in

Exanpl e 34. Elim_A2_or_Copy__ Al to A2 r2 advcl‘&dmdfﬂ dlspec | etk r1 '
A CA(ldl, 1d2 (ld2,ldl) Exanpl e 34: CA CA I n
t he case of CA CA.eﬁmﬂQ“gA, cﬁeaefosnne code can be used as the |oad

eli-m nation rpotime Tor Dotn CACA anfi ACA. There ar [east three
possi bl e inpl enent ati ons(a‘)or_ handl i ng the situati- ona?)n whi ch the sange code

can be used i frredurmdart—toag et natton I n_response to two drrrerent | oad
conbi nations of a | oad eI i m nation Eﬂﬂﬂ@( 819 A first inplenentation| one

function call S—amother—fTmctTom (wrchrTs ritoustrated 1 exanpre 34). Note
that the function ACA is described in sectlon D. 10 above. In a second

i npl ement ation, t ro | R ESuldbe ustd tdrimoveul d

i ncl ude code t hat tkl%s tI$ ﬁ%kﬁd - tlg‘he of ae first conbination
(e.g., CACA)  either thhqiecimmmdbrhhe chncleload;sﬁoweﬂen m\tlngﬂnechmhéqaddhls of the
second conbi nat i on, g third i ntat| dentlfle I's used
in the i nters‘é@t?"ﬁ‘d’hﬁ?g%&w % %WBV% ﬁﬁ‘i?ﬂ’ﬁg ereis

only one fUngﬁgﬁ%@asivemfmbdh@éMoﬂiJQtﬁxﬁ%b@ﬁesﬁﬂsl&o%&ywnﬁnoWQEher a

particular c lon is the first or e second i nation may be
arbitary. speculd@iye loadCiThe _ ammmmmmwﬂ piansformation CAS) . The

routine for gdva&ﬂs%l oa.d@ Plggg&,\éxat [ ve | oad" routine (AS) can be used

to remove the**epR anpl e 35.
s CaaLi) 71 = spec_load (addr) 12 = cheok_load (addr)
if (no def/use of dest(ld2) between — rl=1r2
1d1 and 1d2 ) :
move 1d2 to before Id1 usert userl
Elim_A2_or Copy Al to A2 |..
(142, 1d1); .
. remove the spec_check for ldl 12 = check_load (addr)
;pec_check rl e deleted ¥/
(a) (b)
Example 39:8 C

28. Spgculauve 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 (id1, 1)
S_c(dl, 1d2)

Example 40: S_CA |

34
SUBSTITUTE SHEET (RULE 26)



32- - CA S (1dl, 1d2) |

A S(ldl, 1d2) .. Exanpl e 35: CAS

Check advanceWO*¥4¥"hnd specul ative advanced | oad. (CA SA Tﬁgr’gw@ﬂ“{’oad
wi l.I raise the exceptlon t hat the specul ative advanced | oad intended to
raise. .So this is phe sgsRukad Jpecillc Obfe aRaes

| oad, " as in Exanpl e 36. iside 1d2)§'15ieé

CA A(ldl, 1d2) loadstogether with its speculauvecheckscanberemm| Thesgcondama is 25.
Specul ative | ogd .ﬁﬁ%j pecul ative | oad can be
renoved if the reguﬁa o-gg["é&a&ﬁ%e rmve?‘x?%ﬁgﬁz pl ace of the specul ative

| oad. Qtherw se, the reg(isag(diQRd) can be replaced with a spegul ative check
fol lowed by a copy. Al so| Bliy AP6CTb@LAYao Araak iaf; t he specullative | oad
that is dom nated by the[new speculrag]ve . The S R
routine is shown in Exanple 37(a) an “W%ﬁ%f%rﬁr‘atlon exanmplie is shown in
Exanpl e 37(D). S R (Iar—1T4az2) rt—=—spec_| oad (addr)
ri = spec | oad (addr) i f (no defiuse of dest(1d2) between wuse rl
use rl | dhn andeld 42 Elim
A2_or. Copy Al to 753022 588 . (3%5A). he (1d2,

L dl); Whuvdﬂﬁvamﬁl ehdmm a6t Hed'bmoved due to its effects on ATAAT-" The
el se if(dest(ldl) is not chan between 1dl and Id2

El i m A2_or _CopyPéaplatiye lgad can be removed(amthempz)for “speculative logd and ac%rpwdc heck
dest (I dl)" load.” Thé)§fSX foufiflis shown in Example 42(a) and a transformation example is

shown in Example 42(b).

S_SA (Id1,1d2) rl =spec _load (addr) 12 =spec_adv_load (addr)
S_A(ld1, 1d2) : ——  Tl=12
use g'l userl

ANIA Spe ANYE 3

12 = spec_adv_load (addr)m

spec_check rl /* deleted */

(a) , (b)
Example 42: S_SA

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 reguiér
load” plus a spec_check is added when the regular load is removed. The case when the
check load is between 1d1 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 ora
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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renmove | dl

(b)

's spec_check

dom nated by 1d2
Exanple 37: S R

(a) -

6.
Specul at i ve WOHH#Ad advanced | oad. (S A. The advanced Io%(d'"é%’ﬂf‘a’ not be
removed. The specul ative load and its spec_check can be renoved if the :
advanced | oad[ SRR (R, APVET DET Or € ([lvg =30 GdV ddad (4adF) OF1G= spdd) &dvOldad @ddr) e i S
shown in Exarfpllqﬁa&[@)u@adﬁal i‘,srnansfm'smtion exangle wgrEhown i n Exanpl e
38(b). between 1d1 and 1d2 ) 33 S A (Idl} 1d2)
rl = spec_| oad (ad@qy1nd)= spec_ady..oad (addr) . if.(no def Euse of
dest (d2) bet ween add a “spec_check dest(1d2)" 4 12 =load (addf) d| and 261
r use rI move 12 to before |dl  spec checkr2

El i nfAZ_Or Y Al to AZ [fZ = adv_Ioad (atg)dr) speccheck r
1dl); renove®ne specchdck for IdI (a)
txarrpl € 38, b A 27,
Specul ative | pad and check | oad. (5"@]‘!’ §6\,;.Rj be used to renpve e|ther
t he specul ati vetoad~or the CTheck 1 oad. HOWever, Tenoving tne chneck oad
this way will change iig} A GnEdSGat AR “lgad-fgﬁﬁ empggg?@}
nove may be nore expen ' desira to only
try to renoveotda ﬁ‘ﬂmhbd&tlbuhoﬁthmj:ecﬁ[ﬁtwe%anmtlonhs netbhmmldham

?3(2;;1) and a traqs}l‘o(;tr_nal on exagg | j D% n Eﬁyr’gﬁl ePEQ; E’%Fgé %‘ﬁgrgl dI »

(no defuse of ndgshis!ilAdviiiced Riatl will raise the exception, inh itthhis’becomes the same as
“advanced load and advanced load." The SA_A routine is shown in Example 44.

use

(1d2,
(b)

SA_A(ld1,1d2)
if (the check load of 1d1 is not between 1d1 and 1d2 and
the check load of 1d1 post-dominates 162)
A_A(ld1, 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 (i1, 142)
A_C(ld1, 142)

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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I dl- and 1d2) nove 1d2 to before IdI “ usé rl user |

El i m A2 or_ Cop to A2 : N (1d2, dl);
renove the spe mfor ldl 2 = check Ioad (addr) PCT/US99/04433
spec check rl /* deleted */ (a)

(b) . Example 39: S C _ .. 28.

Specul atlve | oad and check advanced load. (S CA). This is the same as the
case for "specul ative | oad:andSéhC48KldL.dd. " A sanple SCA foutine is shown
i n Exanpl e 40. A_CA(d], 1d2)y S CA (Idl, 1§2)

S C(I-dl, 1d2) ﬁ% 40: S| CA
34 29. Speculjati ve '&'PL% . ative foad. (SS). One of

t he specul ative | oads together with its speculative checks can be renoved.
The second one is rem)ved The S S routine is shown in Exanple 41.

gx_s (: dl 211| dé)s MQEWMW%@JME@E S). dn%le g
a e . ulative [ oad an specul atl ve advance
I oagP (S_SA). TW&‘&E&PQQ Fﬂ?@l‘!&? fepovedq dheia® EP“HB? isshowa ipExamnled7.t o

its effects on ALAT. The specul ative |oad can be renoved as in the case for

"specul ative | opglh FrH1A@)FNCEd 1l =spec_adv_load (addr)  rl =spec_adv_load (addr)
EhmAZorCopyAltoAZ userl .-userl
dz, ldl),
' ' 12 =spec_load (addr) 2=ri
spec_check 12 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(ld1, 1d2); userl —p userl

12 =spec_adv_load (addr) r2 =rl

rl_new=rl
r2 =check_load(addr) rl =check_load (addr)
2=rl
userl ' use rl_new
(@) 3 (b)

Example 48: SA_SA
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| oad."” The SSA routine is shown in Exanple 42(a) and a transformatlon

exarrpl e is shown in Exanple 42(b). S SA (Idl, 1d2) ec- Ioad
(addr) r2 WVQP¥6SHy | oad (addr) S A(ldl, 1d2) 899'“4435)
ri -r2 use rl use rl

r2 =-spec_adv_| oadrhéypldéetiing discussion provides example routines for each ofthg36Check rl -
/* deI eted */ a b

Exanpl e 42: sc@nbmanonsofthsﬁtypegsébm &Imerammarmwn@gmméf I)oad.-

(SAR). The ex rr d N

Fomgener at ed B evtite S bRty tho bl ol llighioR Y ERAE MiBRiNel, e,

| oads, the spm@hbﬂamnmwﬁmemmwmmeﬁwnmmtl rai se
the exception. So thi s case is the same_ _as "advanced, | oad, and regul ar | oad"

plus a spec_c in ap elimingtionn, One resson ferdoing sq ipthat cestaincopbingtionsiofloads o when

Frsul i
| oad and i o PUd PR BB nof o (A ol Cadk IOt ieiBAting TAPRATRAIER: i/ 100

operation (susituaﬂan.a call or a store). The SA R routine is shown in Exanple

43(a) and a t ansf ti exa Ie i's shown in Exanple 43(b).

35 - R (fdditio rl = spec_adv_load (addr) rl =

specadvl oad (addr) i'ofunﬁé m&mﬂgﬁcme,hw- WSarfolis | use .rl

bet ween 1dl and Idele A‘R I dl, 1d2) add a "spec_check dest(1d2)"

r2 = | oad (adtmditionsd redundant load ehmma’aon techmquestohandle 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. 1. 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 cocfe can aiso be transmitted over conductqrs, such as through a -

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

The term “ﬁinction” 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 wel as nioi‘é. divergent code. For
example, the compiler may perform the functions descri_bed therein through object
oriented structures which are ﬁot 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 speciﬁcaﬁon states a particular event, actiirity, or feature “may”, “can”,

‘could”, or “might”'be included 'o_r have a characteristic, that particular event, activity,
or feature is not required to be included or have the characteristic.

38
SUBSTITUTE SHEET (RULE 26) -



~spec_check r2 ' (a) ' (b)

Exanpl e 43: SA R 32. Specul ati ve advanced | oad and advanced | oad.
(SAA). This | HAIMST to A Aif the check I'oad of the specul ZCFHSUMIced
| oad is not between |dl and 1d2 and it post-donmi nates the advanced |oad. In

this case, the specu aértefBwekdph may bedltred @REInES] IR Rfdny Raves | |
rai se the exceptlon and it thus becones the sane as "advanced |oad and

advanced | oad. "Thetglobghschedulenmaysspeanlasivelymove mmdaﬁnmleaves blocks to blocks
SA A(ldl, 1d2) e oad of,.ldl .is not .hetween |dl
g 3 and ) ate faction etey. The KlaphsiFloRASEL 1R o f fag?mawﬁlacﬁﬂa@ 2)

A_A(ldl, 1d2) optimization (common subexpression elxmmatxoxﬁﬁéimioﬂe éHmingtiorl) etc
Specul ative advancem&gand check | oad. (SAC) If the advanced
|l oad for the check | inysrtiqnds Rsesptibleco verous sepdifications aad alteroativel 0ad

]SPO'IEJ:"IS gggnczﬁgtfgggg%&ancé%%ﬁ%%wm‘%@ener ate a Wg‘! f‘%ﬁQCeptdLgﬁd

the exception vesiinl Hhose skilledjinrthe art bavirg/the benefitiofthisdiscloswre will apprediate it
inportant to gener a e fault exception), So the 'specul ative"
prefix is not re&p |Wﬁ%§@m¢ﬁ?§e@a@e@m§n¢x@mw@emﬁsm@m

is shown in Ex Eofth t inventi
Acld . 1d2) E I e present invention. Accordingly, it 1sé§é‘fo‘ﬁ]o(vkx%5clmfgg\%ludmg ay o,

Specul ative admdmenwmmmﬁqumdeno@SA CA). This is the
same as advanced | oad and check advanced | oad. See Exanple 46.
36
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SA CA (Idl,Id2) _ A_CA(ldl, 1d2)- :
Exanpl e 46: SACA 35. Specul ati ve advanced | oadand specul ative

| oad. (SA_S)” 91’4‘1@“'§pecul ative load can always be renpved. RGRAUSO4433, it i ne
is shown in Exanple 47. SA S (Idl, 1d2) rl = spec_adv_|load -
(addr) rl = spec_adv_| oad (addr) Elgpamsor Copy Alto A2 wuse rl

use rl dz2, IdI) r2 = spec |oad (addr)
r2 =rl What is claimed is: spec check r2 - -~ spec check
r2 (a) :

Exanpl e 47: SA_S' L Acogguterng%ecu t%dt [ ve gr%%ﬂlhnfcfég%rmbecul ative
advanced | oactompfifigy) . The second specul atlve advanced | oad can be renoved

by changi ng aII th check | oa n | gad to check the destination
Cegi ster of the 1 iMesRRRERE: ThsyErLs gadsdtafing & i@ﬁt%cﬂmioaad@wne
lifetimes of ﬁxgia;%g &Hd%l&ﬁ%ﬁﬁgﬁ%&h@l SRRr&E the cedure
Is the sane as &g/gﬁ routine is Shown In anpl e 48(a) an§£cp

t ransfor mat i aypalﬂrthﬂmndletdmemhmhpbnem(mwdloadmmm, | d2)

ri = spec_adv Ig‘ﬂacl éfanga%lﬁastrl SHSG e dv gmgaddr) AA(I dI | 0d2);

use rl

spec_adv_| oad (ad%mcmrei?yeﬁmihanngtheredundmload
rl new = rl r2 = check Ioad(addr) rl
check | oad (addr) 2. Themethodofclmml wherein the speculanve-typeloadsmclude 1 2=rl

‘(’E)e” advanced load, check aiviiced ib%%(%aéwwad@ggﬁecmW 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; 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.

7. The method of claim 5, wherein the redundant load s 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, speculatlve load, and speculative
advanced load.
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37 The preceding di scussion provides exanple routines for
each ofthe 36_conbinations of the 6 types of |oads. However, _in a

particul ar i Btion, one of the routines could nmerely ng’f‘%”foé@arn
Wit hout elimnation of a Ioad Alternatively, the intersection of a :
cambi nation in the gatrifhémethed BEclaRPs, Witereilmble{hdn e cbiidingdo@Ss Not resul t
in an elimnation. One reason for doing so it that certain conbinations of
| oads coul d bel@sﬁﬁ%drléa@@hmc@‘@ﬂp& redyexite code for elininag the redundant -

| oad in that S|tuat n routine
Do _Himnation func |6)on i eg‘?hfc’:c!&g‘agr é{b@&%ﬁ?%&gﬁgcagugo{t}lggﬁ

r edundant Ioadmmmmmﬁgumytmmmndata and control

specul ati ve | oads and check | gads Code peform ng the functions or

ot her activities of lhe m»@ﬁ@peﬁfﬂw%évb&m@ere&mwm&em loaddsap| e

medi um such as; ‘EI‘%M }Ae%g | es, the code may be.
stored and transpor%‘y on ac %&@%tﬁ%{'@ww or be stored on a hard"
drive. The code canil2l soThemhthadeﬂclmﬂvﬂwmintheWMadnmexsuedguhsldaﬂmgh a

nodem The term"act" refers generally to an activity perfornmed by
the conputer. the secondipad ﬁaSPWFBE )si"%‘sed above in the sense of
conput er science fupgtio of 855 %H{%EE k %eal ls and
including a return stat e*ghéénﬁ)e&oﬂlomever? t euti.:%rm 8%%]%0?%?% 95‘%0 be
i nt er pret ed norasd theokdivanesddoadhy i ncl ude procedures (another conputer

science term as well as re d|v en ode. .For exapple, the conpjl.er may

azrfﬁrmthe Iunﬁfﬁi oh% de ﬁ%‘ %ﬁﬁ%ﬂ@ﬂﬁ%ﬁ%ﬁ%&’a foe res
ich are not @ W&]u{,ﬁgﬂgmgmgﬁ frbtaich& gfansCi ence

t er m nol ogy. P course, a conpiler according to the present

i nvention may perfoﬂﬁn a Tbnmethydofclum%rwhecmehmwmmhawdundamoa@mhdssa

|1 Che Spect f CAPRBHE I et s o T bionc ol S SR BlR 1o oy

‘can", "coul d" anﬁtherﬂ&ﬁbhmﬂﬁcbd&| uded or have a characteristic, that

partlcular event, act|V|ty, or feature is not required to be |ncluded or
have the characteri §6.| C. machmereadablemedlumhavmgstoredthereonmstructlons, which

when processed by a processor, cause the processor to perform acts including:

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; and |

selectively eliminating the redundant load.

17.  The method of claim 16, wherein the group of load types includes
regular load, advanced load, check load, check advanced load, speculative load, and

speculative advaneed load.
18. A computer implemented method used in complhng a program,
comprising:

identifying a covering load 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; and '

41
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38 _ A control flow graph may be a tree type control flow
graph with many | eaves. The gl obal schedul er may specul atiyvely nmove nmany
| oads from MWQAIIME67B| ocks to bl ocks at a function entry. T ottt 1 oads

may be renobved in conjunct i on w t h cI assi cal optim zation (common

subexpression elingg @&b‘e daglion, etc.). Wil e the
I nvention is susceptl to varl ous m)dl fi cat ions and alternative forns,

ﬁpem fic embodi men9s t e method afelaielRs whirsinthe:firstiepd type asdthgsecondlogdt ai | -
R S e
may be made vgpgaﬂdﬁvu@ﬁ,eq wlmnaemwpellmaentlon Accordingly, it is
the follow ng clalns ncI udi ng_any amendnents thereto that define the scope
of the invention. 20. A method oflo: ehmmatlonmcompﬂmgaprogram,compnmng
deriving a routine name from a first load type and a second load type; and
performing the routine wherein loads are eliminated according to the routine.
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 inthe
load combination matrix.
24.  The method of claim 22, wherein the load combination matrix is a
comprehensive load combination matrix.
25.  The method of claim 20, wherein at identifier at an intersection of the
first and second load types is a memory address of the routine name.
26.  The method of claim 20, wherein for some combinations of first and
second load types, the routine merely includes a return statement.
'27. A machine readable medium having stored thereon ihstmcﬁons, which
when processed by a processor, cause the processor to perform acts including:
deriving a routine name from a first and a second load type; and
performing the routine wherein loads are eliminated according to the routine.
28.  The medium of claim 27, wherein the routine involves accessing a load
combination matrix.

29.  The medium of claim 27, wherein the matrix is a comprehensive load
combination matrix.
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39. CLAI M5 What is clainmed’is:
1. A conputer inplenented nethod used in conpiling a program conprising:
i dentifying aWO4&i7 covering | oads including at |east one cBGEHP$1@®4433ad
having a first | oad type and a redundant | oad having a second | oad type,
wherein the first |load type and the second | oad type each may be one of a
group of load types including a regular |oad and at | east one

specul ati ve-type-| oad; E”d sehfctively ST M nati ng U r edundant

| oad. 2. The ngth iml, where alive-type | oads
-include advanced | oad, . :he%&@éﬁed%a&ﬁbﬁéggﬁd and
specul ati ve advanced | oqd. Lgh The nmethod of clgiyn{l, wherein the
i dentification of the spt of coved 0| | oads anfl the redusdanf load is
perfornmed gl obally over te—furetion- 4. Fhre—rrethoct—0f cl aim 1,
wherein the identifigation of the set of covering | oads involves

det er m ni ng the‘Ln?é$§ection of loads fromdifferent .bl ocks. 5. A
conput er i npl #@&nt ed net hod used in ng;E program conpri sing:
identifying a covering |oad having a*i t oad type and a redundant | oad

havi ng. a second | oad type, wherein the first |load type and the second | oad
type each may be one of a group of |load types including a regular |oad, at
| east one specul ative-type |oad, and at | east one check-type | oad; and

HIGH LEVEL
20 | SOURCE PROGRAM

~ 24

FRONT END: , BACK END:
TRANSLATE Mméﬁlﬁg‘l MACHINE
SOURCE PROGRAM NOIINE DEPENDENT
INTO INTERMEDIATE ~~ coer Dot OPTIMIZATION AND
REPRESENTATION CODE GENERATION
26
y
COMPILED CODE
28
"
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selectively elimnating the redundant | oad. 6. The met hod of
claim5, wherein the redundant |oad is selectively elimnated because
dependi ng onVO P66 nbhi nati on of the first and second | oad POPRIS99/04453
redundant load is elimnated if certain conditions are net. 7. .
The met hod of claim5, wherein the redundant |oad is selectively elimnated
because dependi ng on the conbination of the first and second | oad types,

the redundant | oad is not elimnated unger—ary—eefRe-t-ehs- The
met hod of claimb5, wherein the group of {l oad types includes regul ar Ioad, '
advanced | oad, check | oad, check advancéd | oad ﬁﬂﬁﬂ“tﬁi ve| | oad, apd

specul ati ve fdvanced T oad. ' . 40
SUBSTI TUTE SHEET (RULE 26) 9. | TROMEMET of ciaimb,

wherein norefthan one coveringjload is ildentif{edBUFEBER tipnal covpring

| oads exisL MEMORYhe et aim>5, | WELGRIALATY | dentififation
of the cover|ng and redundant | rformefl gl obally er a fiuhction
11. The nmethod of claimb5, wherein noje than}one cover |l oad is
identified apd each covering | ¢ad has the first |oad type. 2. The
met hod of claim5, whereingpheffirst |ogd ty | oad and the
second |l oad fype is a SpeC‘lTI"atl ve advang¢ed adPIPELlNE 1&0 The nethod of
claimb5, wherermthe Theck-type | oads i check | oad #fdi ch@6k pdvanced
| oad. 14. The method of claim53 wherein elininating the™r
| oad includes conpletely elimnating th
program thod of claim5, wherei) b A ¢ t he
redundant | oad i ncI gg eI i mnating the redundant | oa?$¢§§$$%osi tion in
code of the program'and noving to sition in the code. 16.
A machi ne readabl e nedi um havi ng sagf.o é%xn1instructions, whi ch when
processed by a processor, cause th éSs to perform acts including:
identifying a covering load having a first |load type and a redundant | oad
havi ng a second | oad type, wherein the first |oad type and the second | oad
type each may be one of a group_of |oad types including a regular |oad, at

undant
t he -

| east one specul ative-type | obtobnd a lﬁaSt one check-type | oad; and
NUMBER  ADD VAQD?
0| regl *q 1
1
2
3
N-1
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selectively elimnating the redundant | oad. 17. The nethod of claim
16, wherein the group of |oad types i ncl udes regul ar | oad, advanced | oad,
check | oad, CNOOM46M anced | oad, specul ative | oad, and specuPEEPSOMEI anced
| oad. 18. A conputer |nplenented met hod used in conpiling a

program conpri sing: ' identifying a covering |load having a first |oad
type and a redundant |oad having a secgad™teqd type at particul ar stages

gl obal Iy over a function, wherein theAfirst Idad type and the second | oad
type each nay be one of a group o 1I0‘dstw§p ncluding a regular | oad and
at | east one specul ative-type | oad; akd '
41 sel ectively elinina‘ing t b€ redundant | oad. 19.
The nethod of claim 18, wherein the firs oad type and the second | oad _
type each nay be one of a group of |oad types including a regular load, at

| east one specul ative-type | oad, and at | a&ast one check-type | oad.

20. A nmethod of load elimnation in coppilind\a program conprising:
deriving a routine nane froma first Ifoad type\and a second | oad type; and
performng the routine wherein | od8 &rdFdl i) pated according to the
routine. 21. - The nethod of clai m 20, erein the routine may cal
anot her routine. 22. The met hod_of al m 20, wherein the deriving
the routing name includes providing second | oad types to a

| oad conbination matri x. claim 22, wherein the
deriving the routine nane inc
intersection of the first
matri x. 24. The

d load types i

claim 22, whs eigxihe | oad conbi nati on

matrix i s a conprehensiB@ | oad®tonbf nation matriA. The net hod
of claim 20, wherein at idgntifier/at an intersec\ion of fhe first and
second | oad types is a nenp } ' 26. The

met hod of -claim 20, wherein for sombi nat i ghs of first and second | oad
types, the routine nerely includes a re tat enent. 27. A
machi ne readabl e medi um having stored t . i nstructions, which when
processed by a processor, cause tmbsnacessor to performacts including

FIG. 5
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deriving a routine name froma first and a second | oad type; and

performng the routine wherein | oads are elimnated according to the

routine. w0 99/88%77 The nedi um of claim 27, wherein the rREFVHIH4AY 0l ves
accessing a |load conbination matrix. 29. The medi um of claim 27, =«
wherein'the matrix is a conprehensive |load conbination matri Xx.
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