APPARATUS. FOR REGI ON- BASED DETECTTON OF | NTERFERENCE AMONG 17083 @PH
REORDERED MEMORY fiRFESRATHEMSer i PROCESSOR Ggoru- 0
BACKGROUND OF THE \ 1. Field of the Invention The
pr.esent "i nvention ;JWB g&wt es to reordering nenory operations in a
processor in orde i nstruction-level parallelismin prograns
and, nore particularly, to an apparatus.ifor the detection of incorrect
execution of a menory |oad operation performed earlier than preceding (in
program order) menory store operations. The invention is applicable to
operations r éSMIREGEOWME’EE@EM@F MBFEREgCEMGé?G ng) as
well as to operatlons reordered at execution tinme (dynam c reordering).

2. BackgroundDescri pREORDERED MEMORKtQGFERAHONSHINGOPROCESSGRNCe processors
rely on superscal ar, superpipelining, and/or very long instruction word
(VLIW techniques for exploiting instuction-level parallelismin prograns;
that is, for executing nore than one instruction at a tine. In general,

t hese processors contain multiple functional units, execute a sequenti al
stream of instructions, are able to fetch fromnmenory nore than one

i nstruction per cycle, and are able to dispatch for execution nore than one
i nstruction per cycle subj eBACKGROUND OFTHEENVENTION: | abi ity of

resour ces. The pool of instructions fromwhich the processor

sel ects those that are dispatched at a given point in tine is enlarged by
the use of out-of-order execution. Qut-of-order execution is a technique by
whi ch t he opeFiid afitke Inventiosequent i al stream of instructions are reordered
so that. operations appearing |later are executed earlier if the resources
required by the operation are free, thus reducing the overall execution
time of a progr ahepmhtnwmmn@nwﬂyeduwwmdmgmmmdmums in & processor in

-2 order to exploit instruction-level parallelism in programs and, more particularly, to an apparatus

for the detection of incorrect execution of a memory load operation performed earlier than
preceding (in program order) memory store operations. The invention is applicable to operations
f reordered when the program is generated (static reordering) as well as to opérations reordered at

execution time (dynamic reordering).

2. Background Description

Contemporary high-performance processors rely on superscalar, superpipelining, and/or
very long instruction word (VLIW) techniques for exploiting instruction-level paralielism in
programs; that is, for executing more than one instruction at a time. In general, these processors
contain multiple functional units, execute a sequential stream of instructions, are able to fetch
from memory more than one instruction per cycle, and are able to dispatch for execution more

than one instruction pér cycle subject to dependencies and availability of resources.

The pool of instructions from which the processor selects those that are diépatched ata
given point in time is enlarged by the use of cut-of-order execution. Qut-of-order execution is a
technique by which the operations in a sequential stream of instructions are reordered so that
operations appearing later are executed earlier if the résources required by the operation are free,

thus reducing the overall execution time of a program. Out-of-order execution exploits the
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avai l ability of—the-multiple functional units by using resources otherw se
i dle. Reorderinghl e execution of operations requires reordering the
results produce TirudeaeenBenlaged ons, so that the functional behavior of
the programis tj_ % woul d be obtained if the instructions were
executed in the HEHUENt i al order. In the case of
menmory-rel ated operations, a nmenory |oad,operation reads a datum from
menory, loads it in a processor register, and frequently starts a sequence
of operations that depend on the datum | oaded. Thus, in addition to using
i dl e resour Geglabilityef GuttipleFudctibfat @1itd By dsirgMésbilrads b@BrviXe idIE NokefinaRe
operations may hide delays in accessing nenory, including potential cache

nm sses. exécutionoy opgratigng reaviess Fratdennghgresis praducedibysihess opserpfoiren thetihe

out - of - or derf, K6 bdh@Ror R the PRBIHGE ihB Sanfifas Whst Wolid be Sbt1ALH i£thé GRRIESHs RreANd
static reorderi r;g._ | n dynamic reordering, the instructions are anal yzed at
execut i on t iefeuted ifthe priginehwegyental p¥els and results are reordered in hardware.
In static reordering, a conpiler/programer analyzes and reorders the

i nstructions andhithecasesuleryrelard ogsthtioys, & hemeary load bpenation caads adagum frdne

programis generated,, thus the reorderi.ng tasks are done.in software. These
two approac °@hh’ag‘i £} a@éoc%gdegl%qrw‘iwem@star&ase@ﬂeéw? @Pﬁf?uc’t“ﬁé‘f‘t linmts
tEe abi | i %db&nﬂ@@ﬁéaﬁm?mﬁﬂat T3 Sn bdditionin ﬁwg&ﬂeféﬁﬁmref y, thehay @OEsfrdeNi s 1S

t he case when. a nmepory | oad operatiop appears after a meppry store
operation i H“%“Q%aﬁ%ﬂ‘fqﬂéi”qd% ﬁd%g_ &%%“B‘F‘e to

Hops fep fide defays imaccassine ey gy
det erm ne ahgRdmpkest i e whet her the nenory | ocations accessed by the | oad
and the store are different. For exanple, consider the follow ng code

fragrrent: : * X= +h+2) << . - * +o) A P
*X i ndi cates them%en%?vfoﬁgsg%??p}’ﬁoﬁc \%%tg‘év%r d?a'én !%nggétggx%%ﬁn%%?neg |°ﬁh§? <<
i ndi cat es a rdoedeting 6fi résulto pymatc reorderiagand static reordéringrididgmarisreanderagrtheisi ve- or

(XOR) operation.. um n hat b.c. and d are .stored in
registers r f‘s&mﬁ%sg‘ﬁe Wﬁ]yﬁeﬁ%gexﬁ?’g%éé@% la?&gﬁlﬁgquﬁ%?m %%arﬁ%fﬂvr%%(egid?r Pegi sters
r8 and r9, hhrdwarehinstatio tterdeimpgaennipiledprogiamniee piabyzesané chohigrstliednstructions and

- 3- foll oy ng jnstruct.i sequepce (wherein the first register . .after the
nane of themeﬁgsf‘m?ﬁi%#qyg&sﬁ@w‘a’é%% f PP ISESEE '.“ﬁ%tht"%%ﬁfer?fd;?ﬁn egi sters
are the opesskyifg done in sofiware. Theskkwo approdchesican, alsd be usefi jointly. = a+b - add
riir1o0, 2 ; rll=a+b+2 shif left r12,r11,4° ' r12=a+b+2<<4

store 12, (1 8gyne factorthat Kmitelidsblinitto reorder operatiBR $s ambiguossdndnioy references; ' 20= *Y
add 21 1 ponefactortut RERAEHAR, ® & &9 _
this is the case when a memory load operation appears after a memory store operation in &

sequential instruction stream, and it is not possible to determine ahead of time whether the
memory locations accessed by the load and the store are different. For example, consider the

following code fragment:

*X = (atbt2)<<4
r =)o

wherein:

*X indicates the memory location whose address is contained in X;
<< indicates a left-shift operation; and
~ indicates an exclusive-or (2{OR) operation.

Assuming that 2, b, ¢, and d are values stored in registers 11 through r4 of a processor,

and that X and Y are in registers r8 and 19, then this code fragment can be represented by the
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xorf r22,r21,r4 . 22 (*Y+c)~d If it can be deternined
that X and Y are different, then the two expressions can be schedul ed for

paral | el executy; wi.el.di a,sequence like (wherein the synbol || denotes
par al | el execut"?%eefﬁ&%&ﬂgace%dd riorl, r2 || | oad r20,(r9)
add * ril, r1 H'”’"" ”lU’ ift_right rl12,r11,4 | | add r21,r20r3
store riz2, (r ' ' r22,r3\%,r4 In a machine with
two execution units, the sequence above woul d take 4 cycles to conplete

(assuming that a | oad takes two cycles, and other operations take a single
cycle). 10> : 4t JTalelS ' : and Y
are al ways cf?l%%“g%ﬁ%n?ﬁ?%%a&{eﬂéeag’ge ?ﬁéghse ggtg e anﬁﬁgeu%&{seﬁﬁgﬁg%gﬁg@%vﬂé

expr essi ons taasaegistdscand dheaemaivigs registelsaraghe qgemeds): or der, taking 8 cycles
(assum ng again that a |load takes two cycles). The exanpl e above is
not atypical; anmbiguity in nmenory references limts performance fairly
severely by forchdd t heripgguent i gdipexneguti on of operations that could
otherwi se be exeggyf ed i pipesal | elri1E@weamer, such a serialization can be
avoi ded (that isghikhén | pagdigper aliion sep<be perfornmed earlier than the
store operation) ggs | ongog@)t he sepcguppesation does not interfere with the
| oad operation. jjag opem’r(' ns i nbgei«gre whenever the nenory |ocations
accessed by the gfpre opgisdizon ape=tRe,out-of -order |oad operation
overl.ap. Moreovel, if thesiare OopgLyRpgand the out-of -order |oad
operation do not Interfere, any operatioh that depends on the datum | oaded
out-of -order can also be perforned out-of-order. On the other hand, if the
oper at i ons i nt er ¥drasn be determined that X and Y are different, then the two expressions can be
REPLACENMENT ‘et : . -4-

the datum | cs)'gﬁe I%%’f I-mcl)‘?u-eloerxgcé? O%Xﬁldglﬁ;? RS ltﬂg' (g%err?x\l/%xgl sytn;bco)m t}e{m'j?;tsrpczf\mlu‘F’\lvaI id,
maki ng it neg®ssem)y to re-execute the | oad operation after the-store
operation, as well as the associ ated dependent operations. Vari ous
attenpts have begjy maderiben@r ds |polodd Ng tb&E®r obl em of reordering nenory
operations w th agbi guomgctoef erences by processors. These schenes det ect

i nterference by m@iﬂng’rﬁf}e addr gggs of hiy@openory |ocation accessed by an
out - of -order | oagyd th fipgspddr gssgs of theomenory |ocations accessed by
succeedi ng store operations, within a wi ndow of execution determ ned by the

extent of the reordering of the | gad gperation. If the addresses overl ap,
then it is assuridd marhine with twaseeaitipnpnits.ithpsequense above would take 4 axgles for at i on

(and those epgsiak (R8Hmik 'ztamw@s%cya&,dn@a@leﬂvggg&bnbax@aﬂﬁgi@@%).bee“

executed, if applicable) nust be re-executed. T is, the nmechani sns

noni t or whet her there.has be an ificatiqns t he ry. | tion
contai ning a dat éﬁ?\ﬁgﬁl&é&n%dﬁpﬁm%ﬁ)gge?erﬂv eaég?aﬁ‘é&?af%gwaygﬁ {}Pﬁﬁ%ﬁf‘gﬁ%
addr esses. ddieesstascimbignoussthpethé oroaxpresiohdshouldiye seheiiniad innist arigoil apdes,

(sof t war e- bggled SC egﬁ r b ed har re resources

( har dwar e- bASBE SFXHE %gmﬁggﬁ%afty%gq‘%ﬁﬁt S ?%@?e assi st ance. For

exanple, in the case of software-based detection of interference, the code
fragment gi ven eHISISKURPIGYLLS BE 21yBigH f Fmbipuisiin figmpry frferences limits performance

fairly severely by forcing the sequential execution of operations that could otherwise be executed
in parallel. However, such a serialization can be avoided (that is, the load operation can be
performed earlier than the store operation) as long as the store operation does not interfere with
the load operation. The operations interfere whenever the memory locations accessed by the store
operation and the out-of-order load operation overlap. Moreover, if the store operation and the
out-of-order load operation do not interfere, any operation that depends on the datum loaded

out-of-order can also be performed out-of-order. On the other hand, if the operations interfere,

THIS SHEET HAS BEEN
| REPLACED




r a:(( Y)+c)’\d *X = (a+b+2) <<4 if ( X=Y) /* corrparethe
addr esses */ ~+—=—({(*Y) +c)"d endif That is, the program
statenents coul d ordered so that the |oad operation |rrpI|ed by *Y is
performed earlier __f ahBeesRe):uaeedoper ation inplied by *X; additional
statenments are infj !)I Hbnparing the addresses of the nenory

ment c

| ocati ons referendékdif fd and the store operations, and for
re-executing the stat ai ni ng theg-l oad operation whenever the
addr esses mat ch. In the case of static reordering, the sequence of
i nstructions generated by the conpiler/ programmer differs anong the
various s c h éhtsbmpﬂopbé ed-~of-orderknd lanywgsults ddnivediuinyitare suvatidhmeking ithecanges .

D

Usual | y, k s bee Jmoye gve a store struction
is repl aced y %‘%EA%\?V%{)&%O%%%%E?& °ﬂeﬁa§ adind ﬁl]oaﬁ e@ﬁfﬁ%ﬁ%‘%&?ﬁ‘f&gﬂ performnms
the | oad opepattican and sets up a nechanismfor nonitoring the

addresses used by store instructions; another instruction, or an

i nstruction fi el Gaddls iiifipRthveFeeihalf foraR oriRShE F%ﬁlle:ﬁ'&frebﬁedﬁé%n{o i ndi cate
t he place where the |oad instruction was origina | ocat ed

det er ni nes ©pBationgwith arptiguopsrafeeness bypiaraseprs ﬁlgesef as‘herrreﬁ detect isterfergnesbyr e
operati ons. comparin the biirds0 6r thém &{:ldéé(dbﬁ%&ss aﬂ%ﬁl’-&g)rde%gd%pth tore
instructions %resente to the processor program or is, the
store instr addréseas of the mmitw?':mheccbsea!oby|sn@eedmgsmmwperaﬁms pnﬂ;mmodowefor ders
the instruct) “n g@@h r perati on,
sets up a mechant sm 1 or c?gt%&? ?tdf?%%r% égggeq?ﬁ%%%(’g?%mgpera I ons (Wmch
i ncl udes thevarldgnhmﬁuwasurmdthﬂtﬂeloaemmte&rersnmeﬂaadlopnga)qonémdﬁms:overs t he

venti on 1 ORFE PRABERE ARt VAR B Fetnbp TP e, 1 eI'S'eS

anong out - ofe-exeetsd. Tinaid, therdechbnisne nmnﬁoraﬁhemasherahasheeammnmﬁﬁaﬁamstme

f h f d at
Comary of PRRBYFRs530GBls BESh)SPH M bERIS P Co T Bl b BB SRR8s. A
nmet hod and dTpgpdeteations ﬁ@romamtmtbﬁ@cﬁahﬁumﬁmmmmﬂ schidines)for by dsﬁicated

operations |js.described M Kunar,, Ebci o nd E., Kronstadt in their
pat ent appl }'%fg‘f"i‘r%f’?s%‘ﬁ"tef g‘ﬁé&"‘eﬁaﬁgﬂﬂ‘ﬁﬂl\%ﬁ‘&‘e&ﬁ g‘Y‘g‘tsﬁgw?‘BFss‘Fmﬁeow ng
performance of out-of-sequence | oad operations in a conputer system"

Serial No. 08/ 3 Xyr expmple; in ght caxstob snfiware;based gepection ofinterfasericn thetcoda fragment

applicati ONg; dafiler b0 foBf01 Qi €d May 6, 1992, and assigned to the
assi gnee of t I's application. This method and apparatus uses conpiler

t echni ques, four_ n ructi ons, and an address-conpare unit The conpil er
statically rmves‘; oad oper ati ons over menory store operations,

mar ki ng t hem as, |nstr cti he addresses of operands | oaded
out - of -order aré ‘é}i“é Lé?n"‘taid ESfefory. On request, the

addr ess-conpare u ahfi s the addresses saved in the associative nenory
wi th the addr es§“§¢aner ated by store operations. If a conflict is detected,
recovery code is executed to correct the problem The systemclears

addr esses sphaeld, th€iprogram statements could be reordered so that the load operation implied by *Y is

~

performed earlier than the store operation implied by *X; additional statements are introduced for
comparing the addresses of the memory locations referenced by the load and the store operations,

and for re-executing the statement containing the load operation whenever the addresses match.

In the case of static reordering, the sequence of instructions generated by the compiler/
programmer differs among the various schemes proposed for dealing with ambiguous memory
references. Usually, a Joad instruction which has been moved above a store instruction is

replaced by some new instruction or instruction sequence which performs the load operation and
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addr esses. Th| S ap roach i s har dwar e- i ntensive, and al so requires speci al
instructions to : éIRSBehe{egia@gkl ng for conflicts in addresses as well as

to clear the addp _ and no | onger needed.
Il cation No. 08/435, 411, filed May 10, 1995,

- 6- u.

in the nanme of Ebci og ., assigned to the assignee of the
application, conbines reordering of mermryz"operati ons with speculative
execution of menory operations. The reorderi ng of the nmenory operations
relies on: ameih%xsxl: f&%%ﬂtx%mgg}%taggr%és& e;a gxcli,?nsgh/cntopsedrﬁ .Ltﬁlrctlon

[err] speci alsetﬁ'éll)'dware suppor s in nmendory referencés and
mani pul ate  oraninstruction ﬁh@dlat‘dc@adefebrdmioa(bfnsmm is umd(tbmdxcate the plaeerwiiere the

]?grpl ler-ge N¢lad msg'% Oggva%%{gf &l e':d,nw%hi?léde{te?rglﬂgs e eg% nﬁﬂ g{léél& m%mto%glg & and

speci al har duwaerferiag gtp@roperationsi st s of an address regi ster for ‘each regi ster
whi ch can be the destination for the result of a |oad operation executed

out-of -order, a Cﬁ%@é&ﬁym&%ﬁ&ﬁ%IWe{ﬂdﬁl@r%bhsﬁﬁbﬁ&s%%r%&ﬁeJt@QieSt er, and

speci al |nstruct| ons to load a datumout-of-order and "comm t" such
datum as wel prcasss@tnwprogm@rordﬁamg, thestore ingtriction-follawed by thql‘!#ﬂ!i@w%@i Ahe in the

E
Potier tho bbb ba Rt b ORfolsroRE e I hBARA BPARAFNEE BAESR
operation tr nggmeélamlmfmdnmungmfemhwﬂwl(tqdehe@m;swh@épdudmﬂle agai nst the

contents of a I hen t he
correspondin eg%ﬁacfﬁg %?}sd?'%??&l;@m ’kag as mv%ﬁg "% écﬁo‘fegsggwn%ln&t
instruction imerferencait deteatdd. t he i n-order point of the Ioad instruction,

whi ch checks whether the associated address register is valid; if-so, the

dat um | oaded out -Bfisipbdi@bn BfGhsithappRhAhBE hidviRIBNEd d@fe&mﬁ@fﬁﬁfeﬁ'&%nee@ﬁoﬁé"e
other hand, if the address register is invalid, then the datum | gaded

out - of - or der ourRiordselondend stpreapprrtions Vit admeshanispferapoomaring Semikegesadie | oad
oper ati on asiGkdotRRoRABNd RENEY opRRIRE AMImHS lof RRvinereRlca el ik fidkd ifs'h@d? is

i nvoked at that tinme, transferring execution control to recovery code
produced by’ ﬁﬁhéortbonpl | er which re-executes the | oad operation as well as
.¢he dependent operations. U S. Patent 5,421,022 entitled "Apparatus
and net hod for Speﬁmuihadand&bpamns&hﬂtripfngngﬁﬁfpéxﬂiﬁhmﬂ&'duﬂofébrwbmns1systerﬂ'

appar at us. us PR Y Phopar U B 1A KR gy e BB GBI el

oEer a; ijons mfbmsdwaxfdabp@aus&n 1ﬁxpmbiagberaﬁdmsstahi-@se@amﬁm& S%cﬁ%ﬁs iha corrpar e
t he aadress of ever t {1on t he aadres
out st andi ng GURPUST S S?eﬁ‘er ?}gﬁ’ ﬁ%{goeldgﬁfeg m‘i’? 7’?3%\%‘?@%’“““ ?appfhcﬁ“m

-7- Serial No. 07/880,102 filed May 6, 1992, and assigned to the assignee of this application. This

method and apparatus uses compiler techniques, four new instructions, and an address-compare

unit. The compiler statically moves memory load operations over memory store operations,
marking them as out-of-order instructions. The addresses of operands loaded out-of-order are
saved in an associative memory. On request, the address-compare unit compares the addresses
saved in the associative memory with the address generated by store operations. If a conflict is

'l detected, recovery code is executed to correct the problem. The system clears addresses saved in
the associative memory when there is no longer a need to compare those addresses. This
approach is hardware-intensive, and also requires special instructions to trigger the checking for

conflicts in addresses as well as to clear the address of an operand no longer needed.
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is detected, the apparatus treats the out-of-order |oad as if |t caused an
excepti on, effectmysﬂcytfﬁgyéhﬁqﬂag e re-execution of the | oad operation at
its in-order poi nt er (or precise) state. Simlarly, US.

Pat ent 5, 420, 990 EHH = Hﬂw%ﬂém smfor enforcing the correct order of

i nstruction execut'i"om; ued on May 30, 1995 in the nane of F.
MeKeen et al., descri bes an apparatus clogely related to the one proposed
in U S. Patent 5,421,022 but usable in the case of nenory operations
reordered dynam cally by the processor, this apparatus also relies on

cont ent - addr essabUes. Pasm Mipiication No. 08/435,44 1 itéd Mg} 1@ncb9aﬁ@&feakruéoffsb&oglu et

reorderlng | o d i.ns tions is, des rlbed in the t ap | i cation
entitled "M ’r?m g&%‘é%ﬁ?‘g'feﬁa the anpleation, somhines L5 & O PPERIqnS Yith

i nstructi ons"spdjlafive eﬁémammeﬁio@a@hauonv ThEAdofiieding: dleMe %hi Felieddh;
Pat ent Appli catl on GB 2265481A, No. 9302148. 3, ed on 04/02/1993). This

pat ent applicatiop g&ﬁ&ﬂe&r@&ﬁgﬁf&ﬁ@?f% ggssor for a conputer systemin
enc oa

whi ch a conpil er noves T ong- Indtructions earlier in the

i nstruction sequencegecmldaardeducsepploheo detesscooflicte infmemogyrreferaness add mangpufateom t he

| atency of the Ioad P} e ‘geroc ssor saves load instructions in a
speci al register f| 8‘?8 gutpcgolr time sufficient to determne if any
subsequent st ore 4 nsénipilei-gentrafet edde feriopetating\oa thadetn loadedout-efbrdet ed fof 0 t he

| oad references the sane ggdr S§ .as. th{;l gf?gr?c'fi ed by the load instruction.
|f so, the nenory pFG6®%8 REM¥Fi ginal load in the instruction
streamso that it gets execut ed in-order. Thus, this systempermts noving .

| oads ahead of stoQres u de' iler control and reljes on har reto
insert code to reth§pRse "‘I’a&e%’ gGopsists Wmﬁ‘ﬁi”s@ ’Wﬁd&é\g

permt reor dgg ihddestihdiRdh fdr Meirésult bf L10ad dpeAtiorkBmtd o@tnofloher la@adpdrithe  har dwar e
resources are ahle to reinsert only the load jnstruction). In other words,

the method aA#o@A¥phwish ¢geh jugh 4@%%&8%% speeabinstrigtiqng tod pad 2 dgtum qyirpf-order

i NStructi ons and') @ smniiBYsheRdRunak Wall amy otk VARIEYMariveld oY TPt lrforldrBBints in the

The article by K D efendorff and Al len entitled "Oganization of the
Mot or ol a 8812@m&®@awrorwlsedm@¢%pﬂe@e@§mnmng pddrgss foRistepthe memory 1992,
pp. 40-63, d@&ﬁés'sQﬁ%xz%'?!?ﬂxgé(d?rﬁm&délcaﬁﬂ%ﬁﬁgérﬁoﬁH@g&@{h%&ﬁ Fari&Rbife Pr ocessor

whi ch dispatches store instructions to a store quéue where the store
oper ati ons niagftessstize) fuplepgainsbthe pantants@f elbaddessy @M Hiany sush comparisgpdstrpe,

produced by &@R&x’é%xre?ﬁbﬂ&:ﬂé bzﬁﬂess ég!?éﬁ&lhlﬁrﬂéd Js%ﬂxd' B 3pdciaf Wﬁnm&ohysoass the

store oper ations and 1 nmedi at el access th nenory, acnlevin dynam c

reordering ofxemitpbatjhedrederpoint o b@ﬁinﬁ@sﬁwl'pdﬂém Wh@heééleﬁsadm‘bss
hazards and piEXeRbStel i904id0PSS, e dR0S 16000 Bul0H 516k BRERLdARIm RiniforyRET at | ONS

to the -8- sane
addr ess. ThecaperenteOnthe@ther hand éf theaddreasregister isinvstid, thgpdhedatorigaded pig-ofordatt ur e

does not rea | : aseg;gﬁr?g ' tream
instead, it %d#h 1¥ %ﬁé@%g aﬁoggogl&g%tesroyt{h?tgg%ﬁg?&du%e de aéﬁgpd&éez a result
of a stall edoympemggép se-axemyted. 4 trafPis arbyoleadmt thattimetraasferring exehion pqntrol to
Sof t war e- bas s i guous
menory oper a%?on?qa@%é er ?dtbgrtnﬁleggﬁl feer(lg\;\;ﬁec?;ﬁea %%e?ﬁggggéﬁgﬁégﬁmnal

i nst ruct i onsdeperdentppemtidse execut ed. Specifically, a load instruction needs
to be checked agai nst every anbi guous store instruction over which it is
noved. For exanples. raehss 41021 mﬂaﬁsﬁ@pﬂﬁmmﬂhﬁgoﬁf& sprchlatively execitingn over

'several storg instructions the fallo uence:
sﬁ‘uct?ons liln a computer systenrl]’ issued on ay%’g fb@s e name of F. McKeen et al.

describes an apparatus usable in the case of statically reordered ambiguous memory operations,
which relies on content-addressable memories (CAM) to compare the address of every executed

store operation with the address of every outstanding out-of-order load instruction. If an overlap
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store r7, (r2h store— r8,(r22) store ro, (r23)
| oad ri5, (r25) In this case, the interference test requires
conparing t he &ddidPkesidia; Bech Replasdaer r25 with the addresses in registers r2l
r22 and r23. Thuskfii I [@irif}er ence test requires at least five
i nstructions, andhiH¥H ﬁ: many nore (depending on the primtives for
perform ng the conpari for conbinjng several conparisons).
Moreover, if load and store instructions are byte-aligned (i.e. |oad and
store instructions access data at any byte boundary in nmenory, and the data
accessed i S HR&Etd) AR afPanli¥eR) the Blit-orbrdeQBLl 23115t 3hdRE £n dxBSHhibA! Citcldy acCess
entities of different size (different nunber of nenory bytes), then the
test is norecuBMpIbP ragreention ofdhedaat epprationaatity ingrdeppintfin s incpider (or prefige)t he
addr esses, t et : saddle S,
d8ffe. sﬂﬂlfag&tet?].g{ﬁf‘en{ ££0 9%‘&&%}2&%}1 ; I o‘?car?g Y &Heéll%rdemflor der

assum ng for exanp ry éontai ns ess used 1n an out-o

| oad i nst r ucinstewationrretequiionstalsodssnesd anfiMay 3Qdk98%io thesnenle pfF. MaKigercet eld desgritss or e

i nstruction,_t | ' (] = e X | s than
the number o ottt el bt fore 30 ploplsedth Lf B3l DB Nabid ghe 68
greater or exfoemorshaperatiéns revudeted dymainidally bysthepromssor thisnppdrites dlsoaeies orst r uct i on.
-9- co %l’g‘[ag&{_aersg#lassi sted or hardware-only options for detecting

i nt er f er enceRONG 1 E0T der ed Anbi guous nenory references avoid the overhead
arising fromexecuting extra instructions by saving the nmenory address used

by out-of -order HAoaethedasd prpewaivg fos reofflesnadead nstrgtions i Aescrbed i fiestent conpar at or
registers), agggcagﬁre&gg%afbiammﬁsé&se&h& BEmROIPLRIIG eRdcutidAQE foal @wf.%a&@s for

over | ap agai esses of store i1nstructions. € resources

requi red forbyfadmsesen Rabupte.of. Kathaland M; Sehiander G PatonbApplication GBR2634814, cycl e,
h , A
such resour ?@é 98053 Ks.f,t‘ﬁl:&a%%/oﬂ%@ 19hE Patedtt Egg:tﬁ&[ﬁtln &és&ib%%a?ﬂ%g}g g@@e ssot FoteC ! N

that cycle (assum ng t one or_frore operdtions can be I ssUi

si mul t aneougioyputey systern inl whicktagompitkr mgves dang-datency Ides instyetipnsepdieninithens (i . e.

t hose that r GRS L ork B . D@l Nt t‘g'&é; qigpality
can be achi gf\?;g\égc%?tsa%% t@%ﬁ%%e_l%é{e%@g@f%ﬁﬁ%%ﬂ?@e%msp ?f%f’ﬂ’?é&? ster
files, or muhaniqoy procassopsavesticaddnstrastiondih & spesisltregibtep filetfora penednfims sufficignti or art
given earligp,

i . npar e
Soninsty o 10 gerbRRt Py ool SOt ok BRI Fa el Dot S (Mo T
Usual | y, t hirefetesceati®smhd addresstaethat sperifidd by the tdag instriction. Ifesd, tid mengaly procastver  of
| oad operatigns _can he ecuted qut-of -order n lL,nt 1,0 Lt . Such a
P xed bound THar B8 opfud IGF thffindribach st o 1nafs: Yol irotel Tl =0, 0
as soon as aystapapermits motirrionds shead of standslueder congpileraatitenl, ahd reliessondardwark e
addr ess chegkin r dwar e, nus | have r.esour ges avail.abl ve the
S s gondieaR Sodt ¥ SURIF el 7 bodBicr HORRYE BiERREH 388 rBl AT Roed ik R
mechani sm i instrh@ionsthet depend ymtherioad (thairachwareresouroes areablens minsert dudy thellvber of

anbi guous | gad instructions, that n_be moved..oyt-of-order, in the case of
rat Do r eor HBPYIGRE i her Spis S Rne rp PSR T iR Wiy SIRER ST e
no nore anbimgttedisns, odoke masitmutmohiue mast halmewh etompitatiaae, over store instructions
than the nunber of nonitors avail able). '

The article by K. Diefendorff and M. Allen entitled “Organization of the Motorola 88110
superscalar RISC microprocessor,” IEEE Micro, April 1992, pp. 40-63, describes the dynamic

scheduler in the Motorola 88110 processor which dispatches store instructions to a store queue
where the store operations might stall if the operand to be stored has not yet been produced by
another operation. Subsequent load instructions can bypass the store operations and immediately
access the memory, achieving dynamic reordering of memory accesses. An address comparator

detects address hazards and prevents load operations from going ahead of store operations to the
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SUMVARY OF THE TNVENH-ON___ The probl ens stated above and the rel ated
probl ems of the prior art are s6rved with the principles of the present
invention, an ap _§ﬁwm@ﬂﬁ&dgﬁe detection of and recovery fromincorrect
execution of reor OHIR "ﬂﬁ“ﬁ%rations in a processor. The invention is a
sinpl er alternati MBHEIGHIN bl '/ chani snms because it does not require as
expensi ve hardware resc i keep track of the addresses referenced by
out-of-order load instructions. The invers-ion is applicable to

-10- operations reordered when the programis generated (static

reordering) as well as to operations reordered at execution tine (dynamc
reor der i ng) . same address. Th qem%alﬂ%ﬁhresp%@wwrm@w-sﬁmrs@@n%m etaeallyf

i nstructi onsgj SR I i s j :

out - of - or dermf)‘%;gol nst E’ %ﬁg?{iag%q%rray e&(lE:{?‘te)%i‘rtegyclll‘,umee?{E ﬁ??‘?é’t‘%‘ﬁ ﬁc’%ﬂ%& c()g)re ration
dynani cal | y, ndsip becigiayes 2a a reseltiofi arstalled stere operdtionm i t s origi nal position in a
sequence of instructions to an earlier position in said sequence of

i NSt ructi ONSg  problems with e J¥RSFNL 1 nvention is a method and apparatus that
maps the nenory address space into a set of regions, and tests for
interference anong reordered nenory operations at the granularity of a

region. The addrgaﬁﬁa%e-r;@st@{eamﬁ@&t@xe &m&&s&ﬁ&m@@fgﬁmg.ﬁmmaﬁ&ynot

directly conpared; 1nstead, those addresses are mapp I nto regions, and

t he appar at usperstions gufier fiomidsge ovetheadginihe fornaf additionel dustragtiong that afustrbences to
those regi Onamgéa! %ﬁ:eaﬂ&hg,aa%hdri Héfor née@:?to*ﬂ?&t%!ﬁ& E%aﬁBFJv B3 ashs R¥ret NE
detection of 'Interference, at the potential cost Th so rare cases of

det ecti ng f dhsmctiontoeerfvdicbitdemoved. For example/considsr the casepfrnovingtadbdddnstragiiont he
menory address ace int . Set .0 ' . The nunber of nmenory |ocations
per region i%erfgfeéégmmﬁéﬁ%ﬁ%oﬁ%agmn%ﬁ%’grge’"{égieﬂ‘éeélf’%ns supported by the mapping
table (the nunber of entries in the table) and the size of the m ninmumunit
of interference. For exanple, a region mapping table may contain 512
entries, and theSieni mFh(@d)t of interference may be a nenory word (four
bytes); in such glotease, 184123 err]menory address space is mapped into 512
regions with 2[ eftP® nenBd23) ocati ons (words) per region. Menory references
are mapped eit heloadnt o 45§28yl e regi on, or. onto nore than one region
whenever the reference straddles the alignnent of the mninmumunit of

interference. Thg tﬁi@@isg,%éiﬂtgxfﬁgncgg‘?ﬂ'rg{uiﬂb%mﬁmﬁﬁg@a&c_ﬁgsE i redifiet SPwidh Ak

out - of -order | oad operations do not raddl e t al 1 gnment of the m ni num
unit of int @fdressesie esgisters 121, 122 ap £3. Bisshe intgrferenceitest reqyines ablsast five on i s

execut ed, ¢ i Bloh aldndyEnirE Bafl in KB RRbAGInS BIERGARIE ARGk (e merory

address of the out peration’Is rked, ereby i ndi cating
t he presenc&onparisens apd for epmbiningesevera sempapwnsglt i on. Wien a store
operation is executed, if the entry in the regi on mappi ng table
correspondi ng t oMofeeverHfotid/and S@redastrucifons diebré-aligteddne taad kil starsinsmuckad W t h

an out - of - Oragceesrs Jagaag any byte boundary in memory, and the data accessed is more than one byte), or if

load and store instructions access entities of different size (different number of memary bytes),
then the test is more complicated. Instead of checking just for equality in the addresses, the
interference test must check for address overlap. Thus, assuming for example that rY contains the
address used in an out-of-order load instruction and rX contains the address used in a succeeding
store instruction, then the test will consist of checking that rY-rX is less than the number of bytes
stored by the store instruction, and that rX-rY is greater or equal than the number of bytes

accessed by the load instruction.
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-11- operatiaqn,_ then t he entry i s marked again |nd| cati ng the presence ‘
of an interfering store operation in the nmenory region. When t he
i n-order p05|t|onﬂﬁsf3h@mégqggmq{fe k%(per | oad operation is reached, the entry
in the regi on mapp 3l esponding to the nenory address of the

out -.of - order | oad 5% Emluﬂmnspect ed. If the entry has been marked

I ndicating the pre aiterfering store operation, then the

out-of -order | oad operation is regarded & incorrectly executed and a

recovery sequence is invoked. herwise, the entry is updated to indicate

the end of nonit for interference with_ the out-of-order | oad whose
i n-order positi oﬁ“ g’eﬁ%séﬁtle d;0p hrduage-only options for detpcting igterferencs aMPRSTASEFSE as

fol | ows. Whembiious wemfy refefbfides bRAIhO BRHREd #iBing o ¥REHHAE extrali@u@idhddy i N t he
regi on mapping table corresponding to the nenory address of the

out - of - or dersaYiRgiie ey addsess pssd hﬁw@&ordpﬂeadéwuqﬂﬁeﬁ ip sRepialhatdyaregeseuiseice of
the out - of - QEglfaratd? AkisRRS 284 EABnuall) cﬁe@ﬁﬁgethé Sonfafts Bf Rk réitlersOhr REdlpr | 0ad
fromthat region whose in-order position has not been reached, the entry is
mar ked as hagairsythaaddressesiof sereinsEudtionsm st ore operations. Wen a store
operation is executed, the entry in the regi on mappi ng table correspondi ng
to the nenory aduteemmeésrédnﬁecsfoﬂhﬁdmmaﬁioﬁﬁgdrswmrekeﬁ expéakive Guiéverynspect i ng
first whether an out-of-order load instructi.on from.the r n_has been
execut ed. WS FYf gf?SHW&ﬁS&W“ﬁngﬂﬁ %?ss ‘ﬁ“fﬂﬁm‘%‘t’pe{ﬂ’ﬂ‘w “F‘ggéﬁ%ﬂ'é’ ation is
reached, theasgndifig/hitdnd &&ndre@eeﬂoﬁﬁ&maméﬁ&mmﬁmm bWtgaridingt he menory
address of the out-of-order | pad operation is inspected. If the entry has
sgisd tieininrd

been mar ked °Pirfrosder loadonertions (b fhess thet haye agtyet ErPoitle g gi on,

then the oulfRficnlityl€in te AaHvEPBY nge&uéx@aa@aemeemaﬁesls?m&gﬁi&mwwcut ed
and a recove“ﬁwsequence S |nvoke O herwi se, the entry is updat ed to

i ndi cat e t ha@wltinle compareiprs: e lusEptaddy thepxamplesof prics asheiven qapier. Blowewst, séfider | oad

whose i n- or gefwRe fdskir®l cARIyIER et ERMBEL agaidd 8 iAddinGb@ o dRofbdlitiodsead to
the detection of Interference 1 n cases where Interference has not really

occurred, baddresseyptany erecpoint Usnally) this isarmely pureher, so that only 2 imitedixed) pemberon can
be used for of 1384 Eorﬁgm?e%&%ﬁéh tht-d’f—%%nd& oftP k! S?i&ﬁhﬁ%&%uddﬁm pitdaen
reordering is pe or ne e conpl l er/programer at the tine the program
i s generat e&afmuwﬂd%mélnsﬁwﬂwwbeﬁw ag sefchs 6 fnad yeif bpgomes axgilable e ed by
using a spegjale iy riﬁ.srtéag,%é éﬁﬂresstcﬂ&ld?é%ﬁ\‘d%@ Phulatsh ﬁﬁvérés&ﬁéeE E\m%@%ﬁ nehndes
mar ki ng the correspondi ng entry in-the region mapping t

conpi | er/ pr edfrcsngroeratad. Jbis fimiteticntadds camplegtyro the disgstoh aterhunistyn the tasgofanot her
speci al insj ‘dﬁﬁc &4} deri W? of Fsthitts BJe%ﬁx'ﬁ%r?i‘ %ﬂ;&oﬁsﬁoﬁﬁ&ﬁﬁm@w thil celmdRe$i t1 0N of

the | oad i ns ructron; t’he execution ) )
-12- out-of-order in the case of static reordering (i.e., the compiler must ensure that, at any given time,

no more ambiguous load instructions have been moved over store instructions than the number of

monitors available),

SUMMARY OF THE INVENTION

The problems stated above and the related problems of the prior art are solved with the
principles of the present invention, an apparatus for the detection of and recovery from incorrect
execution of reordered memory operations in a processor. The invention is a simpler alternative
to other mechanisms because it does not require as expensive hardware resources to keep track of

the addresses referenced by out-of-order load instructions. The invention is applicable to
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commt instruction includes inspecting the corresponding entry in the

régi on mappi ng Tabte;—and—-ekther jnvoking a recovery sequence or updating
the entry in theg.all e. These two instructions deternmine the range of

noni toring for intAkREREI RS ®kem store operations. An entry in the region
mapping table is i«aﬂ iff; A% ng the presence of interfering store
operati on when a sW. #in i s executed, either with orw thout
checking if the associated entry is al rea](?y mar ked by an out-of -order | oad
operation. A program exception is generated whenever interference is

det ect ed, Ieggj.aﬁ tion of ar i ' r

statically byt gflg ‘%%‘Ir‘%gr?‘? gﬁ%ﬁ#%pé«?g&anﬁ%srgmerﬁe%%ﬂ%mﬁ%d%g’ﬁ?lg%ﬁ oggarﬁgoélfso be
used for t hereorlersd of exelguriamtirca{dimamierodeaingll i nstructions, that is, when
reordering of instructions is perforned at execution tine. In such a case,

the generation ofa gsthpud Ex%aﬁﬁg dysterd sORE §cdlidn 643 of inSirubRink BY dR&hi 2y fok Becution
processor. An entry in the reglion mapping table is marked when a | oad

oper ati on i sb¥p RPEORBYL f“’d’r“ﬁfﬁ%@é?ﬁ"@ﬁifém‘mﬁfmﬁ?ﬁféfeﬁte@srﬁhgﬁ?ﬁ?aﬂﬂ%ati ng the
presence of an.gidbiOby AbHES 2 bARALAREh FomGR ofighaPpRBEE TS seqtRfce DAMBNRASAY | S
i nspected wheén the “out-of -order |oad operation is retired, which occurs at
t he i n-or dertoppcartierpasitydn in préd seqeeneq pfiswrtionfhese two events determine the
range of nonitoring for interferences fromstore operations. An entry in
the r fegi on nMappi I'eje p@&&nﬁ_sbeaﬁémﬁﬁg k fdthbd ghidapgarang tﬂa_fhﬁapa_ﬁﬁb&ﬁd’hﬁﬁjd_ afdmhed pface into
interfering store qperation _ when,a store operation is dispatc r.
execution, et fehefregipaspand testiforinterfercnne.amang dereé Wémaxé’s"B@'F‘H’géff ﬂéarm?afly

al ready mar keq ripiord ThOadkireSibs refettted b9 36brdentd riehiBiy opétations fre A6l daERI9XERPdredIN | S
generated whenever interference is detected, In such case, recqyery

e
sequence i s Bstead thess addrassesiaga mapped infodeaions, 2ad e pppatgtus detedtswhsthgetherg iake ¢ hat
exi sted pri Ofeeh fterfingriRfchées Rtk rdoltRs. AR Bpprdash fellifckd MOnLBIAGcosampERA 8y €d.

In the recovery sequence all other 7instructions executed out-of-order are
cancel ed, anfe é&@@m ofdnterfirence atthe patentialcas irsppTarg fases ohdptscirg false tion in its
origi nal poSjfeitBences. SUWARY OF THE
| NVENTI ON According to one aspect of the present invention there

is provided in a,onputer. processi,ng syst wher ei n seqguences

i nstructions aret%® ’h‘f‘g@mﬁ%b e%@8§1§%§8¥wdﬁ4}%s§ s"%‘@&e"isﬁt%gfegiogsagﬁ BHben

sai d i nstr ucifimeARry l8catiodspadtegitsit deterinined by thahuniter sfosghehs fupporedby ther i gi nal
position in said nces of.instructions to-an rlier position in said
sequences ofm‘}pﬂ%%&%ﬁ’ﬁﬂ‘é’,ﬁb%ﬁf"m&w&wb %Fb‘“@%%@g mEHRe g% tJ| nstruction
i S noved ovdtfiterf@tnck P& exmiple, 5 feiof mapgitg thtdd mHreoiitkie 5 Ebsnties apdihs hirdmum

out -of -order_1l o instruction, wherei sai d, out -of -orde, | ead i.nstruction
Cdenti 11 es. 2o SerBRne L bERmsPOS sl et B BT LARE A 2F mepBgefien and
sai d at | eashpacei¥mapped ifitoi SIS tepioid with2* denmdiry fotatisnsqwbide)diet @gion. Mdnfoey menOry

subsystem whefre to store d%tna, a nethod. for det ectd'ln% i nterf%r ence, bet ween
rererences are mapped erher ontoasmgle region, or onto more thanone region waenever e

reference straddles the alignment of the minimum unit of interference. The reordering of
operations may be restricted so that out-of-order load operations do not straddle the alignment of

the minimum unit of interference.

When an out-of-order load operation is executed, the entry in the region mapping table
corresponding to the memory address of the out-of-order load operation is marked, thereby

indicating the presence of the out-of-order load operation.

When a store operation is executed, if the entry in the region mapping table

corresponding to the memory address of the store operation is marked with an out-of-order load
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sai d out - of - or der—+ead—i-Astruction. and said at | east one store instruction,
and for recovering fromsuch interference, the nmethod conprising the steps
of : st ofthin §hebtHagBdeidpica pl urality of entries, wherein each entry
E corresponds to HEHIKGE MY egion R of a plurality of regions of said
menory subsystem emﬂmmﬂgﬂmb egi on of said menory subsystem enconpasses
a plurality of |ocati t y be accessed by out-of-order |oad
instructions and store instructions, whetlein said entry E includes at

| east one field that indicates: (1) whet her sai d processor unit
I's processing at | east one out-of-qrder |oad. instruction_that |oads data
from a | ocaPfeGfohtherithe ey tf“?aé’@déﬁm‘l{nd‘%g the presence of g inferferingsiqre, gperafion d
processor Upithe mém&ty agRnsSi Ng at | east one interfering store instruction
that stores data to a location within said region R wherein said
interfering st ipstruction. interferes,Wwth an.out-of-qgrder | oa

I nstruction t haw Ba s‘tnEfg P ?sgrhg%oéa“ qug'?:%r‘lie\é\qr? aév]\?%eﬁflﬂn g éﬁaa*‘ e(ra’etgig%nﬁy =3 gle

i dent i f yi ngregion enpping Ghle carespmpng ¢ thgmémonpaddtessdf thawiit-afforder thad opaaatibn is

i nstruction, being..processed b aj d.pr.ocessi ng upit, erejn said entry E1
corr espond sme?aﬁg' r%‘g? 8’%’%}5&%“ X‘grifcdm @e Eﬁ‘&@ﬁ?? Mﬁ%%‘%é{%e Peragpn,

out - of - or deghen ha But-dFotdetidhd erakioRid Segdlbdashincomcty edeCui@d dnd 8 rébbiedy feqashcel

regi on R1; Hpon rﬁachl ng sai orlcztlg ag?(ﬁoom tjon qQf .,said firs

out - of - or de¥s Ivgksd- Kl iy 18 9 f sropiterug or igterierence Witk e c ut e

a recovery @easeitoriet oadWhdle Alorl@Poditidahes Hebbresbhedf - an entry E1 indicates
that said processor unit is processing at |east one interfering store

instruction that Satlt%xgévé%%h%gis% gbelﬂog,g%ﬂespn AR eri%idgﬁ&-ﬁgin?fe&medr By in a

According to ané‘}nher aspec resent I nvention there is prov
_ entry in the region mapping table corresponding to the memory address of the out-of-order load

operation is marked, thereby indicating the presence of the out-of-order load operation. If there is
no other out-of-order load from that region whose in-order position has not been reached, the
enfry is marked as having no interference from store operations. When a store operation is
executed, the entry in the fegion mapping table comasponding to the memory address of the store
operation is marked, whithout inspecting first whether an out-of-order load instruction from the
region has been executed. When the in-order position of an out-of-order load operation is
reached, the entry in the region mapping table corresponding to the memory address of the
out-of-order load operation is inspected. If the entry has been marked indicating the presence of a
store operation to the region, then the out-of-order load operation is regarded as incorrectly
executed and a recovery sequence is invoked. Otherwise, the entry is updated to indicate the end
of monitoring for interference with the out-of-order load whose in-order position has been
reached. This alternative might lead to the detection of interference in cases where interference

has not really occurred, but might lead to simpler embodiments.

) The invention can be used for the case of statically reordered operations, that is, when
reordering is performed by the compiler/programmer at the time the program is generated. In this
case, an out-of-order load operation is specified by using a special instruction; the execution of
this instruction includes marking the corresponding entry in the region mapping table, The
compiler/programmer also generates a “commit” operation by using another special instruction,

which is placed at the in-order (original) position of the load instruction; the execution of the
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conput er processing system wherein sequences of instructions_are executed
by a processor unit, wherein at |east one of said instructions is a |oad
instruction that is noved froman original position i‘fS3ktdasBeonReprad of
instructions to an earlier position in said sequences srieayiilhs, and
wherein said at |east one |load instruction is noved oV¢iihul e
store instruction thereby becom ng an out-of-order |oad instruction,

wherein said out-of-order |oad instructidf identifies a location in a
menory subsystem fromwhich to read data, an apparatus for detecting

I nterference bet n.sakd qut.-of-. order |oad instructi.on and \ d | east
one store | EPPATTHSIOR fEe pesion e potsmondit oty ineis paipimbine ible a1 21U
conpri si ng: either invoking arecavelyseqengerdr spdatingathquntty aulthettyblo Thesatwa iegructidusr ei n
each entry cor.responds to at. |east .one reqgion R of a plural.i of.

regi ons of 55 g™ ’f%%’gWg%‘iflﬁré%?%fm\/\ﬁ&‘feé‘?“ﬁesé‘a@ﬁg’mﬂ?&ﬁa Ws'o‘?'" gr?ﬁydn..h% AP

subsy fst e md e rmxlp{iiﬁ%%ESS r&arﬁédlﬁdiédﬁhg(t(ljae prebencerf intonfsridg vidie dpamtviﬁmhea@@e&s gd by

out -of -order | ead.instructions and_storge j.nstructions, erein said entry E
i ncl udes at "IP‘é%@‘t“ 1%??‘§°‘¥t?deF‘ﬁ‘eE‘W§i°ri"ﬂ§P‘Eéﬁe€ ngif the sssociated entry S alfeady marked by ¥
12c ah loht-of-orddd Rall Bperdftinh.0 A Prdprb&Odptibi 1h benbrate@ RGOV infiife®hcelieast one
out-of-order, load, instruction that |oads data froma | c%tion within said
regi on R arigtected, leading tojthe execulipn.ofiadpcouety spavsnerpencesied SAHFALY X ther ocessing at

| east one i%ﬁf,ife%,io%gmg,gpre instruction that stores data to a | ocation
within said region R "wherein said interfering store instruction

interferes with an.outzof -order | o i nstructio a m a
| ocation within ﬁ’ﬁvefuéod‘i%alﬁ?be “sedatgr ﬂle_%e[og@ﬁ%calf){)}a% ’E’:‘l’%g‘%”%‘g’sﬁguﬂ%ﬁhg an
entry El comhesfeoreingdfimmactidnsisperforiedat executlan timd. biesdch axate; the generatibreofng

egi on R oPeSdRlantpor i Beiomal iy G ori v 28 s B rf ABRRgRER 1 © °

is matked when a load operation is dispatched for execution out-of-order, thereby indicating the

presence of an cut-of-order load operation in progress. The same entry is inspected when the
out-of-order load operation is retired, which occurs at the in-order position of the instruction.
These two events determine the range of monitoring for interferences from store operations. An
entry in the region mapping table is marked indicating the presence of an interfering store
operation when a store operation is dispatched for execution, either with or without checking if
the associated entry is already marked by an out-of-order load instruction. A program exception
is generated whenever interference is detected. In such case, a recovery sequence is executed
that returns the processor to the in-order state that existed prior to the execution of the load
instruction being recuperated. In the recovery sequence all other instructions executed
out-of-order are canceled, and execution proceeds starting from the load instruction in its original

position.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a block diagram of a computer system supporting static reordering of

instructions, including memory operations, according to the present invention.
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i nstructl on | oa‘d‘s*dat*a+r—em~a_Loc_at| on within said region Rl, and for

det ecti ng when |d processor unit reaches origi nal pOS|t|on of said first
out - of - or der Ioa 21 FasBean®aplaced) d control logic, coupled to said
det ection | ogic, U ( J,&g sai d processor unit to execute a recovery

sequence when sai it reaches original position of said first
out-of-order |oad instructi o nd said atj3l east one field of an entry El

i ndicates that said processor unit is processl ng at | east one interfering
store instruction that stores data to a |location within said region R1.
According to sti |Eigtaﬂbtshﬁrowaﬁdgﬁﬁi deSdribinB Ehe [eXeRStRA bf dud oL ordéraierioRedperatins in
provided in % er l‘ilocesm ng system wherei n sequences of instructions
are execut ed 8§° FY)%"@‘E piragthinEisWhbr ei n at | east one of said
instructions is a Ioad instruction that is noved froman original position
in sai d sequenceigpie 3 isgtlogk dingram of acomputersyiténe suppasing dyeamic reardsttigbf sequences
of instructi . I ] I . ryction i s noved
over at Ieasl?lgglr?téﬁsgggé{gﬁéﬁh%dyk%gﬁg?h%@%ﬁ@%?%%gkrg%}ugﬁt of -order | ead
instruction, wherein said out-of order |oad instruction identifies a

| ocation in a merféfye %’tﬁﬁgﬁ’l‘i@%mfdﬁ?ﬂt"ﬂﬁheHm?‘tﬁs“?‘géﬁtf’sﬂ‘é’!laﬂsé%@e%%WR!F"eét | east

one store i NghkeMGhdsPRed ideRuteRl €s a location in the
12d menory subsystem where to store data, a nmethod for detecting

i nterference bet Qut d nstr on.and sai t |east
one store |nstru eﬁsagﬁigsbf'sﬁ‘m&?réag \'7%’?}1 g’t’ RE q(ib’leﬁ?%wgﬂ%gmat he

nmet hod corrprisin%the steps of : torln matableaplurallty of
entries, whereinFigafisa PV%@P@%‘?}%@%!SWE instugkaps infhREOMBEFHSER of  a
plurality ofj;e@ie@fsrighe$ai d nenory subsystem wherein each region of said
menory sybsystem enconpasses a pl ur ality of locations that may be accessed

by out o0 Ser e SR P T B2 ol
system illustrated in Figure 3.

Figure 8a illustrates input and output signals from a region mapping table which detects
incc!m'ectly reordered memory operations, Figure 8b illustrates the contents of ‘each of the input
signals to the region mapping table.

Figure 9 is a block diagram showing the major components of the region mapping table.

Figure 10 is a block diagram illustrating input and output signals in the straddle génerator
unit used in the region mapping table of Figure 8.

Figure 11 is a block diagram showing the structure of each cell in the region mapping
table of Figure 9.

DETAILED DESCRIPTION OF THE INVENTION

Referring now to the drawings, and more particularly to Figure 1, there is shown a
processor provided with hardware resources to support statically reordered memory operations
according to this invention. The system consists of a memory subsystem 101; a data cache 102,

an instruction cache 103; and a processor unit 100. The processor unit 100 includes an instruction
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(i) " whether said processor unit is processing at |east one out-of-order
| oad instruction—that--toeads—datafroma |ocation within said region R and
(1) whet her sai d processqr. un|t is processing at | east one store

instruction that <SHgFleH feen Replaced | gcation within said region R
i dentifying an entrﬂ_ H ﬂ_' ding to a first out-of-order |oad
I nstruction being lai d processing unit, wherein said entry E1

corresponds to a region Rl of said nenory subsystem and said first
out -of -order | oad instruction |oads data-l4roma |location within said

regi on Ri1; upon reaching said original position of said first
out - of - order Ioaﬂ0 Il nstructian, i g@{,rol | n sai dd‘?“ ﬁ nit to execute
a recovery sBY aTeE“’ga}aaPI%ﬁfa‘P% é‘?eﬂm‘y P 91 3N at es

that said preledoperaton; Tonéé‘rnm’r@ﬂlﬁétﬁ)hﬂgm%tlo'ﬂ eaaﬁierf@ﬂﬂn@g@n@gxc indFloktingtomp t hat

stores datatoaloc n Wthin said reg
BRI EF DESCRI $PFIaERISOE m% N@gfeglstefﬁle loﬁl%ﬂ?@%s gre fesched fromkthg fnsguclinn of a

conput er Sy Séa6i8 199 RAGK bdniel of iRtbdack @Y 108 hrdhee fMced in s ihdnGét cARBeue 104! Udi NQ
menory oper atlon according to the present invention.

-13- Instrucfions g dispsiehed frpi gl inguaetion arese 04 e memoryainits M6, funesiondlf
out - of - or deruﬁf?@@fﬁfad%&ﬁé}ﬂﬁﬁt@%fn& ékec&d%ﬁ ThBdARHiksGhteraof Witk e édéfﬁ[e%ﬁ%' n
Figure 1. Fi gure is a k diagram of a conpu system

supporti ng mmomﬁa@edhsgﬂaemmmnsmwﬁ&emwmw mw@r@tions,
according t Sinidk | g&,ﬁgse d| agram
descri bi ng %%ﬂprocgégﬁﬁg e?lmr(;'sllt%r] r%duldﬁsé[:e%&g 'Itr?r syster%

i || ustrated floatig-pointgegisters (PPRS) Wﬂﬁﬁﬁww (Rs) el sperial nuraosmgtsmsu(al’RS)_

| Tustrationpof, 4,06 GRE @d}ﬁ @ra&%mﬁ?e%g fb%':&‘ﬁacgﬁgh&aused Figure 6
Is a flow di agram describing he“issuing o nstruc rons 1 the conput er
system instructions executed in the other units, and to store the results produced by those instructions.

Some special memory related instructions access the region mapping table 105.

According to the present invention, a programmgr/compiler reorders memory operations
to reduce the execution time of programs, following priﬁciples well known in the prior-art, as
discussed for example in the article “Run-time disambiguation: coping with statically
unpredictable dependencies” by A. Nicolau, IEEE Transactions on Computers, vol. 38, May
1989, herein incorporated by reference in its entirety. Whenever a load operation is moved earlier
than a preceding store operation, and the compiler cannot determine whether the address of the
memory locations accessed by the load and the store instructions are disjoint, the load instruction
is marked as an out-of-order load operation preferably by using a distinct operation code.
Moreover, the original place of the load instruction in the instruction sequence is marked

preferably by using a special "commit" instruction.

' The execution of instructions in the computer system depicted in Figure 1 according to
this invention is illustrated by the flow diagram depicted in Figure 2. In step 201, a biock of
instructions is fetched from the instruction cache 103 and placed in the instruction queue 104,

under control of the branch unit 108.
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I llustrated in Figure 3. _Figure 7 is a flow diagram describing the
in-order retiring of i nstructions in the computer systemillustrated in
Figure 3. nlsﬁiagmﬁgéﬂtdpia&eust rates input and output signals froma
regi on mappi ng ta ts incorrectly reordered nmenory operations.
Figure 8b |Ilustrag IHWHSHES of each of the input signals to the

regi on nmapping ta . igure 9 IE a bl ock di agram showi ng the

maj or conponents of the region nmapping t abie. Figure 10 is a bl ock
diagramillustrating input and output signals in the straddl e generator

uni t used in the Vﬁf%%%ﬁ%&i W:ﬁsﬁ%&xs‘&ec lgyéo‘ﬁ entlyt extractedférﬂu{ee 11 1s a

bl ock di agram sho e Structure of eac he regi on mappi ng
tabl e of Fi gunrsrugtion queue 104 and dispatched to the ﬁmcumtmemm @Emhmtm SECUTiplE

! NVENTI ON Such a grou ohti.lsQO 29 nénge I)ﬁﬁn'gcf %19% trﬁeﬂg Bé? i fs! in%u arly to
Figure 1, there P EOShown aproces provu§l R har re resources to
support stat |at®|l‘irl)wlnédhdapgtttmmow dpstepa05 briisterunadvdiether anyofithe igstiupticemt | on.
Th t 0l1: ..

met utti on ARReEe) £ exulRrE b heBIRAR T e f il BE op¥en i

I ncl udes an Idmeﬂmuﬁbymﬂarmmng the operation code of the instructions. If so, in step 207 the entry in the
REPLACEMVENT SHEET

queue 104: a TPESFrBIPPIRg e Assoriatst with e addssss.of the memory logafion spoesrad Py an o that
perform rrermrowds&lwetr&dd {nseuictibn 19 BRtked) titeréby indiditing therpedseraeof an 0ti-dfrdeDlbad hat
performinte 0g and f atln nt 0 ch upit 108;
PRd & regi st o Aol of i svieh el s ik Baeia e s dented it copesh
cache 103 undeFigeesisd @ sef the branch unit 108 and are placed in the

i nstruction queue 104. Instructions are dispatched fromthe instruction
gueue 104 to the nenory units 106, functional units 107 and branch unit 108

for execution. Thgig@aif)instep209 1 dabrinindl whethed ny' of Be SrisBiictibhsl dpdERd R - access
the operands used by t'he instructions and store the results produced hy the

execut i on of eKesutionidamemoydal 106ris a memgry stomopsration, bysyanifigg thy opesation £pds@h s
general "pur pegAnduaedont.f s, &@@BQH thé td R Sll-RbppirRdibhd 8oSiated WitE the
condition registers (CRs), speci urpose registers (SPRs). The nenory
units 106 al §6dfFﬁ§t°'éﬁha@Fth‘?Pa¥9?@°@&ie‘éb3b eﬁ@ewwwwam to dgigmingised by
the instruct e ShRaURAdE bad b,raatmsmmab&as oRdifly ﬁx@mif?'%gﬁmth_ﬂ@oeérﬁsm ts

produced by those iInstructions.” Sone special nmenor ated instructions
access the r dijpuehedargresed: therely indicating the presence of Wﬂ‘i’fﬁg lqag instctipp. d&sont

i nventi on, aﬁ%ﬂﬁt@f&t@mefeﬂmhhﬁrregt&l%&ﬁtgmﬂemmwaQ@aattteq@g‘aomsE@duce the
execution tinme of prograns, l ow ng principles well known in the
prior-art, aéniefesogiseredpdrasion. ebdamp@lﬁicat il einE stere PR i psequentilly

di sanbi guat | gncediRinBodMd Brast ﬁBﬁe%géA%ntiﬂ cFéé.J.eQﬁ)@?Jnferg% ARRohES thePy A

Ni col au, | EEE Transacti ons on ters herei n
i ncor por at ed o#fyofroeder foadh epergtign. |FtJ§h% dcsrsmni}pyof thyrearidomef aamt@&dnaﬁtm arerasian iss

moved ear | i eGiven later, in conjunction with Figure 9.

In step 215, is determined whether any of the instructions dispatched for execution to a
memory unit 106 is a commit out-of-order load operation, by examining the operation code of
the instructions. If so, in step 217 the entry in the region-mapping table associated with the
address of the memory location referenced by the commit instruction is inspected to determine
whether there is an interfering store operation in the corresponding memory region, thereby
indicating interference among the operations. If so, then in step 219 a recovery sequence that

returns the processor to the in-order state that existed prior to the execution of the load
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than a precedi ng-store operation, and the conpiler cannot determ ne whether
t he address of the nmenory |ocations accessed by the |oad and the store
instructions ar anlsmb@nb.., she |l oad instruction is marked as an

out - of - or der Ioajfm TsEl erably by using a distinct operation code.
Mor eover, the orijt gﬂ HGH IMf the load instruction in the instruction
sequence i s mark ﬂ Al by using a special "commt" instruction.

The execution of instructions in the coitputer systemdepicted in Figure 1
according to this invention is illustrated by the flow di agram depicted in
Figure 2. In step,201, a block of instructions is fetched fromthe

i nst ruct i orfMEHENAS isigvoked Sysh a sesavernsequeace iy be inxeked by Yo Rareh 1oy 198 nder

control of #glEnPinsRchord o a%ow location containing a recovery sequence. Otherwise, the
- 15- In step 203, group of instructions executable concurrently
T

. . a - - -
i s extract ety mohe table is updated fe reflopt thprompletionpf thequicht-ofsiat lopdigstiugtionyurther
funct i onal . qolEegREor HkeRERR R arBiclrrink Yforepfith isUiven BHE!Tn Bofl0IHR wM! T €SPONAS
to a sequence of instructions in strict nory order, that”is, in the order
in which tHégurePpear in menory. In step 205 is deternined whet her any of
the instructions dispatched for execution to a nenory unit 106 is an

oper ati on code. SR iR LORBEE, biftis dudy o SRESRRRo o A e 1

r egi on- nappesogrcesah suppeors dymemintrentdening bf indtractmols)incladingfeonibringmemory operatatsi on
accessed b n_out,- of --or.der | oad,i NSt ruct | S K reby indicating
t he presen%:‘léh%oef‘e a?%a'%ﬁfg%b'fa%g?'&ggseﬁSﬁﬁg?ﬁsmog?:bgwﬁgégﬁgﬁgﬁ the entries
of the regiVassiliadis pi 'Rggistetrbreaming afé dymaimivapectlaionr analténmtivesypeath,"im Fi gures 5a
and 5b. . Sim I jn ste 9 is determ ned whet h y of the

i nstructi or?é%?@f?é?%‘ﬁ%@%%ﬁﬁ%‘ﬁm&%mﬁm cf.?ﬁﬁcflg%@ ?psgé?‘gférmr y store
oper at i on, Digentben998] Hegrid incorpupaedtyi reforenva ditits@htirbth cThespdtemicdnkitniefa, | f so, in
step 211 the entry in the regi op-pappi.ng table ociated with the address
of “The. mendtegpopilimren 206 o 088 e J0% findmisPE cenE TR i Rarporsbriie S, g o
det er m ne VWhepfoedssarini@800-iAdludes der | oad operation fromthe correspondi ng
menory region has been di spatched or executed, thereby indicating the

presence of an gug: gieor ébﬂﬁﬂilﬁ%ﬁﬁ%: ' qmn{ . e St 213 the
entry in the regi %Ihﬂlrra pI nge‘!tlé;%?e I'S r e%%#e{cﬁegt t tg@i?lse%lie%% g‘se an
interfering stor e3eandiar memory bsestenid iwhich haviepot yatrbeendecodedr i ng store

operation is a se i ] = | I .- Store operation

t hat accesses thegés‘l'gﬁfeﬁlge@%'ﬁ&§§@ﬂn§%ogrf§/rhg%£taﬁg&g{§e?‘%g l-%g?né’er | oad operati on.
Further descri pti eaveraffupdtienairani 3P thesfperformiintegsy, fogiciandforftoating-pojmer ati on i s
given later, in C%‘Jﬁl{i’&ﬁ}i on with Figure 9. In step 215, is

det erm ned whet her” any of the instructions di spatched for execution to a

menory unit 106 i sbmnchomiti3e9 thattpedérmciraheh ojetichspper at i on, by exam ni ng the

operation code of ' ! QRS ! % ' ' 1.0 the

r egi on- mappi ng ta%fegﬁtaelé@%télig%é W dgﬂsgg r er%éﬁ%:@cfoé@bﬁéh%ﬁ%rﬁ?ﬁgégti on
referenced by tsheaoegister mappingttableci20contiining hepapping dromchategigsermames whet her
there is an interfgari Q0 1 {1l mMenory region,
t hereby indicati n%%gﬁglg@%ﬁ%ﬁ%%g%%%?xﬁées%g%@%Ii}{)tpéx_%&ﬁpﬁgég, then in step
219 ‘a recovery ‘segfrencgistets geue 82 coniningdhemamesaf smysed(availible) registsrsdethest at e
that existed pri o;egits&ﬁlge execution of the | oad

 adispatch table 324 containing decoded instructions, including their renamed
registers, which are waiting for the resources required for their execution;

+ anin-order mapping table 328 containing the mapping from the architected register
names to the names of registers in the register file, reflecting the effects of the last

instruction which has been retired (executed to completion);

THIS SHEET HAS BEEN
REPLACED




S ——

- 16- I nstruction-Tsinvekee—Such a recovery sequence may be i nvoked by
the branch unit_1 fetching instructions froma nenory | ocation containing

a recovery sequéligasctdssResnBenlwed t he entry in the table is updated to
reflect the corrp

‘H ok #A# out - of -order |l oad instruction. Further
description of thHigieElg niPpf an interfering store operation is given

| ater, in conjunction with Figure 9. -17- Referring now to Fi gures3,
there is shown a superscal ar processor provided with hardware resources to
support dynam c reordering of instructions, including reordering nenory
operations. This exemamrent quepdib zertainng ingrubiasedready dispgcted éor desatianpsd by M
Moudgi ||, K Pingalti . VassiJdiadis, in "Register renan and nam
specul ati on: an al tlen,rs%‘gc %séaﬁ %aS F’({)eguctﬁcf Wﬁqs?lreﬁg% é’%ﬁ?tll@tsm%jf&? H@"ﬁ’%‘%rs%ﬁ%%al

I nt er nati onal Synpotieprocessorndr oar chi tecture, pp. 202-213, Decenber 1993,

h in i ted _by.refer b d°t tirety. Th t | st f
terory subsyst em ‘308 BN AP IR 0 SpEAPRRInE e P AT SRR OBt

aprocessor unit 300. ofnstiops: ocessor unit 300 i ncl udes [err] an
instruction queue 303 containing instructions fetched fromthe instruction
cache 304 and/or nenory subsystem 301 which have not yet been
decoded; [Rigrd 4 HRMAEAE f16W GREMm dedciibing?BSprbdeaiingof inktictiods @ade and/ or

store operations; . err] . several functional units 307 that perform
i nteger, | ogPemRIEsystenijlys Figyrerh, including the actionsyplafed;tojoghef-order memory[ er 1] g

branch unit 3RaoRaThdRbéeayiTudbRpssh MRATVE kb step 401, a bloblEdTidstrdbtib@ds St er .
file 311 contai.ni ng gperands used and results s{%r oduced, bé t he instructions;
i s

[err] a regi Stched frem Bieinstraciipn eacheiP4 opmenemy sbsysiema0 cedrin the ingBuctiay)i st er

names quwe3@qﬁggg&mlgmgmcm§ﬁ§@_ct!ons to the names of registers in
the register Tile; [err] a free-registers queue 322 containing the

nanmes of unused (;availaple) registers in the. .. . . reqgister file;
[err] a dispatch I?étﬁ?g@gﬁ °%ﬁ%%ﬂ%?§s‘am§8%ﬁ?%%wﬁﬁu%g&?%oglaﬂ%i ng their
][ enatrrﬁd_ decoctle_d. Theareisdraimes upddibg fthess instraetions fogspﬁtﬁfyinghi? dgersmkl Sg‘ge&amieqyi red
:or ei r execut.i on; rr].an in-order in e cont ai ni ng
the rmppi ng T btha ports o Bt mepting bie 328 WHECH g s ieE pfet e of
registers i ni\'rhbxherchh mt'h 'eatl;@rstefﬁame; w;ﬁ?di&ct&'gim.?hﬁlaﬂﬁ,ftmlh@s@fna?&e:séd&gtthese
instruction i C s been retired (executed to canpl.efion); .

17 Henieontfor iR o SRR Tabe S Bt RSP ALy SRt Pped

al ready di spfbsh itRdret 9dgister Geeué BT whigiEbntains the names of phyKied! Fegitets@bScugbitgady

execut ed whose results have not yet dified the I n-order state of
the pr Ocessoﬁ’e?ngdﬁﬁy by tl?e processor. The glrincip es of register renaming are wel?known, as d?scussed for

example in the book “Computer architecture: a quantitative approach, 2nd. ed.,” by J. Hennessy

and D. Patterson, Morgan Kaufmann Publishers, Inc., 1996. The register mapping table 320 is
updated with the assignments of physical registers to the destination register names specified by
the instructions. The decoded instructions, with all their registers renamed, are placed in the
dispatch table 324; in addition, the instructions, including their memory addresseé, their physical

and their architected register names, are placed in the retirement queue 326, in program order.

_ In step 405, a set of instructions from the dispatch table is selected for éxecution,
ﬁotenﬁally out-of-order, and dispatched to the corresponding memory units 305, functional units
307, or branch unit 309. The candidate instructions for selection must have all the required
resources available (the physical registers have been assigned the expected operands, and the

corresponding functional units are free). The operands used by the instructions are read from the
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[€rr] a region mapping table 330 for supporting the out-of-order execution
of menory This Sheet B Hea ReplARd Figure 4 illustrates a flow

di agram descri bi ng{ing ¢RAiNg of instructions in the conputer system
illustrated in Fi 3 [ﬂmmﬂgul ng the actions related to out-of-rder
menory operations. C i s deconposed into five steps. In step 401,
a block of instructions is fetched from.idae i nstruction cache 304 or nenory
subsystem 301, and is placed in the instruction queue 303 under control of
the branch unit 309. "In step 403, a group of instructions is
extract ed f meguwtarfike Jihsyhichaoypically juledes g8@al-purpbsergistB (GPRI) dloatgi®ingr nanes

used by thesg.J ti Nl eci f t he eran re repaned .
accordi ng tz%l%ﬁég?@%g‘@eﬁ%gﬁ) 3‘5’8?111%%}%5% @“@?‘f“n‘%p°6?‘§§“?5%?’%s §§6t,e£ FAERton
speci fi es t lisancut-ofeorteriaag ppenagioh,rthaenay inthd regibreslappingitahile330 camegondingpdihsi cal

registers. SimJarl the r.egi ster . panes used b hese inst.ructions for
speci f yi ng toﬁgg’%’ééﬁrrdﬁgfnisﬁ?ém%(iPafiﬁ%gfggeﬁﬁtbjespr?%"\égéﬁc AEWBROLIVEE Hegi st er s
extracted f imtudtibes Helngdispachied: t I any(pf eheBelcted inswhistions i€ 0 SbRiop&atidigand diiees of
physi cal registers not curyen ei ng used t he processor The principles
of register “PBHAMETEEIONRAPR0E @kﬁé&ﬁmg’@‘g‘?@e SIOP GPERLQRS AT ‘i“ﬁ‘c{)"ﬁg book
" Conput er  aapihbRed dilddt-offordr Ba8 bierdtiol from EHAt 1@ gi6din pAdpeess, @fén the ehiyy id matiRaNessy
and D. Patter,s%géjelvbr an Kauf mapn Publishers, Inc., 1996. The regi ster

mappi ng t abffindisge that prps p interfening stoceqpgration (8 sequentipliypesceding inpPEE®Y 5 t o

the desti nabiden stoflipetalidn RaSET: thPQAR. rdohil aPihe bRfbFERF lobt dpbRRsn). AR exHifgtoded
instructions, with all their registers renanmed, are placed in the dispatch

tabl e 324; Phthegatries ofithe regien mapping trbleiisdescribed-helowarithyespra fo Figpsdepndidhir esses,
their physi gghneRBcrptioh bf 1R hatihSEraR ShdrRAMSHAE oftPAEEis gheflalth dF&Hjuhdichhe
retirenment queue 326, 1 n program order. I'n Step 405, a set of

i nstructi on¥ithFignrethe di spatch table is selected for executior, potentially
out - of -order, and di spatched to the correspondi ng nmenory units-305,
functional unit Skns@P407, the rdatlafiom instuttioddSmpleting sadutibnlat placadsd theifegisens f or

sel ection e all ther ir [esources, ayail he .physj.cal
regi sters Eﬁ%é’lggi‘ﬁreg?ﬂ%ﬁl‘egﬂg aﬁ‘i & IStRFHons I the Qatcg%ﬁél%w 885%’5 Gndi ng
;uncti ﬁnal plfyisical régisterd defif)the iRftRicEURS Eoiplifingl&@Ehtibry, aiehﬁﬁﬁdasmeuai:rérmm@ge read
romthne . om s . . . . . . - 18-
register fif% 8340 naifiedifanyshthe instryctions completing gxequion raissd An BXCEPioR gi st er s
(GPRs), floating-point registers (FPRs), and Condition Registers (CRs). If
any of the i nst rHiraly,dnsiepsi@f.compldted tpstrustiers arcirempved fom fhegrtirenaent quede326| oad
operati on, i j ! > | to the
out - of - or deirn_ oggfglrl ?Brég[lt(?a%tla? ct)lrglﬁ?g%nﬁ??%gg@g%%ﬁog%gégﬁﬁﬁgﬁiggg%@% “such an
oper at i on absigfetirad thejimondenumappiog table 32%ig uptated ae thatdlk ar¢hitecigdregifterinamess el ect ed
i nstructi ongg.j ' 10T MR 0 o[-WPR-Y o L VMY i ppi ng
bl ¢ 350 cory B BeRiPlkBoibhfb i ickilfy il G LREHAEWETEP' 1D
there is anreguts frof-thyridemuctopsibingretired; theprevicusregisianamenfrogrthé m-qpdeo grapmeg  t hen
the entry | sg35dtralfid bt 8L febllAlonbid oL SABeARSIAT ah RIS dellg. St O €
ng or der

operation (a sequentially prece -1 n progra - store operadtion
accessi ng t1etred speeifiecayehitectedgegifier Ryas itpiargetadéthe regaltiofdhreapeariationdias ben  exanpl e
of the entrj i L ; i 1 A r.espect
to Figures %gc%%ﬁlfop hgg&l Fe%ﬂé%@%%%ﬁ%ﬁeg@? ﬁg&rﬁ%r g?’ﬁgﬂ %r?r’/! ger!]yh é %?lgrferi ng
st ore oper ais pestp Pys Ogithecother band,if onierr morgjofithe instoustionsibeing fefitgd has résed an I n
step 407, t : 18 i | @1l Wela® | aced in
t he regi st eér}g?picuﬁrz’%éléﬁ &%}ﬁg Igrq%%{olrd%trrrﬁee%{b%qaﬁdg%% og%ﬁgségfg;ﬁgﬂgé@g%@g ﬁ}éétjl ons in

t he di spat cdddresstiaeb@n4avadivith g cdrrespondiag instruction in the retirement queue 326); the

retirement queue 326 is cleared (flushed), thus canceling all remaining un-retired instructions; the

register mapping table 320 is set to the contents of the in-order mapping table 328; and any
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physical registers set by the instructions conpleting execution, are
notified. The retirement queue 326 is also notified if any of the

i nstructi ons c&kipPhettHa jeead@plateﬂon rai sed an exception. Finally, in
step 409, conpl 4i - ns are renmoved fromthe retirement queue 326,
in program orderf{i§ d of the queue). If no exceptions were raised
by the instructions Dbel ng re ired, the in- é)rder mappi ng table 328 is

updated so that the architected register names used by the instructions
point to the physical reglsters in the register file 311 containing the
results from ek i r | anes
fromthe in- gﬁ’der Ir%gl%)pl ngkpgggf g%g" g@éé@??ﬁ%@??égt%w?}%g?&fzg bg%rgrs
queue 322. Mspeuwesdgadcifically, if an instruction being retired specifies
architected register Rx as its target and the result of the operation has
been placed i n physb &ddtep'409iiSinglof MY instnlt@ohs by e BAh Suttf-ofdeflogd\dpeyatibr RX
in the in-order napping tt%g‘e s set toh%, the other hand, if one or
more of the iHHRSPFALPIRGIS 14bls 3] isRippieddo eirs s SAFREHELNG 5 am
control is s@perhtfontiffhe FRIBACHrasPoHdRE o BE ot odder18dd iRkrugien NIfisBSA febGlehyons (t he
address has been saved with the corresponding instruction in the retirenent
queue 326); ueseRcethet etsRtheieteesonpdts insordyr siate dipt pdstadorattp the reratienefths i ng

al | remai ni Ngoalfstridibs eqlnuoiaédt rSH&Hr@&ﬁery Eéasenaﬁﬁwe%o@mpwgngﬁ%&pﬁ&&s' s
set to the contents of the in-order mapping table :

270-"© bhys! Gescbdgbeechermisodhaeny iniht BHe §Hpains oadisetodrsemiton i 328 | s
added to the EFG&DIS& ny of
the instructi E{{%gee?ﬁ*gé?%ﬁf’gﬁ Serglﬁs%g flon g th%?e er ogg{h(t)%%r s?%%‘)pé’%ﬁmﬂ

regi on mappi nﬂgteaﬂﬁt@,lsgﬁljunguonnmbé@umﬂo veri fy whether there has been an
interfering store operation in the region corresponding to the out-of-order
| oad instruction.Fijyire s&saaesemmemeﬁmmmemabxywdng&mcélherégi@ﬁemor to
its in-order state th t e ted rior_to the .execufion f t he | oad

i nstruction MEPRIRRS Sordlenyy of 3 cegdd *ﬁ%gf Pﬁ%welaweg&#eaﬁs. ng

an excepti on gaguleas 6f d :Q&Qorﬁb&ibﬁwo@i E%!\baﬁ@ mex&:b@ deibldwbrdsiaret R regibnfs
updating to 1 ndicate the conpl etion_ of the out-of-order |oa oper ati on.

Further desc ' iBerFEasis grdes; thet '&é‘PE‘ﬂ?‘?’QSﬁ’]O srassigned tagegiondy dovplewerd ido rrgiopdi $9n i s
given |ater, sd éh, G}S’f&déﬂlﬁéw&@kw&}'n‘bh':é Qbiﬁf‘ed%re ion k-1. The adsigAMER weabs afoufd to the
description of f he mappi ng of the rrermr¥ dress_space into regl ons. The
mappi ng i s pBeEnsingf ths regigaanagping tabla, sothp @ﬁlblaw‘?féktsa?ﬁ‘ngf\%ﬁf%?“q publeviordnce.
For exanpl e, xR égitr, SndibdR Uik, khe 105t-SenlRIR [0f kIS ROR MR dEubléwbrd Bddresc aS€,
menory doubl ewords aré assigned to regions in_increasi nlg order; that is,
doubl ewor d 0°f &memay lpratien desermingiits Feipn; alidutet wifhin ymamerny do tyuwefﬂaiemmedso on,
up to doubl em&&egaréefégb&mtbﬁa@‘éﬁ' &ﬁb?@mh@an&;ﬁﬁhfaﬂotkér%apﬁ AshOnLER W aps
around to the beglnnlng of the régi on mapping table, hat doubl eword k
i s assigned ¥§dlgieskanple 29evAMERER @Peationt isfereagingp tatwmblg‘@oréﬁare Flpyted; s
the | east-si gRkdgh&AYim n%?%fé?én%é*s JJ&@EMQQHQ&%\QQE%@H@F &ﬁém%fregior[@m?ry

| ocati on determne|tsre|on es wthin a nmenory d | eword are
mapped ont o #W@agwbp@me@wf thqllrtvemwamaveqsvct reprdrEing efropprafions FQ t}aatamasofoqrdqst her

nmappi ng fUnCioh@éb%raEI@ﬁ/sa%&?@@ontd@sxﬁéi@reﬁ&@@' e above, menory operations
referencing up to two doubl ewords are all owed consequently, rrermry

references are dStGI t he ion tQ ions. An
alternative _enbgz:p #e b1} ;l%&l n{/)ﬂemn(fm{e %’gltnfg tag{e O?g'o ¢ %er“ I 1rr]1ven P

oper at i ons skach bty io the-mapping lile pﬁefeadilyapﬁsrsetofoﬁausﬂfe&i fftapqirhedconmﬁi@d siongl e
regi on. Figure 5b is an exanple of the contents of the mapping

tabl e of the preggdtounRyYSd smnm&@éahmeaxtaﬁyyout&&&b@nmmﬁgnstm&ﬂeefeef;@rabl y

consists of a status field 510 and a counter, field 520.
locations within the corresponding region have been dispatched for execution and have not yet

reached their original position in the instruction sequences (they have not yet been committed).
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The counter f+el-d. 520 i ndi cates how many out - of - order Ioad operatrons vvhr ch
reference | ocations w | t hi r—t-he-cor r espondi ng regi on have been di spatched
for executrorﬂh&rmee;ﬁ\éﬁ not yet reached their original position in the

i nstruction sek ; icéiave not yet been conmitted).

- 20- f_ | d i ndicates whether interference has been

det ect ed am)ng ry operatr(ﬁgs whi ch have referenced nenory

| ocations within the correspondi ng regi The possi bl e val ues for t he
status field 310 are "clean” and "dirty." A status field set to "clean"

i ndicates that ngeyoherdPHARGS AHIHDAALISHEbIRIREL SREE ARG W Lhin the
regi on has been detected, that Is, t as not been any~store operation
to the cor r@srpem d}')mtgioneglhidﬂxaw n&eendwpatcm;rﬂpmymamtbmtth@bmspwmglrm

oper ation Wﬁj‘ SSI e&ﬁ%eﬁ}o{%ﬁﬁ%élggﬂggf%% et&'r‘r]fer %tc{t I'» R tusﬁ 35 b Alys f.ield set

“dirty” tErr oreogz?’"atronto
the regi on. 1nd1cates that no Etegﬁaneace&mbﬁg aoxﬁb:e&\metnag bmndtssmﬁnnhhenggmmharsbe@ det ai |
at c

t he act | OnS O oces p
et oo adeloh BT e phd 5 PR SRORS, aabp it AP B NP ar ¢ sent to
the corres pd!fpdtcﬁgg hnio-of-anderloddidpération WHich i $til) i frodréds;| o dRStlelfand QilstzR3S

regardi ng t nodi,f.J c,aIron 0 the re I on t abl e, 330 _ and, t he
det ecti on ot??qsﬁf@r figty| ot ﬁ%‘m"&ﬁ“ g‘@f?"@ff.‘t“‘mtt‘h@ef‘ﬁ’?f‘r uctions to

be di spatched for executron are seI ected fromthe dispatch table 324. In
step 603, it .smexmmmmnmwmqwmmm@mmﬂm. ons is a

| oad oper at eqany of the -
sel ected i #@rusg%%gr??&?géﬂad@% e‘gopera g&%@c’mt{gﬁﬁt% tﬁ?%{tzess conti nues
in step 60%nstiuections uesénetoiﬂrcerbﬂespond(ngﬁmgzaulmpm ﬁgcte indndesteacidnpn; that is,
the instruc r r nid. .- 307 or
309, are rer%%a%%‘ﬁ?’gﬁ%ﬁg Em“ (}g{ﬁa é‘@ﬁ‘g%%z?gg are aga "‘“.18“‘5%%2% rement
gueue 326. operations. In stefp 601;1thsinsmuﬁ&:ﬂstobe ﬂxq:atrtb&dé‘omwenbmalrmlecthéfrmﬂs one or
nore store r.ati,0 n | ect | ueti n..n 613 t he
counter fie %Etg@%ﬁlg?f@ ﬁ"g&%%to ?F g%mgteg H%ﬂeh%‘&"gﬁ“ ﬁée%ed %B’?Segé%dthat )
cor respond dperatidne IS, de stepc14 itds &mqnmbdmhmﬂ@roembmwmﬁmubm iddworpreferred .
enbodi ment of the ent |nve tion tare operation ed onto
oneor |t wo e £RES 6 Rosest yEapied B s et e SR BBt AP RARF
doubl eword eadﬂﬁa@ﬁxaafs the 1RstriBITAS e bdChithaRraparing Atcinaltufits FS0309 oepesr ation
and the size of t oper nd deterpnine, the, c espondi n I ons,

descri bed I%@meea iﬂ?@?%ﬁ&\ﬁ%a?—qﬁﬁ?@e t“ﬁﬁg ‘B’g‘é“rﬁ T egi ons are
selected fromthis rra pi ng whenever the starting address of the menory

reference plus Klestep ért@rdetenemecbeatameaemgwsmwm@sammr_y _
doubl ewor d SQQ&%QMC&BP%&M sEe Q3 %Emn]%%ielgl Eﬁof 1‘:9'6?&9 oation, if the

val ue of its corresponding counter ero, indicating that
there are MEPRILG table 3&*&1@@%&@%@@&atlﬂ@dss}tormmgnw @rsylsap&%clnahmeﬁeeeé he
region(s), eABodifildtBFhk Pref f fi d ont tw

-21- the gt her %r nd, ?rfe ﬁ{{e va uteaaco oreoer%é)rlrlse% Be dpnoon(e:grunt)g‘rem |ryel d(s)
520 i s not Tegns metlmhsxgmﬁcgqtéqulng from the doubleword address of the memory location

accessed by the store operation and the size of the operand determine the corresponding regions,

as described later in conjunction with Figure 9. Two adjacent regions are selected from this
mapping whenever the starting address of the memory reference plus the size of the operand
accessed straddle a memory doubleword boundary (the unit of mapping). For each store
operation, if the value of its corresponding counter field(s) 520 is zero, indicating that there are

no out-of-order load operations in progress associated to the region(s), no action is performed; on
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the status field 510 is set to "dirty." If in step 603 it is
determ ned that there is one or nore | oad operations anong the sel ected
instructions, th&knidys ?R@ﬁ ce&t i s determ ned whet her any sel ected | oad

operation is an { ”Zg’““ igi0ad operation (i.e., there is a sequentially
precedi ng store ”g &m.
resides in ther S

th has not yet conpleted execution and thus

e 326). This function is supported by two
counters of store operations, whose counting capability is larger than the
nunber of entries in the retirenent queue. The first counter is increnented
whenever a sfor erat.ion is.dispatched for ution; the second unt er
is incr errenttéeo"tﬁ%g%@v@&heé(glg? Sfrtge C(S’B'éstpﬁﬂ%@rf"%‘?‘rg?g@e3%@3&’363{?’6}?%1 '%{%e&lﬁg time
that a | oad tepsmatfies10%s s t6 pdidphed for execution, if the value of the two
counters does not match, then the |oad operation is being dispatched
out - of - or der  ( eafrih gL, §oiAs deftiminOdMhRher AP otlor aom&%germm?mngﬂ%areasa on).
| f the value of the two counters match, then the [oad instruction is being
di spat ched iizstrugtives, thea inditep!§65 bisdetemynedorhetheransselepted loahorGmtion ARt er nat ivel y,
the order! NGuple drfBfhad BidEbh 811 mbleilh LARRGHY kiR QiR ABSHANR IR be
determ ned on a region basls by augnenti ng e mapping table wth store
count er s f oryerrampleted gkeoutjon amdkhasoegides inthe efiremett queae 326) Thisifenctién is buppereedi on

corresponding.to the | gad oper.ati on. . £ . !

det er mi ned- tbﬁgyo gmnt(gg&?%?;gpgeﬁ%ﬁ& fvgosﬁg?%%“gcﬁa%a‘ﬁglﬁyé %[egfpsei)ﬁgn @?gudilrlbgrelr’f,s then in
step 607 t hentedinyhei rétirétisnt quehe. Thafret conpiter irdnaanthed whegvérhstoreaperatigds at i on i s
mar ked as out -of -qrder, and,the l.east-si.gnificant |og2k bits fromthe word
addr ess and%fsﬂﬁc@ﬁf‘g %WQ%‘&'%W‘QM&&%& nﬁggﬂeﬁ%éamfer?pfrﬁ%‘ment ry in the
retir ems][lt ?gﬁpletes éMf g6l iAlt the fime ithat slo&poh pefition i diklgbtﬂtarfmféxemhﬁmbﬁtmm' ue b
counter fie 520 of the entry in t i ng. .3 IS set to zero. A
val ue zero [BfiPeSpunters qostnof Wé%lé ﬂﬁpg‘eﬁﬁgﬁ@‘?ﬂb‘bﬁ%&%%%ﬁ ° %’g“a“‘S i ons

i N progr ess thanfheS@mpletionSdf @ Prebédingistve spertiond. If thevallief the ®fio éddftes aiatchSthenndi ng
entry is set to "cleap,” and the counter fjeld 520 is incre ted (set to
D): Then pr deedend insmeionirdeing dsepd Bouter s mpesss congmes AR lof the -
counter fi e'ﬁdt,eéﬁ@ve%ﬁ&@@?de&@c@loa& b&ﬁﬁbﬂ%ﬁ&@ﬁé&&ofﬁoﬁ dhefaticns thay Be depdrminedli f i ed,
the counter field 520 is increnmented, and the process concgl nyes |J1 step
609. on regipndasts hyaugmenting he mapning ARGy stogs Goyntens forsacd BEPmAM ¢ he
actions per foghpRilg B¢ stohtfeolits S Begibi bdrreoRkiiNY 18 the | Gldiopdritibni NSt r uct i ons,

i ncludi ng the actrons regardi ng the mapping table 330. In step 701, the

LrStructTons 10 B, £§ido8 Rk Rlefidd fith ida bRl RBeih PhibfuRRR b SGYE ES, ! "
i s det er mi némistephaol itterentayniv thefretirénsens qleacdoewdining $telaad bpaation ysasarkediaked as an
out - of -order_ | gad, operatijon . n.st oo | f i | fe el S

det er mi ned VA& T?éc}er’taﬂéeﬁes{egstt'ﬁgn l??alelﬁgg’g%s f(r)°1m ‘P%gorg ggdrrgstss %@n‘é?ﬁ? Otéﬂite_r y in the
mappi ng t abloper8@@cdesset ark placed'in thg entry ipthe wtizmentgasesip addigonciostep §pbibldi ng entry
is determ ned. cecessi ng .t i tabl.e, thi i i (address,
size) infor mi%xf%gtﬁgilg °&]t?rﬁ%fi@%ll}€- OF L l([)lrthcfenrmPP% 3{’#‘3%??#3%?(?%6%&1?% t he
retirenment calesieerd indisdteshad Gifre atef notdtter eutof-yrderdoad lopastions ingrogress. Htsepn 3Ry t he

correspondi ount e Lel d.520 is decr nted,. . and i nues
' Step 711 00HEF S EoL St e S n R ST o Bahy Be PASEFRIL ST 1UTS
gueue 326 t agetrdested (setith 1) then prodesy contiraies instep 609sHowever, if the valug of the erueter 705 i t
is determn t the status fi Q of the.c fag.entry in the
regi on mppfﬁ%&%ﬁgﬂf‘@zﬁ& ?nsgaﬁws%z?d'ééﬁs ngLTg%k?@btgééeoﬁﬁtg%gdp 'On is generat ed
in step 707 jnceendnted)@ndthe pptasonimepnoees¥ed in step 709; thus, the effects
of all un-retired instructions are canceled by renoving all entries from

the retirement oyeye7 32GowbGrabn HRELiBME Btk drédbtail @fl468Shs Pérforréd by feOr der

processor unit 300 when retiring instructions, including the actions regarding the mapping table

it

330. In step 701, the instructions to be retired are selected from the retirement queue 326. In step
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position of the_load instruction in the programby setting the program
counter register to the nenory-address of the |oad instruction being
retired which ﬂbsm@ﬁmmel the retirenment queue. Figures 8 and
9 illustrate anj TR 1 -ﬁi ment of the mapping table, for the case of
a conputer syst e g mwgim:al menory address space is 2 bytes. The
address space is #2li nto 512 regions. Menory | ocations are
assigned to regions in increasing order,?%at the granularity of a

doubl eword; that is, doubleword O is assigned to region 0, doubleword 1 to

region 1, angd,s$Q.on. up.t oubl rd 511 which is assigned to.region 511.
e Oasi onadts ¥ e e 5 AR Elstein R B YRR AotabP s 88 o
doubl eword 5Iién_’%adoa iza.gep' &7 s, mhﬂ@giosniihegedﬂhﬁalvﬂtggirdh&lﬁ;d stfieldrsegoie 1, aggoso
? 2/ fromt hec?rléegy‘lr?ﬁinﬁﬁﬁﬁa Slh‘ﬁ et"%ﬁ?’@é*%%&“ﬁ%%ﬁ%ﬁés BP’%%? %getég‘g%@%%g‘égﬁ havi ng
three nMenor ¥nthiis dciermidi gﬁm&sihg)thb fraghig@l e this@it® usihy\@e _[ﬁﬂl’@d‘s)’siié?li ts dedicated
to store operatiogns, and. a retlrement%éicorm]tnent) .unit capable of retiring
(conmi t t i ngirfermatomirces, with e quisafrodet laprintrustipn intheretisampnt queue #1t® G0&cEi ves
Seven i Nput e eRRFH cldhn, IREM s?e?ﬁ@? fhe botebsRhdingcolhtbrTield! 20 Wdtcrbhéaa), %:Iamwg h

| oad2 are received fromthe three menory units dedicated to | oa
oper at i ons. PIoggsé cantinyes inestepa/d H whergin e ingtréctipnis eetived gormallyyfrem the setisesnept uni t s

dedi cated t u&ggﬁ@toggﬁe);%&mg%me}igmngrfyo and vrfyl are received fromthe
tneént) unit.

retirement (comm

-23- The fornpt.of each jnput to regi on_nmappi ng.table is -
depicted in Fi gL}?E‘s%.ﬂg'ﬁé?JFE"HP%@%@W%@T#&Q@E&FW@%%M% d to the
ltﬁZStsi-iieggi‘ .themggﬁeifgaﬁigksge?ﬁ“dm%” essedgorf)@tagéﬁav\g?ag doﬁ?\g\iﬁi?mg?w cating
quadwor d.  cxceptionis Hf?“g‘jﬁ??gingte Iﬁ%&"ﬁé‘l"‘e@ all w-tstired instvstions ate cgicelel Y g ppi ng

table. Pref fualiny all bdesfidh the reSre@Erd gitng S35, 2 thitn baButibh ARGEsQPRE inkdrferby 32)
array of cells, wherein, each cell corresponds . to an entry in the, table.

Entries arePoSftionqfbeload ingimction iaghe nrogsam byesetting the program cauptes rrgister O b ory ar e

al | ocat ed t Pefbryladdrbdd of 1€1caRINBNAN MM reitd whith is'cB4i R iR e AdirariefCudtd h t he
|l ast cell in a colum is adjacent to Fhe regi on associated with the topnost

cell of the nextg. ] ' ' i t' sell in
the |l ast colum Fi'élpé 53@%%%@%@3 %‘%’g"’ﬁrpz |%ﬂ%°§§§%§ft§%l§%’pxg&%l? ﬁ’gqpi%fi%to?. cel |
in the fir scomputensystem whose virtuaPmemdrly addness dpecetis@F bytes. The eddaass spacedinsed on t he

coi nci dent i f.vertical and horizont I i Q L. er at ed
Promthe't ESRHLD Y12 fHhl SfekoRfioeaiE ety BEARRES Mkl BE RS, UL
i nt er sect i ogramilaridy oferdobidesord;ithpt | dembleword 0 is agdigned tegiard, Aablesdordslitgnal set to

1. Since ther.e are,seven sijul.tan S Jnputs to the tabl u seven

cel I's can be>Sal et &Y htP %@leﬁqrggﬁn"gﬁl\}%ﬁw@ 3 o%%ﬁl.@ie@%sﬁgn%‘gmsel ected
at once, anerapoareunded ths beginninpef the mabpingtetde) sd tiatslohbdatordlsS 13ys Asifdedtergiosour ces
(l'oad units, dgth?re §§|{D3ts or \ﬁeridfi cation units). The seven i nput
signal s 9017 R |tf’§egé°§ch?n angn'separ ated into three sets of seven
signals with five, four and five bits, res ectivelggtp@ach 5-hits signal 902
corresponds to trearedashowssheinuyt sianals 80 apd oyipytsignals B0 p/Eom dherresion PARpINE | n
Figure 8b, e rbrihd\a88lofla@roeds@Glstéin Ring MtecthenfoRuni t\@edtia @B R baAPbratichl) €.
Each four-bit signal 913 corresponds to the next four bits fromthe_ address

field in Fiyamemog, unitsdedicated &xre gpegatippscand 3 rqtimpent(Corpraitpsny) vt A hal
tabl e. EachefidgicnrSid o%&&@ﬁsrsmhﬁ PhelchiPping Gble FR& VeslsBVeBtplist s from

the address field and the two bits fromthe .
each of them consisting of 14 bits. Inputs load0 through load2 are received from the three

memory units dedicated to load operations. Inputs store0 and storel are received from the
memory units dedicated to store operations. Inputs vify0 and vify1 are received from the

retirement (commitment) unit,
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size field in_Figure 8b, and is used to detect whether the corresponding
reference is contained within a single region or whether it straddles two
regi ons. ThisBheetH# BisnReplavedgnal 902 is input to a binary decoder 905,
whi ch gener at es "BiBEHEM [IFJ0R] 907 in a 1-out-of-32 code. The seven
32-bits signals Ik | ted in the perfect shuffler 909, generating 32
signals 911 of 7-Dits eac Ich correspond to a decoded representation of
all the 5-bits signals 902. Each one of-2s8hese signals sel ects one colum of
the two-di nensional array. In _

-24-. addition, the rightnost 7-bits signal is input to the first cell in
t he two- di nensi aﬁafor!mtrogwch npuide the cagion grappies tabisis depictesitin Bigure 88. Theddbithe | ast
cell to the.ti 1-.Dj. [ Sy t bi nary
decoder 920(30“\%5?%%1&%% E\%‘rltgf.érrsesl?n - bi ?%S éss‘%éla ll‘g' ﬁﬂac’f%geg'hew fl{a%%E%ebgned? Each
5-bit si gnawoditsinilicatinghetsize of the eperand tting apesed diytsr w@R2 Xloubliwat ogquedwatdes a
single bit signal indicating whether the nenory reference (the tuple
<address, si ze>Figufe SBS@abAhSflajof dopbndhts 8fthSESping QBIe.rPr@f‘érablz,_ thd¥ablk #gi on

mappi ng table. The seven 1g-b|t outputs_fromthe binary decoders

920 and t hePrsadizehasp.ypdinrgsionst 6 by dpharrpeof sellsaivhsrein qgehrst sersprondsip anr o
conbi ned i NepfPf thdvabIE 'Eafdelhet 86 &Pwnﬁﬁnﬁge%a:@gad}&eﬁ@amn%%@&e7- bi ts

each. These signals selects either one or tw rows of the two-di nensional

array, depefiesared toeellgindhesame edheme gud thessgipniassngiated with tha bnsicelh ineoslumaie or two

regi ons. : HeloJWalel : ctg‘g,; | Al Léwg 1O det er m nes
t he sel ect iagﬁceg%toégﬁggfromat%ﬁghﬁh&%- | n%ﬂosefl?éfntgéf ar rgl)tfgg g%:g% nceI ls,
whi ch constassocinted witk the st deld in theless seluwin isiadjadeat to thg region psspiiatedywithethe Brst :

Figure 10 i jagramillustrating input and output signals in the
straddl e ge%é?‘&?éo@&uﬁl g 922 used in the region mapping table of Figure 9.

This unit receives, as, inputs the three least-significant, hits of the
address field aﬁd’e‘llWéh?tg\'@eﬁ??l%ct?%rbﬁﬁ?ii%@eg‘?'%e‘ftidg@éng Vﬁmﬁaﬁﬁ‘fwm e first
three bits sgeéiof SieRdlskehétatbd Ror e Sapis iSRS tabe. tTRkt s, & BfecRl cAINe fhufiDatilecwor d
assigned tq a particular table cell,.-This offset is added with the size

|
field If tikersseEangfia vestigHsignal setibivith asvhorizontalsignalsektp b pinge thereadrssKi%er of

bytes in a sHhaikphaudinglits tb AR tibleZ Bp Bfseveh SellsbAIbE WA bilon6d; alteriaBV g FoRee) , then
the reference straddles a region. In such a case, the output fromthe

straddl e gefilscar beslecipd 4t oncs, ad somayelis meybe simpftaneously selested by diffgregt sources

Figure 11 ifadurdits QWrchimg b ifkaud Rifksy he functionality of each cell in the
regi on mappi ng table. The cell consists of a counter and a status field. In
step 1101, the nunber .of referen {)1 each type reqgion |
det ermi ned. The 1ypea ¢ ISF%‘?J érgglnc%é%g 119 1566%?9@%8&[&&&“&%%58% OQSeffédi spat ch
of an out - cigads with fitepfodr anp Eveltiis aespectively. Each 5-bits signal 9022prrelperdatothe five a st or e
Fgg& at)lpgpé tmla()ntgsigniﬁcant bits from the addreség}i elé ExtFngrulrerkg, ﬂglg (l)erlTSTédtt;[) Iser1] 2 a (%iumahnof %%t - of - or der
two-dimensional table. Each four-bit signal 913 corresponds to the next four bits from the

address field in Figure 8b, and is used to select a row of the two-dimensional table. Each 5-bits
signal 915 corresponds to the rightmost three bits from the address field and the two bits from the
size field in Figure 8b, and is used to detect whether the corresponding reference is contained

within a single region or whether it straddles two regions.

Each 5-bits signal 902 is input to a binary decoder 905, which generates a 32-bit signal
907 in a 1-out-of-32 code. The seven 32-bits signals 907 are shuffied in the perfect shuffler 909,
generating 32 signals 911 of 7-bits each which correspond to a decoded representation of all the
5-bits signals 902. Each one of these signals selects one column of the two-dimensional array. In
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- 25- __In step 1103, if one or nore out-of-order |oad instructions
are being retired, the status field is inspected; if the value of this
fieldis "dir &,S"ee b % there has been interference anong reordered nenory
operations w o e SO0 the process continues in step 1105 wherein
t he correspond 'ﬁl T i10 and/or faill are set to 1, and the process
term nat es. ' ot her hand, if the outcone from step 1103 is
false, then in step 1107 is deterni ned whé#her one or nore out-of-order

| oad i nstructions ref erenC| ng the region are being dispatched and whet her

t he val ue of tglﬁ cou whi ch case i ste%l%gﬁ 9 the stajus field

is set to "cl¥ 3%06%7&?5@5%%%%@%#@9 n the mepsiqnak 452y B8 count er

i s increment exétebﬁhgtthbecaswﬂaezdd@ifr@:umeqés:@n@&meﬁ@&duoperat i ons being
di spatched. The process then continues in step 1113. In step 1113

I s determ ned whe r r r I Qﬁg f e
region are being %@i#ﬁg{c}& glogr%’gﬁt Oab?c?l}{;\a%gf{d er S’ﬂ&h s 1gibﬁp&§'3%fﬁter
is different afl-amobl6 i:crdeanph:ﬁbttagml BhS lshmtd&slﬁddlhgensmmw Wh!@hgbncmteset to

"dirty." The PLRGESS t,he ont i nu ste .ep 1117, the
counter fiel cf &5(?? #‘taé eﬂ\e"htg it &5 @1 “8’1““%“#’8‘55? a)t
i nstructi ons agdociated mehﬂdjagematméswmémﬁmraﬁpﬂ@mbmnd t he process

t er m nat es. Whil e the invention has been descri bed above with

respect to part'c‘fﬁ@{ev&%%'oﬂ@%%ohhﬁélﬁ&ﬁyd& gz@mlﬂkde%gvenwm s S8 |

recogni ze that the invention ract’ ce Ication w.thin the
spirit and sdbgstraddle gqng‘a@pﬁ@a“mblmdmtheshuﬁlerlnuxer 924, generating 16 signals 919 of :

26 CLAI Ms 5f FBwo &Qg*ﬁences
of instructi gnbstsg?cg ﬁesesé%’kgé%%gm%%géc%&g@ unit, mﬁ?%ﬂwaweag e of
sai d i nst r uctonovisthershecdmespindiagreferencasiacrassiohear tweregionsed from an or gi nal
position in said sequences of instructions to an earlier position in said
sequences of |nStTh&‘doirﬁilﬂ&\td&Bﬁnﬁ%fgﬁﬂ@QH&h&igl@tdeﬂeﬁﬂﬁésﬂﬁ&éledh@ﬂdfcelliﬁidrﬁthetIOn
is noved over at_ |east one _store. i tru;tlon t her ehy beco an, out - of -

order |oad i A€e-Figtepsions! arip &rdefsl %"aq’nls cofsigte fhecnipgspgces t“? g epIgH
identifies apl.ppia{ame. i N

Figure 10 is a block diagram illustrating input and output signals in the straddle generator
units 922 used in the region mapping table of Figure 9. This unit receives as inputs the three
least-significant bits of the address field and the two bits from the size field in Figure 8b. The
first three bits cotrespond to the byte offset within the aligned doubleword assigned to a.
particular table cell. This offset is added with the size field. If the result from this addition is
larger than 8 (the number of bytes in a doubleword, the size of the minimum unit of interference),
then the reference straddles a region. In such a case, the output from the straddle generation unit

is set to 1; otherwise it is set to 0.

Figure 11 is a flow diagram showing the functionality of each cell in the region mapping
table. The cell consists of a counter and a status field. In step 1101, the number of references of

each type to the region is determined. The types of references include:
1) dispatch of an out-of-order load operation;
2) dispatch of a store operation; and

3) retiring (committing) of an out-of-order load operation.
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a-.henory subsystem-frem-whtech—to read data and said at | east one store
instruction identifies a location in the menory subsystem where to store
ata, a net hodTlho?heetHESI%Qﬁ fint erf erence between said out-of-order |oad
i nstruction and one store instruction, and for recovering
from such |nterf et hod conprising the steps of:

storing in a table a p urallty of entries, wherein each entry E corresponds
to at |east one region R of a pl uralltﬂsof regi ons of said nenory
subsystem wherein each region of said nenory subsystem enconpasses a
plurality of locations that.my be accessed by out-of-order |oad

i nstruct i ons andnstepi 3] ifieneran otoreoews-of-orderieaid inswactiohsarstbeipg Fetirddnte statws  at

| east one f Ipgl e « ssor unit
IS processi Eg&gtlﬁspg%sdtl?%ngﬁ%eu ““?ﬁ"‘d‘é dm{’oaglﬂl?r%\ﬂ?&’gegt"fton egﬁeo{npoﬁgads dat a
from a | ocateprdaredunieinbry operatibns wijhio nhelazgmmsb the process cosftinuigs in stephid0hwhereiai d
processor S| |, eas lnterferin I nstruction

t hat st oresa%i&f&é%ogdﬂg P t‘{]&éﬁ;nv‘\jn/ r%axlﬁl] a‘éeé‘set o?eg({%np rﬂcegv\%&rr ea?eﬁ sai d
interfering store instruction interferes with an out-of-order |oad

i nstruction thatoq%%efé}%&da fheSHicame fromm step bYY3 inifalsn thersinsigp | 10 iysfsteqnined
26a whetleF 652 dr EnbketRht-8or@ 164 idsfruigh jr&ﬁr@mltﬂlﬁ'eél&lﬁ’esén{ ispRidiiedOf - or der

| oad instruction bel r;g1 processed_by said processing unit erein said

entry E1 comdadigderdhe v e@f&e@t@mrsmmdfhwbaasalwmwtém@w@@ﬁ%@ said
first out-ofyof dpfe J-0AL chithibhisif f‘u %ﬂ&m‘iﬁ’é@m&nﬁﬁ&r@mﬁi %?%ggfg@u%bérh' n sal d

regi on Ri; upon Teachi ng original position o rst
out - of - orde¢foub@febr¢mk:admauonsbemgdrwm1eﬂrﬁhgpmnsstthgmmxs,lmnsmlltmo execut e
a recovery sequence if said at |east one field

In step 1113 is determined whether one or more store instructions that reference the

region are being retired (committed) and whether the value of the counter is different from 0, in
which case in step 1115 the status field is set to “dirty.” The process then continues in step 1117.

In step 1117, the counter field is decremented by the number of out-of-order load
instructions which are being retired (committed), and the process terminates.

While the invention has been described above with respect to particular embodiments
thereof, those skilled in the art will recognize that the invention can be practiced with

modification within the spirit and scope of the appended claims.
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of an entry E1 indicates that said processor unit is processing at |east
one interfering store instruction that stores data toatocattofr—wthtna
said region R1. 2. The hod of claiml1,
wherein said at |east one field of said entry E indic heetHaSBce"Repla"ed i)
whet her said processor unit has di spatched at | east ond1 m ﬂﬂﬂ LI oad
lon R

I nstruction that | oads data froma | ocation

and ii) whether said proces€6+ unit has dispatched at | east one
interferi-ng store instruction that stores data to a |ocation
within said region R and ' wherein said controlling step controls

sai d procesHufing thisdescgbedaurinventian, miigtovaalam serpiend desire togequep bytLefteraBatensne
field of sajds@iidwsy E1 indicates that said processor unit has dispatched
said at | east one int erferl ng store instruction. 3. The net hod

of claiml1, said at | east, one fij sal d ent
i ndi cat es: R e &ﬂé’f‘?‘fa*fﬂ“% H s&fmp\ytg&eggsgg*enc@m)ﬁn%%og&gg Eﬁeéﬁe t | east
one out - of -Wrdifécebsopshid Whdrdinistliéadtione ofsm d mstrucﬁ'bﬂik&i a loaxbiistruckicinahat rsemsvad | ocati on
within said regrb % whet her ﬁal d praces unit has
execut ed atf9® ?n%q%epqSﬂplé!,nfsgﬁ F‘??Be"g?s(ff 18 AN egfp{er position in sai steﬁ‘éi’f‘c?t ores
data to a |gudichéionsVeddWierehifdald ot RSt 64k 16kd ifREction is moved over at least one store

instruction thereby becoming an out-of-order load instruction, wherein said out-of-order load

instruction identifies a location in a2 memory subsystem from which to read data and said at least

one store instruction identifies a location in the memory subsystem where to store data, a method

for detecting interference between said out-of-order load instruction and said at least one store

instruction, and for recovering from such interference, the method comprising the steps of:

storing in a table a plurality of entries, wherein each entry E corresponds to one region R
of a plurality of regions of said memory subsystem, wherein said entry E includes at least one
b field that indicates:

(i) whether said processor unit is processing at least one out-of-order load instruction

that loads data from a location within said region R, and

ii) whether said processor unit is processing at least one interfering store instruction
that stores data to a location within said region R, wherein said interfering store
instruction interferes with an out-of-order load instruction that loads data from a

-Jocation within said region R;

_ identifying an entry E1 corresponding to a first out-of-order load instruction being
processed by said processing unit, wherein said entry E1 corresponds to a region R1 of said
memory subsystem and said first out-of-order load instruction loads data from a location within

said region R1,
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- 28- wherein said controlling step controls said processor unit to
execute a recovery—seguence—if Said at | east one field of said entry E1
indi cates that said processor =~¢lé(9it has executed said at |east one

interfering stot¥ et a 4 . The method of claim1,
l Hf: selecting at |east one
| for execution by said processor unit,

further conprisi ngl
out - of -order | oag

wherein said out-of-order |load instructi-h identifies a location LL in said
menory subsystem fromwhich to read data, and wherein said location LL is
within a region LR of said nenory subsystem ' for each )

out - of - order | oabPonAesching sajdswigisal pégtieuepf said first out-of-order loadiastryction, septrailingnt r y
LE of said tafhfrobQid BRPRMIAR alr@ovdy ShahieaH iPidaRiead Bk field of giupdati ng
said at |east pﬁé fiéLd of 55?3 gﬁ??% EE to in jggte tﬁ%ﬁ)g?mﬁgést one

out - of - or der indisatgs thatssaig pracesser upit istprdcessisis atdegstpng interferng stEQINDIRtYN thiti n sai d
regi on LR i Sgorec data to a locan i WihiR S 1. by said processor unit. 5
The net hod oF Ogjfa? mola, (J?aurtﬁg?l conp ?rgflarig the steps of: sel ecting
at | east one store instruction for execution by said processor unit,
wherein said at Jeas .jmastruction identifies a location SL in

sai d nenory subs%stegh?ﬁ%%ﬁf%?’store data, wherein said |ocation SL is
within a region SR of said nmenory subsystenm and for each store

i nstruction sel eglods sid at least one field of said entry B indicates:

i) whether said processor unit has dispatched at least one out-of-order load instruction

that loads data from a location within said region R, and

ii) whether said processor unit has dispatched at least one interfering store instruction

that stores data to a location within said region R; and
wherein said controlling step controls said processor unit to execute a recovery sequence
if said at least one field of said entry El indicates that said processor unit has dispatched said at
least one interfering store instruction.
3. The method of claim 1,

wherein said at least one field of said entry E indicates:

i) whether said processor unit has executed at least one out-of-order load instruction

that loads data from a location within said region R, and

ii) whether said processor unit has executed at least one interfering store instruction

that stores data to a location within said region R; and

A
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i dentifying an ept+y-SE-ef——said-table correspondlng to said region SR

eval uating said ) ash one field of said entry SE, and | f

said at |east one hig : hepfaceht ry SE indicates that at |east one

out - of - or der . bl nstruction that | oads data froma | ocation

Wi thin said region processed by said processor

unit, updating said at |east one field of said entry SE to

indicate that at | east one interfering stg e instruction that stores data

to a | ocation within said r glon SR is being processed by
sai d processor unit. 6 . The nethod of claim1, further

conprising the st %&eﬂ said controllin, ﬂ%oﬁ&él&%@cegsm t@&%cu?é%re&gve gﬁz]'énéeoad

instruction for comm tnent I'n said at” [ east one out-of-order

i nstruction i désatdiafjeast oge fie&mftsm@mm& indicatesithat spid pIoOFSsSas ubis hastesputed said athi ch

data was read, | | tion CLL is within a region CLR of said

menory subsyst%%ﬁgﬂﬂe%&t&glngﬂﬁgﬁch out - of-order | oad instruction

sel ect ed, identifying an entry CLE-of said table

correspondlng to gaid . . . val uat.j ast

one field of sai dﬁent r{/h%%f%?d% m 1, wherein each regi on%ogg%ﬁ(?sﬁggggégﬂy (r%(g%tce)r\r}g

sequence if saoddtiass. | east one field of said entry CLE

indicates that at |east one interfering store instruction that stores data

to a location within said region CSR is being processed by

sai d processor unft. The method of claim T/ farthes cdugprising the btepsof:l, further conpri sing

the step of: - '

selecting at least one out-of-order load instruction for execution by said processor unit,
wherein said out-of-order load instruction identifies a location LL in said memory subsystem
from which to read data, and wherein said location LL is within a region LR of said meniory

subsystem;
for each out-of-order l;ad instruction selected,
identifying an entry LE of said table corresponding to said region LR, and

updating said at least one field of said entry LE to indicate that at least one
out-of-order load instruction that loads data from a location within said region LR is

being processed by said processor unit.

6. The method of claim 1, further comprising the steps of:

selecting at least one store instruction for execution by said processor unit, wherein said
at least one store instruction identifies a location SL in said memory subsystem in which to

store data, wherein said location SL is within a region SR of said memory subsystem; and

for each store instruction selected,

e S VR
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- 30- if said at |l east one field of an entry CLE indicates
that at | east one-interfering—-— store instruction that stores
data to a location within a: region CSR is not being

processed by sai ThijBhetESBed Hiflickd updating said entry CLE to indicate that

the . HENERIE 0 Uljof - order 1 oad instruction has conpl et ed.
8. The net hod ' ' wherein said at | east one out-of-order
| oad instruction ery sequencm-i s generated prior to the

execution of the program wherein said out-of-order |oad
instruction is identified by a predeterm ned code in said out-of-order |oad
i nstruction, wherein original position of said out-of-order |oad

instruction is identifigd. an DS 4Rt i IAShEdAeE  9fq AeRekRt ed prior to
execution of the pr ogrém t?i)ﬁg ‘ﬁ% \f\)ﬁgéa?get:&ﬁg?sdgg% odf}t?gE o?‘?%r g@r &oad
instruction is identified in response to decoding said predeterm ned code,
wherein said original §§¥' . | t ad instruction is
identified in responseg?o g%&%%g%gg%ﬁgrog%g%r g%’e 8i nstruction, and
wherein said control logic transfers execution control to said recovery
sequence t hrough one of r.anch i.nst tion rap.

9. The net hod of cl allfnsgi,gﬂ eorn&h%iﬁgé?(feg% ?%Qs one‘ggﬁ?{% n-e(S’rg‘)ltclct’affc’r Bad
instruction is gener at éud thethictigh thit¢oadxdata franmoalocdtiorswithin paidygianSRixbeing mar ked
by a predetermined field attached to said instructian, an rejn said
control ling step gener g{ogfgse&%w%@?rgfﬁswefgfpvé@ﬁp&% Pﬁm"""%“wﬂ"?wa ey SE
-31- to indicate that at least one interfering store instruction that stores data to a

location within said region SR is being processed by said processor unit.
7. The method of claim 1, further comprising the steps of:
selecting at least one out-of-order load instruction for commitment, wherein said at least
one out-of-order load instruction identifies a location CLL in said memory subsystem from
which data was read, and wherein said location CLL is within a region CLR of said memory
subsystem; and
for each out-of-order load instruction selected,
identifying an entry CLE of said table corresponding to said region CLR,
evaluating said at least one field of said entry CLE, and
executing said recovery sequence if said at least one field of said entry CLE
indicates that at least one interfering store instruction that stores data to a location

within said region CSR is being processed by said processor unit.

8. The method of claim 1, further comprising the step of:

THIS SHEET HAS BEEw |
REPLACED

B SN |




a) ;cancel s effects_of said out-of-order |oad instruction, bj
cancel s effects of other 1RSTFuUCtions executed out-of-order after said
out - of - or der Ioadn;ﬂg{.;gtﬁgsté and c) resunes execution fromsaid original

position of said o i nstruction. 10. The net hod
[l w tructl ons are reordered during program
f or der, wherei n conpl et ed

of claim9 -
execution and are

instructions are placed in a retirenment qu¥ue, renoved fromsaid retirenent
queue in programorder, and retired in program order, wherein
original position of out of - or der Ioad instruction is identified by

position of said out - ofitsgidgtleast engdield ok said patry W‘Pﬁ‘cﬁ%ﬁ‘@tﬁéﬁs‘r@ﬁﬁmﬁeﬁ%ue

and wher ei N saisheIhAAERMIRX 6108 dabito § lobitiBe FithiRkdld feBloh CERB ot BiRgIE tO
t hereby cancel all remaining unretired instructions and resunes execution

from sai d original posiPfaceseddty saidprpcessar ugit vrstetngrsaifl eutey Gliktorindiqateshnt the

11. In a conputer prgggﬁﬁkmgdq*§§ggawgﬁ{ IS BrRRGES of instructions are
executed by a processor unit, wherein at |east one of said instructjions is
a load instruction that is noved froman original position in said
sequences of instrdicti nlier position in said sequences of

i nstructions, and %Jmerg?% Iéﬂzg?ddgﬂﬂﬁ?east one load instruction is noved over
at | east one store instruction thereby becom ng an out-of- order |oad

ocation in 5 mendPCHagbe R ki RSP AP el B R

detecting int egénaatedpaortbﬁtmuucmafﬂmq)mgmmf order | oad instruction and said
at | east one store instruction and for recovering fromsuch interference,
t he apparatus conpri sing:

wherein said out-of-order load instruction is identified by a predetermined code in said

out-of-order load instruction, :

wherein original position of said out-of-order load instruction is identified by a

predetermined instruction generated prior to execution of the program,

wherein said out-of-order load instruction is identified in response to decoding said

predetermined code,

wherein said original position of said out-of-order load instruction is identified in

response to decoding said predetermined instruction, and

wherein said control logic transfers execution control to said recovery sequence through

one of a branch instruction and a program trap.

10.  The method of claim 1, wherein said at least one out-of-order load instruction is
generated during the execution of said program and is marked by a predetermined field attached

to said instruction, and wherein said controlling step generates a program exception that:

A
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a.table conprising a plurality of entries, wherein each entry E corresponds
to at least one region R of a plurality of regions of—sard-rmenory
sybsystem wherein each region of said nmenory subsystem enconpasses a
plurality of locations that may be accessed by out - oftisghss ﬁﬁwaawhwd

I nstructions and store instructions, wherein said entrH it I

| east one field that indicates: (1) whet her | |Ei§ unit
i's processing at |east one out-of-order Iagd instruction that Ioa S data
froma location within said region R and (i) whet her said
processor unit is processing at |least one interfering store instruction
that stores data to a &)aamelseffectd dfisdithoRaf-crdérdgid@ntriRtioher ei n sai d
interfering store ins ruct interferes with an out-of -or |, oad
instruction that | oads® fsf efts of Otherjasiiptns Getatad Putsalqyer faﬂd

det ecti on Iogi&mtp&ﬁ&damhmﬁﬁung,@m entry E1 correspondlng to a first
out-of-order |load instruction being processed h r ogessi unit,
wherein said gntry E1 O)IFHRELIEHT ‘H“%i’ldr%’@r‘ﬁlrW?-‘%%{. “dﬂ?saé%ﬁ? Off l9§stubsystem
and sai d firstjg@mbbdafl - or der | oad instruction | oads data froma
|l ocation within said region RL, and for detecting when said processor unit
reaches original position of said first out-of-order |oad instruction; and
control logic, coypl edriQneuiddrélgbe@tion logic, for controlling said
processor unit to execute a recovery sequence when said processor unit
reaches original position of said first out-of-order |oad instruction and
said at | east one.yhblotngdlodls £l1ebicled aligbfoBlitreddifi and Aledxdiideg essor Uit
IS processing at least one Interfering st nstruction that stores data
to a | ocation ami-ofdrdersai d regi on R1.

wherein completed instructions are placed in a retirement queue, removed from said

retirement queue in program order, and retired in program order,

wherein original position of out-of-order load instruction is identified by position of said

out-of-order load instruction in said retirement queue, and

wherein said program exception flushes said retirement queue to thereby cancel all
remaining unretired instructions and resumes execution from said original position of said

out-of-order load instruction.

12.  Ina computer processing system wherein sequences of instructions are executed
by a processor unit, wherein at least one of said instructions is a load instruction that is moved
from an original position in said sequences of instructions to an earlier position in said sequences
of instructions, and wherein said at least one load instruction is moved over at least one store
instruction thereby becoming an out~of-order load instruction, wherein said out-of-order load
instruction identifies a location in a memory subsystem from which to read data, an apparatus for
detecting interference between said out-of-order load instruction and said at least one store

instruction, and for recovering from such interference, the apparatus comprising:

R 0T
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12. The apparatus of claim1ll, wherein said at |east one field of sald

entry E indicates: +)—whet her sai d processor unit has dispatched
at | ead one ou of order | oad instruction that | oads data froma
| ocation Wit hi Liaspeey cedand ii) whether said processor
uni t has dlspatc i ne interfering store I nstruction

t hat stores dat aj within said region R, and

wherein said control |ogic control S sai d3gprocessor unit to execute a

recovery sequence when said processor unit reaches original position of
said first out-of-order |oad instruction and said at |east one field of
said entry E1 i ndtabktcemprisingta phwalidy ofientriess wharein each éntiy Iscodespprds thend reghord  at

least one igt@p Eﬁfa!h%f ! 051? ofJ shd ;nre}ﬁgxtyi sgbrl'ystem, wherein said entry E includes at least one

field that indicates:

(i) whether said processor unit is processing at least one out-of-order load instruction

that loads data from a location within said region R, and

ii) whether said processor unit is processing at least one interfering store instruction
that stores data to a location within said region R, wherein said interfering store
instruction interferes with an out-of-order load instruction that loads data from a

location within said region R;

detection logic for identifying an entry E! corresponding to a first out-of-order load
instruction being processed by said processing unit, wherei‘nlsaid entry El comresponds to a
region R1 of said memory subsystem and said first out-of-erder load instruction loads data from
a location within said region R1, and for detecting when said processor unit reaches original

position of said first out-of-order load instruction; and

control logic, coupled to said detection logic, for controlling said processor unit to
execute a recovery sequence when said processor unit reaches original position of said first
out-of-order load instruction and said at least one field of an entry E1 indicates that said
processor unit is processing at least one interfering store instruction that stores data to a location

within said region R1.
13.  The apparatus of claim 12,
wherein said at least one field of said entry E indicates:

i) whether said processor unit has dispatched at least one out-of-order load instruction

that loads data from a location within said region R, and

———— —
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33 13. The apparatus of claim1l, wherein said at |east one
field of said entry ETndicates: I ) whet her said processor unit

has executed at IgR%.. -of - order | oad instruction that |oads
| QNN ﬁf‘dr egion R and ii) whether said

1S BaY
data from a | ocat I QgNw 18
processor unit hazﬁ% E@ east one interfering store
i nstruction that st a locatigp within said region R, and

wherein said control logic controls said processor unit to execute a
recovery sequence when said processor unit reaches original position of
said first out-of-order |oad instruction and said at |east one field of
said entry E1 indicates that sai Loceﬁsor n has executed said_ at

( d unj t

| east one’ i nt erf er Phgpethepiad *Prﬁ"setg?otﬁg’ﬂ‘f R dispatched at Least one tgrienng SOreNRFA s of
claim 11, further @G@¥drbssdaB86 a location within said region R; and
- 34- di spatch logic for selecting at | east one out-of-order |oad
instruction for execution by said processor unit, wherein said out-of-order
l'oad i nstruct i oRyedeidald dofifol fogi O&RErbIO Baid-prodeRofiiit th SFRERE Yresdb5eqeRaf F om
which to read data, and wherein said location LL is within a'region LR of
sai d menory %hssgid peasessermiit reaches origip psition oksgiddirs ewtrafwrder logd instructen anslch
out - of - or der | ' i ' 5 ' .

saidcﬁ@ﬁﬁlt Bﬁ%ﬁ%?&éssg? 3?@% gffnﬂféaz&\ﬁm%k&}é%&{?ﬂin&*ﬁa! afched saidat

identifies an en e corresponding to sald-region
least one interfering store instruction.

14,  The apparatus of claim 12,
wherein said at least one field of said entry E indicates:

i) whether said processoi' unit has executed at least one out-of-order load instruction

that loads data from a location within said region R, and

ii) whether said processor unit has executed at least one interfering store instruction

that stores data to a location within said region R; and

wherein said control logic controls said processor unit to execute a recovery sequence
when said processor unit reaches original position of said first out-of-order load instruction and
said at least one field of said entry El indicates that said processor unit has executed said at

least one interfering store instruction.

15. The apparatus of claim 12, wherein each region cotresponds to a plurality of

memory locations.

16.  The apparatus of claim 12, further comprising:
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updat es said at least one field of said entry LE to indicate that at |east

one out-of -order | oad 1 nstruction that | oads data froma | ocation
within said regj i i ng processed by said processor unit.
15. The apparaj; Eal-T% further conpri sing: di spat ch

| ogic for select} tilbne store instruction for execution by said
processor unit, W t | east one store instruction identifies a

| ocation SL in said nenory subsystem i n34hich to store data, wherein said
| ocation SL is within a region SR of said nenory subsystem and
wherein-said control 1ogic, for each store instruction selected by said

di spat ch | ogi c, dispatch logicor selecting 4t lgash prerquisef-osder load instrugtiondpr exgquion byjaid

cor r espondi ?%c&é&oﬁﬁ\.!t,dwl{e?&.i 8 oabof-order load instruction identiffAIMBhRL ISR Ay at | east
one field of said entry SE, and if said at | east one field

of said ent MmO uhgyplemdiem whighto pad fais, and viwsinsaid losetion Ldids within a region LR

l'oad i nstruGkLM it} sdoQRflm; gata froma location within said region SRis
bei ng *C L M S 5

processed by said processor unit updates said at |east one field of said
entry SE to T RcTel Rafh i ferl: re
instruction t ha@g?xg%%mgg%lg&%%%%?g{?%%de} stidbifon Saw%b? ﬁ%ﬁ%‘%&% regi on
SR i s bei nglggicocessed by said processor unit. 16. The appar at us
of claim 11, further conprising: commt logic for selecting at

| east one out-of-order load instruction for conmtnent, wherein said at

| east one out - of - idenliftes hrantty LESF saitthbl©comespendinigitd @i ragibwkRitandn CLL i n sai d
menory subsystem from whi ch data was read, and wherein said |location CLL is
within a region CLR of said nenory subsystem and wherein said
control |ogic, fouapdatskiddtleagionofieldof shidetiry It indichiediut sddagohecutiofoslai d
comm t | ogic, load instruction that loads data from a location within said region LR is being ~

processed by said processor unit.

17. . The apparatus of claim 12, further comprising:

dispatch logic for selecting at least one store instruction for execution by said processor
unit, wherein said at least one store instruction identifies a Iocation SL in said memory
subsystem in which to store data, wherein said location SL is within a region SR of said
memory subsystem; and

wherein said control logic, for each store instruction selected by said dispatch logic,

identifies an entry SE of said table corresponding to said region SR,

evaluates said at least one field of said entry SE, and

if said at least one field of said entry SE indicates that at least one out-of-order

load instruction that loads data from a location within said region SR is being
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identifies an-entry—CLE of said_table corresponding to said region CLR
‘evaluates said at |least one field of said entry CLE, and

execut es sai dmeswﬁ{aygﬁqq@d@gde if said at |east one field of said entry
CLE i hat at |east one interfering store instruction
that stores datj EIBW Wi thin said region CSR is

bei ng processe ssor unit 17. The apparatus of claim
11, wherein if said at |least one field-3f an entry CLE indicates that at

| east one interfering store instruction that stores data to a location

within a region CSR s .not . e|n roces by said Cessor unlt sai d
control |ogic updat Br§°e§ gy sa ?’Pff’ E“TPBP ﬁﬂ?a@léf%aﬁtﬁ“a‘tpi{equgsg PR S

out - of - order | oad Iﬁﬁkﬁtﬂﬂfa‘dﬂ&ahaﬁelﬁﬁﬂ&h@s@ﬂ instruction that skétes dataib@]&@tﬁlﬁr atus of
claim11, rein_said at | easg}hone out - of - order | oad

i nstruction and sai H‘ﬂi"é 9“§%bfﬁ’é‘ﬁ€8r°F°§seﬁ BHRRAESSETY ST to the execution
of the program wherein said out-of-order load instruction is
identified by a predeterm ned code in said out-of-order |oad instruction,
wherei n origi ndP- poSteapeAPisiof %ﬁ“ﬂ”@ﬁ’dﬂ‘@'f""@i’fﬁ% load instruction is
identified by a predeterm ned instruction generated prior to execution of
sai d program wherein said detection logic identifies said
out - of - or der IWFWW@@P‘P@%PH%&@&@M‘Q@@WW@@@MM er m ned
code, wheremd%'tféasi@ﬂe%um ddi&mkﬂ%@n iG6Hlsla fléc@éonmqn%&% @1]&

ecoding said

position of said out-of-order nstruction 1 n response ta-

predet er mi rFakpysten fromvdwch date was fea¢ and wheteisy seid focation €LEGswithih a fegigh ELRofinsf er s
execution %BBM Dol shecovery sequence through one of a branch
instruction and a pr sgr arm trap. 19. The apparatus of claim 11,
wherein instructions are reordered during program execution and are
execut ed

wherein said control logic, for each out-of-order load instruction selected by said commit

logic,
identifies an entry CLE of said table corresponding to said region CLR,
evaluates said at least one field of said entry CLE, and
executes said recovery sequence if said at least one field of said entry CLE
indicates that at least one interfering store instruction that stores data to a location
within said region CSR is being processed by said processor unit.
19.  The apparatus of claim 12, wherein if said at least one field of said enﬁy CLE
indicates that at least one interfering store instruction that stores data to a location within said
region CSR is not being processed by said processor unit, said control logic updates said

entry CLE to indicate that the selected out-of-order load instruction has completed.

20.  The apparatus of claim 12,
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out -'of - order, wherein conpleted instructions are placed in a
‘retirement Qugld@neclieByalledlacdim sai d retirement queue in program order, and
retired in pro | wherein said at | east one out-of-order

| oad instructi BW‘EME@H!H“% during the execution of said program and
identified by ned field astached to said ihstruction,

*IC Ltt5'HJI 11 T -37-| A 52 wherein original position of
out-of-order Toad instruction is identified b sition aid
out - of - or der Io‘é’éf"‘i"}fé‘fiF‘E@f‘iwufﬂﬂgﬁﬁﬁdfnmﬂﬁéﬁ‘?f (e esequ(&tncali§ wher ei n
sai d cont r ol gehepatfid pridritcthsdantiaotberogEm, cont rol to said recovery sequence by
generating a program exception that flushes said retirenent queue to

t hereby cancel all remaini ng unretired instructions a[,‘f Lesunes execution
from sai d ori gi Veareinsad pytioferdes foadingipyctigr i idgitid byredptyiped s P B4 o

20. The apRasfardélosdfinstdeddn 11, wherein said processor concurrently
executes a plurality of instructions in a pipelined manner, wherein said
execution process consists of a plurality of stages, wherein one stage can
concurrent |y di wheesinriginal pasisiensaf seistft-efiopderddad igptpyetion is jdgnified B &t r ucti on OOL1 and
at | east oneysitiainthed ishiétidf feh@iRedplior toBeutdiRf 2id programt her st age can
concurrently retire at |east one out-of-order |oad instruction OOL2 and at
| east .one store instruction S2; wherein said table further

conpri ses: wherein said detection tpgig identifiey seid outoferdenioad|ingtryctienin ePeispl first and
second | ocat] QRg. Lfi pRBLdniRRey  Subsystem wherein said first location is
read by said at feast one load instruction OOL 1 and second | ocation is
stored to by said at | east one store instruction Si; nmeans
f or concurrent | ywherethesaitl dehegtion ipgtchrientifiessaid ofgialpbsitioh cfead subpferderioadai d nenory
subsystem wher ei I hi ;:§|54 Lol mihed ifsihn said at | east one |oad

i nstruction Tﬁ%o%ﬁ?f%ogsse%con %@gtl on i%‘storegx‘%o by said at |east one
store instruction. S2; means for. updating entries of .sdid
tabl e in respongRrednai sbad iofic eriisies Bxeaftiosmitth! t tadxécovery ssgremettiroughhi rd and

ng;;?i ngatgﬂgg&b;agchmgc&g&dadp«;%ag%p.pr esence of interfering store

21.  The apparatus of claim 12,

wherein instructions are reordered during program execution and are executed

out-of-order,

wherein completed instructions are placed in a retirement queue, removed from said

retirement queue in program order, and retired in program order,

wherein said at least one out-of-order load instruction is generated during the execution

of said program and identified by a predetermined field attached to said instruction,
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38% 21. _1n a conputer processing system wherein sequences of

I nstructions are executed by a processor unit, wherein at |east one of
sai d instructi onsThis$h: fQ86ky gl Uction that is noved from an original
position in said sHIEEINSEIPE gaSt ructions to an earlier position in said
sequences of i nst rm ' H'E/herei n said at |east one load instruction
is noved over at | & i nstruction t her eby becomi ng an out - of -
order load instruction, wherein said outxof order |oad instruction
identifies a location in a nmenory subsystem from which to read data and
said at | east one store instruction identifies a location in the nmenory

subsyst em wher e tfhefeinQriginalPodtiond BRLIRSHef 184d insBEtRE isl il &by pbaE ANE aidet ween
said out-of-order load Instruction and said at | east one store

i nstruction, SYfE-9reer lpad instreastipmip spid sehremeahauesss 81 er ence, the met hod
conprising the steps of: storing in a table a plurality of
entries, wherein each entry E corresponds to at |east one region R of a
plurality of regbersinstid sonfrel logismnglerexeansion easirolp saidsespvery sequenceBY on of sai d
MEMDry SubsySlefun FRARSAS: PhbtrRkel aidYbtirbMGRGdedER thdddy cilied € accessed
by out - of - or ger i .Oétggl struclf).la%ns angiest%re.r%nstﬁtfc??o_ns \?\Ajerei n said entry
E includes atmiiningunresingl ifistru¢tions dnd resimedi esesution: from said originglippsition ofiéséd her sai d
processor unij. | | t least one out-of-order |oad instruction
that |oads d&hgbfﬁrg%q%ﬁ?oca P%n within said region R and

22,  The apparatus of claim 12, wherein said processor concurrently executes a
plurality of instructions ina pipelined manner, wherein said execution process consists of a
plurality of stages, wherein one stage can concurrently dispatch at least one out-of-ordet: load
instruction OOL1 and at least one store instruction S1, and wherein another stage cén
concurrently retire at least one out-of-order load instruction OOL2 and at least one store
instruction S2;

i

wherein said table further comprises:

means for concurrently identifying first and second locations in said memory
subsystem, wherein said first ocation is read by said at least one load instruction OOL1 and

second location is stored to by said at least one store instruction SI;

means for concurrently identifying third and fourth locations in said memory
subsystem, wherein said third location is read by said at least one load instruction OOL2 and

second location is stored to by said at least one store instruction S2;

means for updating entries of said table in response to identification of said first,

second, third and fourth locations to thereby identify presence of interfering store operations.

23.  In a computer processing system wherein sequences of instructions are

executed by a processor unit, wherein at least one of said instructions is a load instruction

———
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(id) whet her said processor unit is processing at |east one store
I nstruction that stores data to a location within said region R

i dentifying an entry E1 corresponding to a first out-gf. ged_ | oad

i nstruction being processed by said processing unit, i Beplagadr y E1

corresponds to a region Rl of said nenory subsystem a n_ 5

out-of-order load instruction | oads data froma | ocati !

regi on R1; upon reachi ng said o#s8gi nal position of said first

out-of-order load instruction, controlling said processor unit to execute

a recovery sequence if said at |east one field of an entry ‘El indicates

t hat sai d prothessmovedfram inpriginglesiténig sad sehusases ofinwrustions o anjearlienpagitioon t hat

stores data t &s@idls&fﬁ@ﬁéeg&' imgﬂoﬁ's, aiH Vﬂxe&ﬁ@aﬁ@tl t one l(iad insffruc%gn istmozF\:?oJé?t hod
at leld o

of claim 21, ereln sal east one sai d
entry E indi cattlesst one store instruction thejepy htveming pn garofforderdoaddusometion, whefedrssaid

di spat ched at out - of ~or der %‘E kNS cti .. that | oads
data froma IS%%??@HH\E}\%'%C@O&I& Ilr"eeﬁla'il)n ,m aanrégﬂ'ijory éuggmem from ‘l”klnj;h tovvﬁgel.'t(’aher '
sai d pr ocessodanarid shid at ldissetsmhedoktmttion ddestifieo a bcaibninghd metaryabeyetemt hat

stores data,to a l.ocation wthin said reqi o and

wherein sai d ¥B¥E Focf%rF H?ja’éf%eﬂ’@g%d%‘f“é‘g g'xéqrfgremp&gtgg F%Hﬁ?f'?rgeré%gc ute a
recovery sequisrtibd andaiid arléasi caa Store@m@udtios)lafld fof resovefihgaffint suciihterfothaeat es
that said pro&ess&gdunit,,ha di spatched said at |east one store

i nstruction. themethodcompsising MpSEPSHL: hod of ¢l ai m 21,

storing in a table a plurality of entries, wherein each entry E corresponds to one region R
of a plurality of regions of said memory subsystem, wherein said entry E includes at least one
field that indicates:

(i) whether said processor unit is processing at least one out-of-order load instruction

that Joads data from a location within said region R, and

ii) whether said processor unit is processing at least one store instruction that stores

data to a location within said region R;

identifying an entry El corresponding to a first out-of-order load instruction being
processed by said processing unit, wherein said entry E1 corresponds to a region R1 of said
memory subsystem and said first out-of-order load instruction loads data from a location within

said region R1;

upon reaching said original position of said first out-of-order load instruction, controlling
said processor unit to execute a recovery sequence if said at least one field of an entry E1
indicates that said processor unit is processing at least one store instruction that stores data to a

location within said region R1.

24, The method of claim 23,
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wherein said at |least one field of said entry E indicates: i)
whet her said processor unit has executed at | east one out-of-order |oad

i nstruction that | oads data froma location within said region R,
and i1) whether said processor unit has exectutedat—teast—one
store instruction that stores data to a | oca iiso§‘ vvht in said
region R and wherein said controlling step conffy A ©ssor
unit to execute a recovery sequence if said at |east on [m J d
entry E1 indicates that said processor-ifnit has execute t one
store instruction. _ 24. The net hod of claim 21,
further conprising the steps of: ’ sel ecting at | east one

out-of -order load instruction for execution by said processor unit, wherein
sai d out - of - or delierelnaid at 188t dri¢deld@f sdidlenty Efiidigtess | ocation LL in said nmenory
subsystem fromwhich to read data, and wherein said location LL is within a
region LR of said nenory subsystem for each out-of-order |oad

instruction sel eq)®Whther said processor unit ¥48 Gispatchibd ¥l leadt o Guk-Wf-drlier0dad Sdirtktioa bl e
corresponding to said region LR and, . . . updating said at |east one
field of said ent 3§M§@@%‘ﬁ%ﬂ?&%“@"f‘ﬁ§‘9%@“ﬂ‘%§i“éne out - of - or der
| oad instruction that |oads data froma location within said region LR is
bei ng processed hy said processor unit, 25. The met hod of claim 21,
further conpri si ﬂé wihptherspid pepcessor unit has dispatchedat deastiopgstere instsuction Hatstasesor e
instruction for exRGH] iceRiocR%WitiRistdd RERARSARr unit, wherein said

wherein said controlling step controls said processor unit to execute a recovery sequence
if said at least one field of said entry E1 indicates that said processor unit has dispatched-said at

least one store instruction.
25.  The method of claim 23,
wherein said at least one field of said entry E indicates:

i) whether said processor unit has executed at least one out-of-order load instruction

that loads data from a location within said region R, and

i1) whether said processor unit has executed at least one store instruction that stores

data to a location within said region R; and

wherein said controlling step controls said processor unit to execute a recovery sequence
if said at least one field of said entry E1 indicates that said processor unit has executed said at

least one store instruction.

26.  The method of claim 23, wherein each region corresponds to a plurality of

memory locations.
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Ieast one store instruction identifies a |location SL I n sald nenDry
subsystenlln which to store data, wherein said |location_SLis wthipn-a ——

region SR of said nenory subsysten and for each store instruction
sel ect ed, identifying an entry SE of sai dhlsﬂbétﬁasseenkeplaced
corresponding to said region SR updat e ne
field of said entry SE to indicate that at | east one stor |
instruction that stores data to a |locatior40ai thin said re i g
processed ' . by said processor unit. 26.
The met hod of claim wherein said at | east one out-of-order |oad
i nstuction and sal%y reé‘@ﬁé\e‘}m%@fcﬁ?éﬁé% fyrthepromerdngdhe SHOP6F to t he execution
of the program wherein said out-of-orderload instruction is

identified by apredeterm ned code in said out-of-order |oad instruction,
wher ei n origi nal piectingssleast onegugtolorrder dgad insenstion fgerrequiian by wid rspeessar unit,

identified by @ah&@ﬁ@ﬁh%ﬁtmf-%?d@r g&h?%dﬁ%ﬁdn dEn e?[o@&u%ﬂLEid Qld R X@baykbqn Of

the program. wherein s out - of - or ' oad instruction 1S
identified in fremm@éomdmmmmadlw@né{lmmﬂn@drewaél{ofsmdmemomher ein
sai d ori ginal 9@5; on of said out-of-order load instruction is identified
I n response to codrng said predeterm ned instruction, and wher ei n
said control logic transfers execution control to said recovery seguence

through for each cut-of-order load instruction selected,
identifying an entry LE of said table corresponding to said region LR, and

updating said at least one field of said entry LE to indicate that at least one
out-of-order load instruction that loads data from a location within said region LR is

being processed by said processor unit.

28.  The method of claim 23, further comprising the steps of:

selecting at Ieast one store instruction for execution by said processor unit, wherein said
at least one store instruction identifies a location SL in said memory subsystem in which to

store data, wherein said location SL is within a region SR of said memory subsystem; and
for each store instruction selected,
identifying an entry SE of said table corresponding to said region SR,
update said at least one field of said entry SE to indicate that at least one store

instruction that stores data to a location within said region SR is being processed

by said processor unit.
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ong¢ of a branch instruction and a programtrap. 27. The nethod of
claim 21, wherein said at |east one out-of-order load instruction is
generated during the execution of said programand is marked by a
predetermined field attached to said instruction, and wherein said
controlling step generates a program exception that: “**?&—~‘
cancel s effects of said out-of-order |oad instruction, Imsmmﬂ Has

cancels effects of other instructions exscuted out-of - or ee Ced
out- of -order |oad instruction, and C) resu rom
said original position of sai d out-of -order | oad instruc

29.  Themethod of claim 23,

wherein said at least one out-of-order load instruction and said recovery sequence is

generated prior to the execution of the program,

wherein said out-of-order load instruction is identified by a predetermined code in said
out-of-order load instruction,

wherein original position of said out-of-order load instruction is identified by a
predetermined instruction generated prior to execution of the program,

+

wherein said out-of-order load instruction is identified in response to decoding said
predetermined code, ' ‘
wherein said original position of said out-of-order foad instruction is identified in

response to decoding said predetermined instruction, and

wherein said control logic transfers execution control to said recovery sequence through

one of a branch instruction and a program trap.

30. Themethod of claim 23, wherein said at least one out-of-order load instruction is
generated during the execution of said program and is marked by a predetermined field attached

to said instruction, and wherein said controlling step generates a program exception that:

a) cancels effects of said out-of-order load instructicn,
b) cancels effects of other instructions executed out-of-order after said

out-of-order load instruction, and
c) resumes execution from said original position of said out-of-order load

instruction.
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