2 7 DEC 2004 WO 02/ 03200 REPLAY | NSTRUCTI ON MORPHI NG BACKGR?JND
PCT/ USOI / 19914 s The present disclosure pertains to the field &EC 2004
processors. More particularly, the present disclosure pertains to a

processa@oddBady may alter, transform nutate, or other WgggusoiRédh"
instructions when difficulties are encountered during one or nore initial
attenpts to execute such instructions. 1o 2. Description of Related Art.

| mprovi ng the performanﬁgﬁ) % gﬁﬁﬁl rocessi ng systens
generally inproves overaj$&¥§$oug gﬁﬁmﬁﬁi or p#gvides a better user
experience. Such inproved sys rmance may be achi eved by increasing
the rate at which instructionsbﬁgﬁﬁﬁﬁigNggstenlare processed by a '

processor. - Accordingly, it is desirable to produce advanced 15
processors with inproved instruction throughput. Continuing to increase the
performance of a processor, however, is a difficult task. Prior art
processors already enploy techni ques of branch prediction, specul ative
execution, and out-of-order (000) execution. Additionally, such processors
typi eal | y i rMifeustesennditalgsine pepamald te fekbofliproensatni Moré paritlards shenuner ous
instructions in parallel. As increasing anounts 20 of parallel hardware are

enpl oy epresepf BN¢IHuRIpdHdink it6 b PRdcedsof thallfmhy BN, frhskP@PmubiteS oPBfheM@see busy
beconmes increasingly difficult due to limted instruction |evel parallelism

whi ch &yormbein@ilchiaiiitn ArmtHBes fe LtShditted bdthedRR SR HORCh AR Q{cﬁﬁ%”t in many
exi sting software prograns. Milti-threading is one technique that may be

used t%o%ﬁ&%&%ub@&ﬁnkh&%.for parallel -1 27 DEC 2004

10 2. Description of Related Art
Improving the performance of -computers or other pfocassing systems generally
improves overall throughput and/or provides a better user experience. Such improved
system performance may be achieved by inéreasing the rate at which instructions for the
system are processed by a processor. - Accordingly, it is desirable to produce advanced |
15 processors with improved instruction throughput.
Continuing to increase the performance of a processor, however, is a difficult task.
Prior art processars already employ techniques of branch prediction, speculative execution,
\
and out-of-order (Q0O) execution. Additionally, such processors typically include mukltiple
parallel exe“:ution--u.ni.ts té) p.roc.e:-v.s numerous fns&uctibns m parél]el. As increésing amounts
20 of parallel hardware are employed, providing sufficient instructions to keep this hardware
busy becomes increasingly difficult due to limited instruction level parallelism which may
be extracted or due to instruction dependencies present in many existing software programs,

Muiti-threading is one technique that may be used to reduce idle time for parallel

-1-



~

)

WO 02/ 03200 PCT/ US41/ 19914 execution units. Miulti-threading allows nultiple
prograns or threads to share hardware resources. Due to the gephfaRifi
program sequences bei ng executed, there is less likelihood of instruction

dependepaiz@sseri ously reduci ng execution unit utilizaﬁ' .
multi-threaded machines inherently benefit fromthe adg?@§%§§?ﬂparallelism

resulting fromexecuting 5 nultiple threads as long as nmultiple threads can
be extr -ar J.Ci:1 | rovi.ded b t he sof re bej ng execut ed.
Thus, 1 SPb Rl aiRbierls MR THURER sRE S, s B Butr e “Doen
applied to sugch jnstructjon-di spatch focused techni ques. These techni ques
at | eastYH%a Peg’ttﬁ? YFRATALS Progrup srqueces Remg sxerutedohere psless ikelined ofii spat ched
to the intended execution units. At tinmes, to however, significant

| at encyDEBGHIMEEPEPdSHEiEhisriansdy wavdngRxesubign puit utikifatiom t Sieh meultithreddeadi| t s,
nuneric conputation problens, cache m sses, etc.). An execution unit in a
prior anachings dukesently benefie fromakieyadditionalk parelidliamt tesultims tfrouc teikemting got once
the instruction has been dispatched to the execution unit. . Instruction

decadi myshiile shreydsers ddnpoas rakitigle aireads cof batktatied brigleie@plidiaprotidedlpp after an
15 instruction is received by a processor. Instruction decodi ng, however,

gener althe/sofivdf begm exeosp@ndi ng an instruction into mcroinstructions, or
changi ng the encoding of an instruction into a nore convenient form or

ther . - ! . I hst i
anot ner 1 nsﬁé’s?tldr_émarﬁﬁht{ (lﬁ'rcﬁ%f‘ﬁﬁ%s'x E]':ggr){o Ir-}[ F?ég%g{'%ﬁ %}6;{%@%% a%)fhcg'?o ruction

decodi ng does not generally go beyo pa an i nput

et . i i adi Vi | si i vi "hi or oi.nst ti .

\or eov ey BBl bt RleudiReigttd " Thee Kool 9 TPL I bEh 858 at i on ' n
i t . | t bjlity.to i te informti

o1 canci e HaTee AR Bt iclPaltr i o P REHE™ B or dPpr ocessor s

gener a h original instructions into altered instructions

t hat eh‘lé%"(fgg S%’Iti@ang{ E’f‘%‘f’@‘ﬁ“wg Frovlmer aERceuterer drogndisnptch {a:g8- tfitsor i gi nal
numeric ‘computation problems, cache misses, etc.). An execution unit in a prior art
processor is generally “stuck” with the instruction it got once the instruction has been
dispatched to the execution unit.

- Instruction decoding is a type of an alteration of an instruction that occurs after an

15 instruction is received by a processor. Instruction decoding, however, generally involves

exp;nding an instruction into microinstructions, or changing the encoding of an instruction

into a more convenient form or another instruction set for execution by an execution unit.

Instruction decoding does not generally go beyond a particular mapping of an input

inﬁﬁction to either indiﬁduél sigﬁalé or individua} microinstructions, Moreover;

20  instruction decoding is an inherently front-end operation in processing systems and lacks the
ability to incorporate information gleaned throughout execution of an instruction.

Thus, prior art processors generally do not morph original instructions into altered

instructions that execute more efficiently or otherwise differently than the original
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-2 2 7 DEC 2004 WD 02/ 03200 PCT/US01/19914 instructions once_attenpted
execution has occurred. 2 7 DEC 2004 WO 02/ 03200 PCT/ usou@ﬂﬂﬁ?aﬁ!]#
Description of the Figures The present invention is illustrated by way of
exanpl evengeires |imtation in the 5 figures of the accg?gﬁthgg“dramjngs.
Figure | a illustrates one enbodi nent of a processor enploying an
instruction norphing circuit. Figure | b illustrates techniques for

nmor phi ng_ | i i yed by the systemof Figure | a.
10 Figugg&gayﬁggg%gﬁﬁgggg%gxe 3%?%%%?&gf a .techni que for norphing | oad
instructions when a cache mss occurs in a cache. nenory. Figures 3a-3d
illustrate various enbodi nents of techniques for dealing with 1instruction

dependenci es using instruction norphing. Figure 4 illustrates another

enbodi nent of a systemthat utilizes disclosed t5 instruction norphing
techni ques. Figure 5 illustrates one enbodi nent of a technique for handling
page faults using instruction norphing. Figure 6 illustrates one

enbodi ment of a technique for handling indirect instructions such as
indirect load instructions using instruction norphing. 20 Figure 7
illustrates one enbodi ment of a systemthat uses instruction norphing in



conjunction with nunerical processing. Figure 8 illustrates ??rg Egbgﬁﬂérrent
*of techniques for handling certain rare data dependent mathe P a
operations. 27 DEC 2094 WD 02/ 03200 PCT/US01/19914 Figure 9 illustrates

vari ows ¢dgsh@n representations or formats for sinulatj tion, and
fabrication of a design using the disclosed techni queg&&@gﬁ%%d

Description 5 The foll ow ng description provides replay instruction
morphing. In the followi ng description, nunerous specific details such as
types of original and norphed instructions, circunstances under which

nmor phi ng may be. approprjat system environments in which norphing may be
enbgdieg, eiecution unitbﬁﬂﬁkﬂﬁ%ﬂﬂ? ¢FigesFtry i nteractions, and | ogic
partitioning/integration choices are set forth in order to provide a nore

t horough 10 understanding of the present invention. It will be appreciated,
however, by one skilled in the art that the invention may be practiced

wi t hout suClHs PEgseRtipVegtionais dluskated by veeyhidexdnnsit anbes limi@asH k@he St ructures and
gate level circuits have not been shown in detail in order not to obscure
t he | Agwestdf gre-acqingmeyiof damitigary skill in the art, wth the included
descriptions, wll be able to inplenent appropriate logic circuits w thout

undue expdiguend dlisitates oddentBIRR SR Yrbdesslir SRS AE ain'i"l?sInruHFoH on nor phi ng
t echni ques may advant ageously allow nore efficiént execution of

i nst rigerphiRPSirduit. @ pProcessi ng system By norphing certain instructions when
particul ar hardware is unavail abl e or when proper conpletion is otherw se

Fasour cos Far MHuHBICR R BHERE R, morBRRF ot ions niBh B3 B mpicyes ' °°
) by the system of Figure la. | :
10 Figure 2 illustrates one embodiment of a technique for morphing load instructions
when a cache miss occurs in a cache memaory.
Figures 3a-3d illustrate Various embodiments of techniques for dealing with
 instruction dependencies using imstruction morphing.
Figure 4 illustrates another embodiment of a system that utilizes disclosed
15 instruction morphing techniques.
Figure 5 illustrates one embodiment of a technique for handling page faults using
instruction morphing.
Figure 6 illustrates one embodiment of a technique for handling indirect
| inﬁtfﬁétidns such érsﬂindirrcc.t loadmstrucnons ﬁsing inrstrruction rmorph.in.g.
20 Figure 7 illustrates one embodiment of a system that uses instruction morphing in
conjunction with numerical processing.
Figure 8 illustrates one embodiment oftcchniques for handiing certain rare data

dependent mathematical operations.
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20 One enbodi ment of a processor that perforns instruction norphing is
"shown in Figure la. The processor of Figure Ia includes an Exeggti ofpiunit
125 which receives instructions froma nultiplexer 115. A checker 150 is
coupl et msobive execution unit 125 and determ nes whet pefraisogigouet i ons have
executed properly. Additional checkers and/or -5 27 DEC 2004 WO 02103200
PCT/ USOL/ 19914 execution units may be added in sone enbodi nents-

Fur t her nor e, g;8,;8 b 3ish e AHEHE deBigh repé@&%ibnm%ofn%ﬁd%uﬁh%i%ﬁ,uCt ions fromthe
mul tipl exer 115 and pass the inStructions to the checker 150 for checking

in due . Broper |. ed.| ; [ forwarded on to

reti ren%rﬁ@?t%o\?lm%"rdeasr 'Cﬁtﬁ%rog)ég%#%] %&dggﬁ% (Eelgpq%sﬁ@{%r%lﬁr@é&%ns are fed back to the
mul tiplexer 115 5 for re-execution. There are two ways an instruction can
be fed back to the execution unit 125 from the checker 150. Morphing | ogic
120 is coupled to receive original instructions fromthe checker 150, and
may detect a condition that vﬁ?@‘lfﬁt@s‘iﬁﬁl%i ng of the instruction. In sone
cases, however, norphing is inappropriate. Therefore, the norphing |ogic
120 fay lo ridedeliovang Heseription noovidss meplay mstryction imonghing: Indhepfodewingst ruct i ons
to the nmultiplexer 115. In sonme enbodi nents, certain types of instructions
or specdekdription umaeins epesifitalgtalle suchut oypat baidine! and plogdeth ynstriaionyr phi ng

|l ogic 120. In other enbodi nents, certain conditions nay cause norphing

| 0gi ¢ 12RuihStaiRes hikleFWRIh RNrPIn®@RRY B¢ biSIGprialéd ysRs esllonbhents iMwhied i ntroduced
or conditions tested prior to instructions being returned to the execution

15 uni ty,d2Bne Efa?‘li%%mb&cﬁ%d,"eiéé%cfrﬁﬁn@%ng \Mbré]lﬁ&@amus&n{ep‘fcﬁmt mml lﬁgic

i nstructions which may be enpl oye y the system of Figure . At bl ock

) 160, t 'b%nﬁfaﬂﬁ;&ﬁ;ﬁ@émt?oﬂxt SReS. 4r& %Q{th&xﬂﬂ iRforder to provide a more thorough
10 understanding of the present invention. It will be appreciated, however, by one skilled in
the art that the invention-may be practiced without such specific details. In other instances,
control structures and gate level circuits have not been shown in detail in order not to
obscure the invention. Those of ordinary skill in the art, with the included descriptions,
will be able to impiement appropriate logic circuits without undue expcrimcntatio_n.

15 The presently disclosed instruction morphing techniques may advaﬁtageous]y allow
more efficient execution of instructions in a processing system. By morphing certain
instructions when particular hardware is unavdilable or when proper completion is
otherwise recognized as not being presently possible, the processor may free resources for
use fn peffomﬁng othcr=ta$kns; |

20 One embodiment of a processor that performs instruction morphing is shown in
Figure 1a. The processor of Figure la includes an execution unit 125 which receives
instructions from a multiplexer 115. A checker 150 is coupled to the execution unit 125

and determines whether instructions have executed properly. Additional checkers and/or
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the original instruction. The original instruction is received fromthe
 RECEI VED | NSTRUCTI ONS i nput of the nultipl exer 115, and thdn7pBEEelto the
"execution unit to 20 acconplish the execution indicated in block: 160. The
recei vwe g2nsdpucti ons may be received fromvarious degpgiRgy1068Chi Ng; or
other front-end processing logic. As indicated in block 165, a problem
preventing successful present execution of . the original instruction is
det ect eghecuildd Jnfte n2YRRAARN, Bhe RhiBUliRch®, FilemRl £6hki P qiche -gﬁnZ ? DEC
2004 WO 02/ 03200 PCT/ US01/ 19914 acconplished by the chec gr 150. If the

I nstrucy] . i ki i Nk h hg .instruction shoul d be
r epl ayegc]{o\g\'ﬁgl % ﬁgﬂf&gﬁv% g’?‘éﬁ?q@gé h%”ﬁgﬁ en%plgﬁg%ﬁlléaﬁip%fig’er{%@m%t&ngﬁonﬁte he

i nstruct,ian he, mul tiplexer 115 wi.thout change. If the instruction

and) or KRS GIMACE FISHEE FEFE Sowse R Bpety getiet PR o S5 BOHon 8. nor phed,
t he nor phi ng I?‘%i c 120, as indicated in block 170, alters the instruction
so t hatrefigemeql phergsseimprepery execated ilestrusiiony aws fedy bagkela she mplfiplexeddfy. Vari ous

“enbodi nents of specific norphing operations will be discussed bel ow.
As. i ndifobxeesgfeduion] ock 175, the norphed instruction is then executed. In
sonme cases, the norphed instruction is intended to replace the original 1io0

i nstruct i on.Thém ardhive wasen iasructivh @ate ded back kottl ex&tion aiil T2nfesdh of the
nor phed i nstruction conpletes the execution which was .expected fromthe

or i gi nahe tHesler USH. M&pﬂi%fo@icsl 2038 Eoupleti R rodBiv © BASINAINSdHLbEdnk GOmi the &
substitute instruction ich produces the same results as the original

oL Uit MIPSRY S 08 LIRS bl St 0ok i, ooV
ycases, sBfle LARL HUREYR nBRYingSs FREAGSG el Crrdftideethe AoRHEEABME 12PMa} 0 the
10 return either the original instructions or morphed inﬁructions to the multiplexer 115. In
some embodiments, certain types of instructions or specific instructions may be
automatically morphed by the morphing logic 120. In other embodiments, ce:rtain
conditions may cause morphing logic 120 to perform morphing operations. Various delays
may be introduced or conditions tested prior to instructions being returned to the execution
15 unit 125,
Figure Ib iilustrates two techniques for morphing instructions which may be
employed by the system of Figure 1a. At block 160, the processor attempts execution of
the original instruction. The original instruction is-received from the RECEIVED
INSTRUCTIONS input of the multiplexer 115, and then passed to the execution unit to
20 accomplish the execution indicated in block 160. The received instructions may be
received from various decoding, caching, or other front-end processing logic.

As indicated in block 165, a problem preventing successful present execution of -

the original instruction is detected. .In the embodiment of Figure la, this detection is
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original instruction's successful execution. For exanple, a nmenory access

*may cause a page fault to occur. A precondition to proper eXec@fifon(®f the

)

menory access is that the page fault be resolved. A particul ar
precon@iotoz@szonay require numerous nor phing operations pEr/a8E1I9HM-

Therefore, as indicated in block 185, the processor checks to 20 determ ne
whet her the precondition is satisfied by the execution of a norphed

St ruckf gloidhls APt cfdA30. FRONLARIIRIRE WREHBIR AL il 4Bl €0 by the

return the precondition Is satis , the original

or 1 g1 nat RSP TeLTbe T o it P B P iooite 13p sl MBS L or” 7 -

7 DEC 2004 WO 0%0320_0 PCT/ gs /19914 cases, a replacenent instruction may
be exechifiBtiPhEithepubiplered IaMIGPHAM M Rst ructi on once the precondition has

been satisfied. Figure 2 illustrates one enbodi nent of a technique for

‘nor phi ng | odH theninsiructien and/or e ponditions fndicgiesthaloiie uipgruchor skasdh &€ nenory.  As

i ndicated in block 200, the processor 5 determines that a | oad instruction
m ssed morpheds theomutphieg bigicai2 0 sds ondicatea dih blockBl/7 0s eltromidie Instradtion ¢ thekit neant t he
second | owest hierarchical cache, regardless of its particular |abel. In

t he enbeilli artdte alorEiefficiantly @r at hastichiffalkaty. 198ride cmbodBnatsnofsspesifignal from
the | owest | evel cache and therefore determ nes that the | oad instruction
execut Qﬂorbﬁﬁ%@?&ﬁiéhs Willtbe dIRuBRE BBloWOGALinkiRatdd HEBRLN 335, 3h@Mdkghed not ' shown)
i ndicating that a higher |evel cache has to also experienced a cache m ss.

Under tigﬁﬁﬁti&ﬂgﬂlchieﬂ%ﬁteg” may be wasteful to continuously test the higher
| evel ‘cache as the load instruction circulates through the replay |oop

because t hellng\e/sgggdcag%é%v\%%&%ﬂé%re i"}g}%‘t"g s t ﬂtenc%dh tot h&)]weg{ﬂgrortﬁa‘i’l cache and

the | owest cac

10 instruction. In this case, as indicated in block 180, retirement of the morphed instruction
complétes the execution which was expected from the original instruction. In this case,
the morphed instruction is a substitute instruction which produces the same resulis as the
original instruction; however, the morphed iﬁstruction was at the time perceived to be a
better or more efficient way of achieving those results.

.15 .In other cases, an instruction may be morphed to satisfy a precondition to the .
original instruction’s successful execution. For example, a memory access may cause a
page fault to occur. A precondition to proper execution of the memory access is that the
page fault be resolved. A particular precondition may require numerous morphing
o.pe;rétic.)-n"s- tosansfy "Iheréfdrer, Vas r-indirclate-d. in.:Sldck ].«‘-35, thc .p.rocésso.r checks to

20 determine whether the precondition is satisfied by the execution of a morphed instruction.
If not, further morphing may- be performed as indicated by the return to block 170. 1f the
precondition-is satisfied, the original instfuction may be restored as indicated in block 190.

Thereafter, the original instruction may be retired as indicated in block 195. In some

-



Therefore, bandwi dth of the higher |evel cache nmay be saved Wy] Bhbsiifgent
*to the higher 15 |l evel cache miss, only attenpting to retrieve the data
fromthe | ower-|evel cache. Accordingly, as indicated in bIock 210, t he

| oad ' npy obgs200r phed to perform | ookups only in the | questisdif¥sk cache in
subsequent iterations. if valid data is found in the | owest Ievel cache, as
tested in block 215, then the load wll execute properly. The original

| oad’ rmc)ésets hf%laP&ﬁ%‘nﬁﬂsﬁ&%omg tbg %@f(ﬁ:&gﬁgﬁ%tﬂ Q)gtt}?ecér%mag%sg'g%{oﬁ (btnc@ xecution

of the as I ndic val i ata 1s not found

in the I west ve ache e norphed load instruction is replayed as
i ndi cat & rﬁcoﬂfig@kl’“g’fﬁj a()\?f pe the | oad may continue to unsuccessfully-

execute a nunber of tinmes, | east oes pot ma tefully consune

bandwi dt h of FisHE 41,11%@;35'0@@,@,1 eAPER qfﬁt% @%@&é@& mgload yisEtodH 4 WO

02/ 03200 PCT/ USQ1/ 19914 Figure 3a illustrates one enbodi nent of a technique
f or deal'hep awirelie hiss eecurstin ereachtepemenin disdadieptedny tlopkt200cthieprocassPphi ng.  As

i ndicated in block 300, a dependent instruction and the previous

i nst suc tdetermioss ﬁmtia:lrmadiéxpseruﬂhan aniesei de atse€and devel nr Bhaye lca@k0, Byt fmeond nabil ity
to presently execute the previous instruction is detected. In the

enbodi mgvel, Gifis mednt gHersecohd Joviaktadéradidalmashepegadlesngilits pheidulbylatdle ichecker 150
detecting the erroneous execution of the previous instruction. Since the

| nst r uckieQihbadinehi SFisE 14 aRaME@RE 13018tdws bl SBRPHGS teBnek 1&g properly
executed, it follows that the dependent instruction cannot presently be

Proper | Ya. h?&%&%&@fmJH&EﬁTz@é lihatcﬁﬁt loQJ#’qu?Ju}{n&t %ﬁ&r}]‘&{j p"r@: ﬁ%ecwme the

dependent 1 nstruction nma 0 wast Acco di cated in.

R S T
10 also experienced a cache miss.

Under these conditions, it may be wasteful to continuously test the higher level
cache as the load instruction circulates thrpugh the replay loop because the needed data
will be written to both the higher level cache and the lowest level cache when retrieved.
Therefore, bandwidth of the higher level cache may be saved by, subsequent to the higher

i5 level cache miss, only attempting to retrieve the data from the lower-level cache.
Accordingly, as indicated in block 210, the load may be morphed to perform lookups only
in the lowest level cache in subsequent iterations.

if valid d'ata is found in the lowest level cache, as tested in block 215, then the load-
will eﬁecu{e proﬁéﬁy. ”The oriéinai. loéci" fna-y- then b.e-tretirec:i”whéﬁ thé .c};ec-:ke-r dctects .

20  correct execution of the morphed load, as indicated in block 225. 1f valid data is not found
in the lowest level cache, the morphed load instruction is replayed as indicated in block

220. While the load may continue to unsuccessfully execute a number of times, at least it

_ does not wastefully consume bandwidth of the higher level cache in the process.
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instruction marked as "poi soned" is sinply marked in a manner such that the
‘replay system and/or the execution units recogni ze that exgthutDiEt{n “afis t he
instruction should not be attenpted. For exanple, a valid Bit 'may be

suppr essedzsxnet hat the instruction appears to be 15 i nv@ddgkoRéhh herefore
wi || not be executed. This technique may advantageously reduce the nunber
of unsuccessful attenpts at executing a dependent instruction. As indicated

in block 330FigaredDi RRErsCte Abo8MRA ofl SteblffiRet B deafin® NidORst@b®R | NG event
either specifically indicates that the dependency has been resolved or is

an eventgthat, QL d SRy ; sql sonme
enbodi mer?%és}l, I'Ecr agi%ﬁgﬂ#ﬁg&%gs@%ghﬁgcoﬁgﬁ}?o@ y ;Blgﬁﬁvaroﬁ %cgﬁg%deg{;ch

i ndi vi dual,_ dependency to be resolved.may be' prohibjt.ivyel ensi ve.

Ther of o roE it BB G s ey St be s preGdipbed. g ek afEC®! o

be. resol.ved. be used to clear, the poison jndicators for one of nore.
instr uct‘i‘agﬂgg?o}é%rc?eﬁ& Exfeut the,PsYigekingaigtion ﬁé}cﬁé‘ﬁén&‘bﬂ‘f’ ‘i“ﬁ’@f”l"lﬁ’*&’c ?{)n is

mar ked as safe (not -9 27 DEC 2004 WO 02/ 03200 PCT/USCL1/ 19914 poi soned) for
~ at t erdpt ERUEK & ek 10mpyubeagpmplished by Hieeheekse 1 dhBeiastingibe eronepws oper at i ons
performed in block 330 of Figure 3a. In this enmbodiment, the detection of
any i nsteresotioroef therevipusgnitsiciar f ornmed in bl ock 332. As a result of the
detection of the retirenent of any instruction, all poisoned 5 instructions

. are reset soSibathee krtudtionnonviwhichagiai dephidest insgtienl ddperideiatmdtest i n bl ock
334. This enbodinent is relatively inexpensive in terns of the hardware

requi r egdropéilly edetitb® T RIRVs Mkt theRPENIBE: indthuctihycahftUrésehtll, BOpRpaRdesi rabl e
execution of dependent instructions where the dependenci es have not yet

)8 | ear edexcih@hl! Preiliode] LiBhiHH AR REROHTRPnatl RARARGHA/ IONS

10 wasteful. Accordingly, as indicated in block 320, the dependent instruction may be
prevented from continuously executing by marketing the instruction as “poisoned”. An
instruction marked as "poisoned" is simply marked in 2 manner such that the replay system
and/or the execution units recognize that execﬁtion of the instruction should not be
attempted. For example, a valid bit may be suppressed so that the instruction appears to be

15 invalid and therefore will not be executed. This technique may advantageously reduce the
number of unsuccessful attempts at executing a dependent instruction.

As indicated in block 330, a poison-clearing event is detected. A poison-clearing
event either specifically indicates that the dependency has béen resolved or is an event that
could have caused the dependcncy to be resolved. In some efnﬁbdiméﬁtﬁ, trackmg the B

20 exact conditions which will cause each individual dependency to be resolved may be
prohibitively expensive. Therefore, common events which may cause particular .

dependencies to be resolved may be used to clear the poison indicators for one or more

mstructions. . As indicated in block 330, the dependent instruction is marked as safe (not
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10 of Figure 3a. In this enbodinment,. a wite to a | owest |evel cache is
‘detected in block 336. The detectlon of this wite causes aHIDﬁ6]§Bﬂ%d
bits for instructions to be reset as again indicated in block 334. This
t echni gue o2/632é¢ so convenient in terns of the anount of pdwoshaasa4r equi red
but may al so result in sone unnecessary execution of dependent
instructions. 15 Figure 3d illustrates another enbodi nent of a techni que

for deagkmﬁm%mﬁﬁaﬁ@ﬂ@&f@&&ﬁ@ﬂ dependenci es using instruction norphing.
Fi gure 3d shares bl ocks 300, 310, and 320 with Figure 3a. After a

dependent | ngffHCly PPsARE oné‘erHBcﬁlehQH%f th@%géx’dﬁédsﬁﬁggﬂned% ipfd2k 380 depends are

|dent|f|ed |n‘block 300, however, di men Figure 3d includes an

addi ti 0 ﬂd}xs emb%élm rﬁgltg Eleq cf(.'lOIil 0 Ocﬁg?u%gb? ﬁ&lrmgegeg}gon%:d str U.Ct i on

is 20 ta%ge an i h i er ep evPous ITnstruction on

whi ch i pendent . The identif] guence n nber of the

st uctioh 3357 Bh Bt W d<iion ot B s aent of pdy T Py HEOBF by ous
instruction. Notably, the tagging perforned in bIock 305 may be perforned
in a’di irEpdins aEgeshaeth ?”rf'a‘ﬁc‘g‘ﬁé wﬁa&qm sedlirated @Ha@eﬁa%mﬁl%?@ 3d. For -10
2 1 DEC 2004 WO 02/03200 PCT/ US01/ 19914 exanpl e, the dependent instructions
-may not Thes embeylnientnisi felativelyr inormensive bottermsf obitpr lherdwane0 reguete®20r | n bl ock
336, the retirenment of an instruction is detected. Since dependent

i nst r uctmplamenttion; dawtvear it tragygeduinMin Bome amdesirdble adxeanioaf oft fiependest r uct i ons
on which they 5 depend, instruction-specific poison clearing may be

per f or MaghirudtionOWhaE theRestndensiie Bvdhot yes tleated.i on retires, the poison

i ndicators may be reset for only those instructions mhlch depend on the
yretired instyigekiseimiiraGOMmaRE Sabaier 35HE dpdRRSAGERbmicaT bléck BINS'

10 of Figure 3a. In this embodiment, a write to 2 lowest level cache is detected in block 336.
The detection of this write causes all poisoned bits for instructions to be reset as again
indicated in block 334. This technique is also convenient in terms of the amount of
hardware required, but may also rcsu.lt in some unnecessary execution of dependent
instructions.

15 Figure 3d illustrates another embodiment of a technique for dealing with
mstruction dependencies using instruction morphing. Figure 3d shares blocks 300, 310,
and 320 with Figure 3a. After a dependent instruction and-a previous instruction on
which it depends are identified in block 300, however, the embodiment of Figure 3d
includes an additional operation. As indicated in block 305, the dependent instruction is

. 20 tagged with an identifier that indicates the previous instruction on which it is dependent.
The identifier may be a sequence number of the instruction or any other value that serves.

to identify the previous instruction. Notably, the tagging performed in block 305 may be

performed in a different sequence than the exact sequence shown in Figure 3d. " For
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indicators to the corresponding value for the instruction being retired.
*Thus, as indicated in block 338, the poison indication(s) .gﬁr E?p ent
instruction(s) with indicators that 1o indicate the retired 1 sp [ n are

cl ear edwobbhsob echni que may advantageously greatly redpsgyusgiesgssary
execution of dependent instructions when their correct execution is

precluded due to the fact that the instruction on which they are dependent

has not é&%ﬁupi&e&@_deﬁéﬁﬁBJt%xﬁs%@ctidfnk%&&%oﬂbé {ak ARl SReraRRtd ShthegTgslikaeNnt of a
systemthat utilizes instruction ~15 norphi ng techni ques. The enbodi nent of

Fi gure 4”b@9§?§f5 execution |logic 425 which receives instructions froma
mul ti pl exer . Additionally, a staging queue 410 receives instructions

fromthe. nultiplex 415. The stagin ueue .410 stores. i nstructions

di spat ched t & thﬁ‘@ﬁeﬁgc L’i’%‘i i) 00?91’?59'5}%“?!5& §te§tﬁ‘gh g‘ﬂ%"t ﬁfﬂﬁ’&%‘ﬁs on to a
checker 450, . which is, al so coug[ed,tp the execution logic 425, to

det er mi nBSURRENS evere (carlisx dagged ikth| gindicatipngofsths JestpicEprsy Py wdwdctierd t he
instructions. As was the case in the enbodiment of Figure I|a, the checker
repl ays depqmdopstricjior seesificguison sleeningt imaynke. peiormed. nly dthryiwords hemyn nor ph
instructions depending on the particular instruction and/or the conditions
under whngtdactidn retires,nthe epson yndéceeumaylbe rebdt Y obFCha@GAstiEL OB/ Wiz 0

PCT/ US01/ 19914 Also illustrated in Figure 4 is a page m ss handl er (PM)

460 as Wepdndasn ahe kRt litru@ibnl PP lampAmgbayl BlesddTUBendat asithcBorizenOry 480.
Accordi ng to known paging techniques, the systemstores a nunber of page

tabl e entdiifss idtht BSrelhd a0 aliH6 e ikRtiSion bahk FetfBl.f YhisSadibickeynd in TLB

470, a page walk 1s performed by the page mss handler 5 460 to retrieve

| j)E E$E|)°a]9?%?hf%§r§ %g;ﬂé polbh Yndi GG PRY RHRSER YERENod( B oW AR il BrafNt Y
10 indicate the retired instruction are cleared. This technique may advantageously greatly
reduce unnecessary execution of dependent instructions when their correct execution is
precluded due to the fact that the instruction on which they are dependent has not yet been
comp]ete&.
Figure 4 illustrates another embodiment of a system that utilizes instruction
15 morphing techniques. The embodiment of Figure 4 includes execution logic 425 which
receives insiructions from a multiplexer 415. Additionally, a staging queue 410 receives
instructions from the. multiplexer 415. The staging queue 410 stores instructions
dispatched to the execution logic 425 and passes such instructions on to a checker 450,
which is alsb cbépicd to the exeéﬁtion Iogic 425, to determine whether the execution logic
20 425 has properly executed the instructions. As was the case in the embodiment of Figure
1a, the checker replays improperly executed instructions. Morphing logic 420 may morph

instructions depending on the particular instruction and/or the conditions under which it .

improperly executed. .
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Figure 5 illustrates one enbodi nent of a technique for handling page faults
‘in the systemof Figure 4. As indicated in. block 500, a pa ?fﬁgtt
producing instruction is identified. This may be perforned g§ ngp%%ing

| ogi cwdBopsphaps Wi th inputs from 10 the execution IggFﬁmﬁggg \nd/ or the
checker .450. As indicated in block 510, the norphing ogi ¢ 420 then

nor phs the page fault producing, instruction- into a |oad of a page

descr i ptor ARRUlybRA h1EaRAGL Rl GAUSERID FrliRY|dso T whinat sucti on

nor phi ng were not use I nt roduceé e page iptor entry load into

Lhe'r epl kS ReEadNRtP P @btaﬁstau,% TP AgRRHER) BbMRE coLi ng. 19

For exanple e nnrp ng Iogl nor phi ng

operation to retrleve t he cr| entr m ss handl er
coul d tepfudgues, theygem SEPé%S@r’F“B'{ Gt mgtﬁ‘g \teﬁ%l'e? ﬁ‘t% ﬁﬂg 4@&?’3?‘? BHRAEEL r eam vi a

t he dashed connectlon 465. This nemﬂ added instruction woul d displ ace
anot heleble gy isciat denndda TEBrty0; & pags ‘S?ﬂ( acregformest by theipage miss bandlegul at e agai n
through the replay systembefore it is given a chance to execute. |nstead,
20 Ssi @ totrefrisvk thwvprge Hascriptoe eptg dPPBRUAND mberduenitiygthi pege tsbkei embrycan not
successfully execute, it may be nore efficient to norph that instruction
r at her(PTEpfiodinsidaagei Ng anot her instruction which could potentially
successfully execute in the interim Simlarly, after the page descriptor

entry | oad P‘ig‘ilreCS)ﬂmsﬁﬁt@ﬁoneae?nﬂoﬂﬁhﬁ@lﬁbﬁ&ilebl{h1@1&(}61khanéﬂng2]7ag9§§lt3@fpl‘ﬁeV\D 02/ 03200
PCT/ US01/ 19914 520, the page descriptor entry |oad may be norphed into a

page tghlg &rﬁxé%e'&a%(&&:%&% PRk 5083 gz% B@hi? R@ﬁ%@%@%ﬁﬁd&%nﬂsque avoi ds

di spl ati ng anot i nstruction. As |nd|c the page table
TR N D M R T o e S N
10 the execution logic 425 and/or the checker 450. As indicated in block 510, the morphing
logic 420 then morphs the page fault producing instruction- into a load of a page descriptor
entry for the page which caused the fault. If instruction rnorphing were not used to
introduce the page descriptor entry load into the replay system, another instruction may be
prevented from executing.
15 For example, instead of having the morphing logic 420 perform a morphing
operation to retrieve the page descriptor entry, the page miss handler could insert a page
descriptor entry load into the execution stream via the dashed connection 465. This newly
added instruction - would displace another instruction, causing the displaced instruction to
circ;xlatc égéin th.r.ouéi.a- t.f.lé.répfay‘ .syst.emrbeforc it irs givenr a chance to cﬁecute. Instead,
20 since it is known that the page. fault producing instruction can not successfully execute, it
may be -more efficient to morph that instruction rather than displacing another instruction
which could potentially successfully execute in the interim.

Stmilarly, after the page déscriptor entry load is completed, as indicated in block

-12-



5 now execute w thout causing a page fault, with the page fault being
‘resol ved without displacing other operations in the replay §y§®%r§ 2ﬁhgure
6 illustrates one enbodi ment of a technique for handling indtrect:

i NSt ruché eNss20é Ndi rect instructions such as MV EBX, NEM-Edfibsiyol ve two
retrievals. First, the value of EAX nust be retrieved in order to find the
address of the data which is 1o requested to be | oaded into EBX. Second,

t he act el%b’d{aﬁt@;ﬂaéél dAESRES el f&%}fﬁm?ﬂgé RRSphed o aﬁ}:ﬁé’é ablcenl 1801 the

request I's pertorned. e instruction is decoded into multiple

i Cr 00pegt | 005, 0GR LLBIAL o ASOHLERT ALGHEONSHIRG ADHSald MY be

advant age ’have 1°'n ructi‘ons are n into

mul tiple i crooperations, but rather. which are norphed t erformthe
roper pelask Reite PaBeRl i TR e BH PG T SHERhERGEIE 6 ray be
used to allow a single mcrooperation to acconplish_indirect addressing.

I n bl oclbadoimto Rg origimpl page f%rﬁswmmsé\*%rﬁlé%e(bmgg?%tTﬂiemn?tglqlfwefﬁe:r fied.

I ndirect nmenory referencing techniques and instructions are well. known and
wi | | snomotyeexfecute tvdthouli crusisg edpdge rfetilty withhihs pagec famlt heimgnngsolvedewithoat! f or a
variety of indirect or simlar addressing techniques which inmplicitly

requi r e dplaninp bilpl eperationy iy ticr repiegsstear. accesses or a conbi nati on of nmenory
and register accesses. In block 610, the instruction is norphed into an

al tered instFigafel @NiMRIraes lopadembdimenddel as ciifiqieh @orr ASHAHGE addickrt 2. . 1 n the
above example (MOV EBX, MEM EAX]), the value of EAX would be | oaded and is

recei veshdicddie MR YosBu@foHs bRR a' MOV 88X, MEMIENSY idvbivekio &trfevialsC 2004 VO
02/ 03200 PCT/ USQ' /19914 bl ock 620. Next, the instruction is norphed into a

) 2a o e SR P i Pt o snla of (he

10 requested to be loaded into EBX. Second, the actual memory access to the addregs (the
contents of EAX) of the requested data is performed. If the instruction is decoded into
multiple microoperations, then additional resources are consumed. Thus, it may be
adva;ltageous to have idirect instructions which are not decoded into multiple
microoperations, but rather which are morphed to perform the proper opcr_ations.

15 Accordingly, the technique shown in Figure 6 may be used to allow a single .
microoperation to accomplish indirect addressing. In block 600, an indirect memory
‘reference instruction is identified.  Indirect memory referencing techniques and-

* instructiens are well known and will not be further discussed herein. This technique may
be nscd foi' a vancty of‘indirréét or similar addressmgtechmques which 1mphcrﬂy récjﬁﬁe

20  multiple memory or register accesses or -a, combination of memory and register accesses.

In block 610, the instruction is morphed into an altered instruction which loads the

address of the requested data.. In the above example (MOV EBX, MEM[EAX]), the value

of EAX would be foaded and is received by the memory execution unit as indicated in

-13-



performed. Accordingly, a single instruction slot may be used to perform

indirect or simlar nmenory access techniques. 5 Figure 7 ilzqlerEq ogpan
I

enbodi ment of replay instruction norphing that deals with nunerica
conpuwaté2@a®o | n the enbodi ment of Figure 7, an over - peefiseg199i4 hi gh -
precision case is handled specially by the replay system An over-precise
or high precision case nmay be either an instruction or a particular

dat a- dpRENEENINAIRe: Whthielorl RakdrpIRd iRd ditbdduTahe reGcsle@ Haflas itliciv@re to
conpute a result to the desired precision. Thus, the need for to additional

resourﬁﬁﬁo%ﬂ%dqbl&dtd?lﬂslégﬁeﬁ{)rg‘i%ﬁ%{iC hiSRGRdiCHk th@ﬁﬁbﬂ%éi'éﬂdﬂsi on or the

particul ar nunbers Tnvo 0 700, the ovér-precise or high

preci sjiop _case ,i etecied. . Instead o at t.enpt i to conpute the final
esul PoRRERES Ao PBRS A S P RRUREE: ke Y BrBH I ettt Dol chted in
bl ock 7.18 The instruction is norphed, as indicated in block 715 and then

15 t agtjmdaraemary acress PSe replay. Next, .the nmorphed or altered
instruction using the internediate result is executed, as indicated in

bl otk 720. Figiee 7 phustraleean prpbqdyment oF eaplay iesyuctionempivbing rihal alstls wahi on | ocat i on

y

as indicated in block 725. There may be several reasons why the conputation
of onlnumzrical sowputetiinat b thesgubadiment aliligntedy evor-prasiss onkigh ameision- i t may be
possi ble to use sinpler hardware that cannot 20 conpute results for all

i nput cded i3 hmilddipecdiydy meTbslny Oistenly Aredver-piepik€al High precision sk emagases require
significant additions to hardware to ensure proper handling in the sane

time fyeadiher a8 iRkAQIonN6HH Paiticulel ditdABpendGR Tasel WRich Aeffifel ddtiidhall esul t may
be obtained via replay, and hardware nay be saved. Additionally, sone

di ffer i r£ci.si i tui . - : 02/ 03200
P'CT/ o a}slggggeaaﬁ BCHpAR 4 DaLRUELHhO SR Ypreckdor? ThEEMEQ04 YR

10 additional resources may be due to the precision requested by the imstruction or the
particular numbers involved.

In block 700, the over-precise or high precision case is detected. Instead of
attempting to compute the final result, the execution unit computes an intermediate resuit
as indicated in block 710. The instruction is morphed, as indicated in block 715 and then

15 tagged as an over-precise replay. Next, the morphed or altered instruction using the
intermediate result is executed, as indicated in block 720. The final result is placed into
the proper destination location as indicated in block 725.
There may be several reasons why the computation of only an intermediate result is
édvaﬁtageous. In some ca'sésr,r'itrrrnray be pﬁééiblc to usesnnplcr hardware that cannot
20 compute results for all input data in the same number of cycles. Typically, some rare cases
require significant additions to hardware to ensure proper handling in the same time frame
as other numbers. In such cases, the correct final result may be obtained via rcﬁ]ay, and

hardware may be-saved. Additionally, some different higher precision instructions may

-14-



advant ageously be handled in a manner simlar to | ower precision

-instructions, except that they are passed back through th 3&! stem
& PEGRH S &

)

to compute final and sufficiently accurate results. Siml

i 11 ust b 50 enbodi nent of techni ques for handling Geil@ol9R4r are data
dependent mat hemati cal operations. In the enbodi nent of Figure 8,
substitutions of instructions and/ or operands nay be perforned to

advant aglﬁgaﬁa{gx?ﬁty bl 1SRRG sim MR o cPEENBS BsRLAREVIRpRRRACd 1 0

handl e rare cases nmay be eli ated, resulting in a nore

500, o d f‘deaa%eﬂitgﬁ{‘hogﬁﬁ I SRy PERPTHRB pofidDid | bl ock

mat hemati cal operation is detected. For exanple, certaln round instructions
are vef$lbnputationally intensive and therefore require significant
amounts of hardware. In_block 810, the instruction is norphed into a |ess
har dwar e andSwxladpriigureSiilstraiss epe prpbodingens of tchiquesdpr bandlipg seriain  ound
operation nay be norphed into an add instruction or a subtract

i nst sUCtdrodsta deendedi methomatichiopertions. dpthe amiodimeniof Eigurad sEhsiatiops t he
substitute operation is executed to produce the identical result as

i ndi cat efl irisfudiofs ¥ndBR Qperkids masbd perf@méd tentvantagebudly sinpdifyidandwiare. t hat, to
the precision requested, the result produced by the nunerical execution

unit ispf %Etﬁ §AIMaraStheRkbndeged ©F IRslMealifficllt hitEragd E@bgmky bBetimiieitddpn had been
perforne Thus, the user mmy be unaware that an add was performed instead

of a rotgg UH%IP' m‘l""g%"’ﬁﬁp‘%ﬁ"f ?Fthlémtymktnﬁﬁgcfs tgrﬁéﬁobﬁa,?& sinplified so that it

need no an rare a cul f cases Flgure illustrates vari ous

design repre e”t e Hobl6d go%@%?aéa% ta'nQﬁhrzltly B b3 raviid

fabrication s gn usin ose technrques. Data representing a

?ﬁsé rmf“é%'r" 8{ %%%g%ic? ?p %glzggﬁccteaa pli'”gc)aengplg fcel[{a%lq ?c%n%’ msl,ﬂult:tsugds aé I's useful

very computationally intensive and therefore require significant amounts of hardware. In

block 810, the instruction is morphed into a less hardware and/or computation intensive
operation. For example, a round operation may be morphed into an add instruction or a
subtract instruction, dépending on the exact operand involved.

15 Finally, the substitute operation is executed to produce the identical result as
indicated in block 820. The result is “identical” to the user in that, to the precision
requested, the result produced by the numerical-éxecution unit is the same as would be
produced if the original instruction had been performed. Thus, the user may be unaware -
thatt anr add was Vperfcrmnedr instead of a round,'.b.ut the execution unit itself maty be

20  simplified so that it need not handle rare and difficult cases.

Figure 9 illustrates various design representations or formats for simulation,
emulation, and fabrication of a design using the disclosed techniques. Data representing a

design may represent the design in a number of manners. First, as is useful in simulations,
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WO 02/ 03200 PCT/ USOI /19914 the hardware may be represented. us

ing a
~hardwar e description |anguage or another functional descri ﬁt?dﬁfﬂ‘: atlfisage

whi ch essentially provides a conputerized nodel of how the designed

har dwameo tzo3esopect ed to perform The hardware nodel 91CGdmyshgosiiored in a
storage nedi um 900 such as a conmputer nenory so that the nodel may be '
simulated 5 using sinulation software 920 that applies a particul ar test
suite 93Q tadviie har gvatgedtheel usifpld Hapivied aesddipeon fanflagh nAeRemEunct i ons as
i ntended. I n sone enbodi ments, the sinulation software is not recorded,

capt ur e@hnc@anapm@&@tmﬁdadgﬂagehehiei?gésb&manﬁgg;ivﬁdep9%Mge&eﬁirﬁéaeli drHovel : rmodel

with | ogic and/or transistor gates may produced at sone stages of -the

desi < Thi | man |y si m) 1 times b
doci oot B5 EERRA LM B RGhec Y REFHHT Mt et St gl e 3R Dl & 1 g .
This t f sinulatjon,  taken further, be an enul ati

{echni yharen Py a0 Bion o SCnhnlst o ol a9 Ay PR amAA B mont

that may i nyol ve a machi ne readabl e nmedi um storin nodel enpl oyi ng the:

a
“di scf osEung WBHAD ware 120 kit pppliss a pydipulgrdsst %@,9388‘3 Wehwdwerggnodel each a

——

| evel of data representing the 15 physical placenment of various devices in
t he har #il\ldp actepriae If if wdeaddungiions ghistcadede dmvasmg ¢robrslimevsritheoiouletionr
fabrication techni ques are used, the data representing the hardware nodel
may be sofievagds sotseedeflydapyradner onesed dethemedipsence of various features on
different mask |layers for masks used to produce the integrated circuit.
Agai.n, this AlRlitnsldprLesiadit Nevel heoden v BoRd afd/6rC trhisistdrDgutisema¥ N

techni ques disclosed in that the circuitry or 20 logic in the data can be

si mul ateeduetd hoddineCAiREl oF TheP@IsTpAr fibdeBe S Ehik 86dHRI AME Be sinilAR i@REESENt ati on
of the design, the data may be stored in any formof a conputer readable

rechom s b ok ke st B0yl ALad i ohdpgag e o
stor ag%gﬂéoTﬁH%ﬁaeaoT sfnulation, taken a degree further, may be an emulation technique. ‘In
any case, re-configurable hardware is another embodiment that may involve a machine
readable medium storing a model employing the disclosed techniques.
Furthermore, most designs, at some stage, reach a level of data reprcéenting the
15  physical placement of various devices in the hardware model. In the case where
conventional semiconductor fabrication techniques are used, thg data representing the
hardware model may be the data specifying the presence or absence of varjous features on
~ different mask layers for masks used to produce the integrated circuit. Again, this data
representing the integrated circuit embodies the techniques disclosed in that the circuitry or
20 logic in the data can be simulated or fabricated to perform these techniques.
In any representation of the design, the data may be stored in any form of a computer

readable medium. An optical or electrical wave 960 modulated or otherwise generated to

transmit such information, a memory 950, or a magnetic or optical storage 940 such as a
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-16 27 DEC 2004 WO 02/03200 PCT/USO /19914 disc may be the nedium The set
of bits describing the design or the particular part of #hejEfeilgn are an
article that may be sold in and of itself or used by others for further

desi gn v o2/6;2be i cation. Thus, replay instruction norphigeri$idbsg! osed.
Wiile certain exenplary 5 enbodi nents have been descri bed and shown in the
acconpanying drawings, it is to be wunderstood that such enbodi nents are

nerely idis!cliﬁat)f&tt}zélﬁlegiﬁlm@nﬂwlr&&tqffb%§Uésjcﬁlgiiﬁg’ﬁxe@@si@h&' thOpaHculhrPaprYrinen, and

that this invention not be limted to the specific constructions and
arrange : [ : I [ S may
accar 't CERpD R A SRRl i n 554 ARAIBE b By BRIE ot B O

di sclosyre. 10 21 DEC 2004 18 The Clainms |I. An apparatus conprising: an
execut i SIPGRTP* t 0 execute an instruction; and a replay systemto replay an
altered instruction fornmed.fromchangin Hhe igﬁ%{uction i f the execution
unit execut e [B¥fe FERRY r HITTUCHIP JPPTBRES S| (isclasgdwn Y Riten ceay KemBlaRy
instruction is to be cause the execution unit to perform a different

f uncti osmbpdimentaihgve beep dgeripeshandshowhdn fsperprigYiBg deavangh i inkebein in the
replay systemconprises: a replay loop to replay the instruction under a
first condfrdtpainthatasgh embodiments are merely iliustrative of and not restrictive on the

b

broad invention, and that this invention not be limited to the specific constructions and
arrangements shown and described, since various' other modifications may occur to those
ordinarily skilled in the art upon studying this disclosure.

10
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15 an instruction norphing circuit to replay the altered instruction under
a second condition. 3. The apparatus of claim1l wherein the replay system
conprises: a replay loop to replay the instruction if the ins2 WUDEICOQB[#S a
first instruction, 20 and an ijpstruction norphing circuit to replay the
altered instruction if the instruction is a second instruction. 4. The
apparatus of claim3 wherein the first instruction is one of a plurality of
25 non- modf,f k@l e i nstructions and the second instruction is one of
plurality of nodifiable instructions. 5. The apparatus of claim4 wherein
t he plurallity Avfeprantds ¢omartsing | nstructions are norphed only if a failure in
their initial )é%(é‘f'.gdu?ﬂ ?%&%raﬁmsﬁgwn ang1N€ apparatus of claim1 wherein said
repl ay system rac east one extra bit of allow alterations of
i nstructions. afeplaylagteappaniatabisieed ingluaibmiriredvner @dgingtié d appar at us conpri ses
a low level 3hur&ashe rendedtioni @hekeche Wl ingagfiesronbtanei n t he repl ay system

I s to gter a \Jh%gsa%%lt%gs%g&ﬁisJo%e\':}aukeq}%te&éé&rohQnto oBdfm has already m ssed in
t he hi gher Ievedl after only access the low level cache. 8.

The appar at us ofﬁere'?%m%o"iha\/\ﬁa'dem&r?'oé'al d apparatus conprises a page niss

handl er to handle instructions that cause page faults, wherein the
instructign is a 10 nepory access that causes page fault and wherein the

repl ay sy$t em T&PHseH %errﬁ'é'"ﬁﬁﬁ‘?gmsyéﬁr?:?g'gnsf 0 one or noDre mENDry

accesses t o hanglagioderef@FYR instruction under a first condition; and

15 an instruction morphing circuit to replay the altered instruction under a

second condition.

3. The apparatus of claim 1 wherein the replay system comprises:

a replay loop to replay the instruction if the instruction is a first instruction,
20 and

an instruction morphing circuit to replay the altered instruction if the

instruction is a second instruction.

4, The apparatus of claim 3 wherein the first instruction is one of a plurality of
25  non-modifiable instructions and the second instruction is one of plurality of

modifiable instructions.

5. The apparatus of claim 4 wherein the plurality of medifiable instructions are

maorphed only if a failure in their initial execution occurs.
30

6. The apparatus of claim 1 wherein said replay system tracks at least one

extra bit of allow alterations of instructions.

7. The apparatus of claim 1 wherein said apparatus comprises a low level

35 cache and a higher level cache, wherein the replay system is to alter a load



fault. 9. The apparatus of claim8 wherein the replay systemis to repl ace
the 15 nenory access with a page descriptor read, then to replace said
page descriptor read with a page table entry read, then toZ @i hEfal(fét he
menory access. 10. The apparatys to claim 1l wherein said instructionis a
dependent instruction that is dependent on a result froma previous
instruction, and wherein 20 the replay systemis to alter the dependent

i NStrugt i Adudith Y AhaB@ GlitbddORthb Righetl eteheskne  theraiel @lys t hrough the repl ay
system U”LJC%SS&%H?WQJe?c\ééhQ.US instruction has successfully executed. 11. The
apparatus of claim 10 wherein the replay systemis to alter the 25
dependent instruction by setting a valid bit for the dependent instruction

to indicate hat the ende L LI 00d.S dLavald d. :

of clal m o iR BT RSP enl R BRI ouded rafbiie O (0L LT, apparatus

i nst ruct i BB ER FeipsgHhne @Etéﬁ%f &%f é‘“'?'o“?hﬁﬁe'ﬁﬁgﬁ &Y Brevi ous instruction 30
retire§. m@novHseesapiEruesusrag? el AMheEn KIS SSERES Pepl ay systemis to
reset thechigh inel meibert acodaeta ogery mpim gemanCcicheates fodeidieds 285 14, The appar at us of
claim 10 mherein the replay systemis to track a sequence nunber for the
previous instruction and wherein the replay systemis to return the
dependent instruction to an executable formwhen said previous instruction

conpl et esg 2 FpDEGRR04 2R Hwribhin thNeplF PRk WSrefifceateal m 10 wherein the
appar a]ts usmgn!ilol;ytagggs \Litpg lp%g%&cr%topr@gtbﬁen to replace said page descriptor

read with a page table entry read, then to reinstaie the memory access.

10. The apparatus to claim 1 wherein said instruction is a dependent
instruction that is dependent on a result from a previous instruction, and wherein
20  the replay system is to alter the dependent instruction to avoid execution in further
iterations through the replay system until the previous instruction has successfully

executed.

11. The apparatus of claim 10 whergin the replay system is to alter the
25  dependent instruction by setting a valid bit for the dependent instruction to indicate

that the dependent instruction is invalid.

i2. The apparatus of claim 10 wherein the replay system is to alter the
dependent instruction back into an executable form when said previous instruction

30 retires.

13. The apparatus of claim 11 wherein the replay system is to reset the valid

bit when any instruction retires.

35 14, The apparatus of claim 10 wherein the replay system is to track a
sequence number for the previous instruction and wherein the replay system is to
return the dependent instruction to an executable form when said previous

instruction completes,



and wherein the replay systemis to return the dependent instruction to an
executable formwhen a wite to the cache occurs. 10 16. The apparatus of
claim1 wherein said instruction is a high precision instrucgijofEgndgjgaid
replay systemis to generate a,first result and then the altered
instruction is to be executed to generate a final result fromthe first
result. 17. The apparatus of claim 1l wherein said execution unit is a
nunerig 15 execution unit and wherein said replay systemis to a detect a
dat a dependent condition for the instruction and to provide the altered

i nstructi ®n t dhecedaraby ef claim 10 okt thecapparatug &iiihef inclues a F|W@ gppar at us of claim 17
wher ei n t e vnasih reCeplgnsyitdn & b oelmd ithe glependsnt ngdtionte 0 and the al tered

i nstruct i gBculabie Bk vhelth driRSd thdkadnk 6ddurs. 19. The apparatus of claim 17 wherein
the nuneric execution unit |acks hardware to conpute one or nore
relatively rare nuneric cases and wherein such relatively rare nuneric

cases re1é nS&@%pArmc#@mtﬁghemﬁ 4ata1.,es9&d.angs a\HgR plehigont €pl @y 25 system the

al t ere ins [Echcl)Jn and é)a% rgp% Syst EO e@ate rsgpegtlﬂt\éﬁ(l 'Men ﬂ%%ﬁgfédcal res U| t 20 A
pr OCESSOI’ conp 5. ?n ori gl nal instruction; an

execut i on™{THit" ‘i‘&b“aegf"étﬁ‘btf geé?(%‘éﬁfﬂ"ia‘é‘??“"fﬁ‘c’mﬁﬁgrﬂd?sf'gl nal instruction; 30 a
checker to determ ne whether the original instruction executed properl y, a
replay systemto replay an altered instruction if the checker determ ne
that the i glisaterarsisst o Rl drhelply sAHEERaL Ut'e™ g BP&Yl y, conprising: a

mor phiing ekwiaiubit and whdreimep redipg soteingt feae defepisa delacpredienti nto t he al tered

I NSt ruct | @RditiodBr e hstinktich 24AQ¢} provide the altered instruction to achieve an

identical result.

18. The apparatus of claim 17 wherein the instruction is a rounding instruction

20 and the altered instruction is an add instruction.

19. The apparatus of claim 17 wherein the numeric execution unit lacks
hardware to compute one or more relatively rare numeric cases and wherein such
relatively rare numeric cases are instead implemented by injecting, via the replay

25  system, the altered instruction to achieve an effectively identical result.

20. A processor comprising:
a scheduler to dispatch an original instruction;
an execution unit to attempt execution of the original instruction;
30 a checker to determine whether the original instruction executed properly;

a replay system to replay an altered instruction if the checker determine

that the original instruction did not execute properly, comprising:

a morphing circuit to change the original instruction into the altered

instruction.

35



21 5 21. The processor of claim20 wherein said replay systemis coupled to
replay the original instruction when a first condition occu

replay the altered instruction when a second condition occué?. ?J%% tQ%Wb
processor of claim20 wherein gaid replay systemis coupled to replay 10
the original instruction when the original instructionis a first
instruction and to replay the altered instruction when the original

i NStructign i $,:3,S8GRRARE bhddfilhi@ RpladstemliBuilacesgor of claim 22 wherein
said fir Sﬁne Lrpﬁlglr'r%gt}c!iogr\lw tlansa Qrgteco%fitior?‘ocgt!lrygrﬁlti) tr%lay Q'Ia a er&' al terable instructions
and wherefi h°Sar d LEeond Instruction 1s one of 'a 15 plurality of alterable
i nstructi igyectioryen ageqapt REHOLSHET i si ng: executing an original instruction;
determining if a condition occurs; 20 if said original instruction executes
inproperly and said condition occurs, then norphing said original

i nstructi®n t BhefrrsTsoachifBim A NERe SAE PPBCY TS R d° ré?!%cuti ng sai d norphed

i NSt ruet i v origRd iBuction vaenntbd prigidal drfstruconiisny Pk ingtstiogiafd ¥et ermining if the first
condi t i ONre@4GHdtatered fnetfuttlawhet BEP NS BSIucicB @sendninsigetid. t he ori gi nal
instruction is one of a plurality of nodifiable instructions. 30 26. The
met hod of claim 24 further conprising: if said condition does not occur,
then repl g&yi NgheSRkdsPbricGinnalyndrdhsshit ettis@uidtioh Blone X @adityi on. 27. The net hod of

claim 24 m%rfﬁthé'blmgtmub@ganﬁméﬁ 5B second instruction is one of a

15  plurality of alterable instructions.

24, A method comprising:
executing an original instruction;
determining if a condition occurs;

20 if said original instruction executes impreperly and said condition

occurs, then

morphing said originat instruction to form a morphed

instructions; and executing said morphed instruction.

25 25, The method of claim 24 wherein determining if the first condition occurs

further comprises:

determining if the original instruction is one of a plurality of modifiable

instructions.

30 26 The method of claim 24 further comprising:

if said condition does not occur, then replaying said original instruction for

execution.
27. The method of claim 24 wherein morphing comprises:
35 altering a load instruction that has already missed in a higher level cache

to thereafter only access a lower level cache.



35 altering a |load instruction that has already m ssed in a higher |evel
cache to thereafter only access a | ower |evel cache. 2 7 DEC 2004 22 5 28.
The nethod of claim24 wherein norphing conprises: alteringaa DEC 2nns
page-fault-causing instruction,to performone or nore other i ns[f-r u‘?:ﬁﬂf*ons
to handle a page fault. 10 29. An article conprising a machine readable
medi um that stores data representing an integrated circuit conprising; an
executicon unit to execute an instruction; a replay systemto replay an
altered instruction formed fromchanging the instruction if the execution
unit exect es Thelmethpdos tiimgt wherain @prpiigeestpdiey. 15 30. The article of claim29
stori ng furt hel{engatf?‘ é%lﬁ?{ ?lﬁ%é]tingtﬁlgloﬂ I{bepelrfm:necgg %F ﬁg'e Q{F‘ng’CUI t, which further
conpri ses: arer\ aIg instruction under a first condi ti on;
and an |n'§5t"i‘°d?f‘t°‘ ??Efaﬁb circuit to replay the altered instruction under
a 20 second condltl on. 31. The article of claim?29 wherein the data
representing the integrated circuit rises a functional description of
t he i nfeg?at edn @fipie Gemprisingsa grychingHeadahie T“gﬁ@ B 9%5i 9°29 wherein the data

I epr esent femgredtiheanintepreige tddemefifngui t - conpri ses a hardware description

| anguage code, e§§mtlo;‘rpqtoaegécbtggnqnsgjwgl aim 29 wherein the data representing
t he mtegrateé“c Ircu rises data representing a plurality of nmask

| ayers. a replay system to replay an altered instruction formed from changing the

instruction if the execution unit executes the instruction erroneously.

15

30. The article of claim 29 storing further data representing the integrated

circuit, which further comprises:
a replay loop to replay the instruction under a first condition; and

an instruction merphing circuit to replay the altered instruction under a

20 second condition.

31. The article of claim 29 wherein the data representing the integrated circuit
comprises a functional description of the integrated circuit.

25 32, The article of claim 29 wherein the data representing the integrated circuit

comprises a hardware description language code.

33. The article of claim 28 wherein the data representing the integrated circuit

comprises data representing a plurality of mask layers.

30
34. An article comprising a machine readable carrier medium having stored
thereon data which, when loaded into a computer system memory in conjunction
with simulation routines, provides functionality of a model comprising:
an execution unit to execute an instruction;
35 a replay system to replay an altered instruction formed from changing the

instruction if the execution unit executes the instruction erroneously.



30 34. An article conprising a machi ne readabl e carrier nmedi um havi ng
stored thereon data which, when |oaded into a conputer system nenory in
conjunction wth simulation routines, provides functionalitysaf 8e|
conprising: an execution unit 40 execute an instruction; 35 aZSEBE&g3 @%ten1
to replay an altered instruction forned fromchanging the instruction if
the execution unit executes the instruction erroneously. 5 23 35. The
article of claim 34 wherein the nodel further conprises: a replay |oop a
replay the instruction under a first condition; and an instruction norphing
circuit t# repeayice ¢danpPt wiert e AsteH UL Y Fider a second condition. 27 DEC
2004 10

a replay loop a replay the instruction under a first condition; and

an instruction morphing circuit to replay the altered instruction under a

second condition.

10



