; ABCDe3ezz{\ ~F~j 6Tv- 1 | NSTRUCTI ON PREDI CTI ON BASED ON FI LTERI NG
BACKGROUND OF THE | NVENTI ON The present invention relates generally to the
5 field of conputer-instruction predicgion and, in particular, to
instruction prediction based on filtering. Branch prediction, a particular
type of instruction prediction, has becone critical to the pér? Redit® of
nodern pi peline mcroprocessors. As 10 pipelines growin |ength,
instruction fetch (perforned in one stage of a pipeline) noves farther away
frominstruction execution (perfornmed in another stage of the pipeline).

Condi ti onal branches I&@Lz;i%c&'?cfoﬁr Ei‘ﬁn&%z%pf%’%.% fﬁf?ffa% re one of the

f ew operati ons where nstruction éexecu I'ns ion fetch. If
instruction fetch nust wait for execution of a conditional branch before

proceedi ng, consi derable pe is. |ost due to the nunber of pipeline
stages between the two. As gggggggﬁgm%Sﬁbﬂﬁﬂm%§VQN%y%$es are 20 typically
predicted in an instrutheopréeént invrénagohakebadesngenkakan ywitlh the
mechani sm i ndependept [ r Lon cution. Based_on this prediction,
subggquent ?ﬁ§$§36§?0%§$%?€é%p%@%#g??€£$§ PE?Qﬁgg?oﬂba ér *Mr anch
prediction iBavtienlaronye imsBuamhyncpredicthenebaced spefullaeniag.

instructions predictivglynfgt : be_" ki . d tryctions from
the correct path subseque%t? ?ggé egégé ? éé%kgggﬁggtg?%%hﬁgf t he
nmi spredi cti oHFE¥ECHIOR BYeRtat beRdi Basrbegomeceritiarlpsratideer for

per f or mance. pSPF b ANPHEET of rm@aé?ﬂt?P?éﬁﬂﬁéeﬁmii:f?obb@c%%bx%f. aps
m spredi ction, ich is usuaIIYere ated to the, nunber i peline stages

of
betWeen fet dit B2cOtPH Y ngthFibPSFrPFthPr5F5§htH§e§§ﬁ§ﬂﬁd in

interface betweestageonseatpbpal ihe pnabvesedaether 18@agndramconvent i onal

m cr opr ocessor_,0r t her uter system.in _whic redictor 102.may

resi de (refe%é%%r%%@%%ﬁe?%e%égggnhg%?r%?B@EQSB?"a ag?ngfSF@SIP%,%ﬁthch
predi ctor 10Pipebives.w ¢onditionsl pravekbssr (abboeveferired ¢aseasof

di scussion, Eigs.Js . { C u d Iy ssar..103.

St andard coﬁ%%%ﬁl%%gﬁg 53@@§%L¢%P%ré§%c§gr?&ng%ﬁdggé%égéggg %@ff%hell
knolh to t hoseSHaNFhiLRrexeeutien| affeatshinatruchienofetedd fd€ clarity of

di scussion. instruction fetch must wait for execution of a
conditional branch before proceeding, considerable
performance is lost due to the number of pipeline stages
between the two. As a result, conditional branches are

20 typically predicted in an instruction fetch unit as taken
or not-taken with a mechanism independent of instruction
execution. Based on this prediction, subsequent
instructions are speculatively fetched.

However, branch prediction is often wrong. 1In

25 many cases, therefore, speculative instructions
predictively fetched must be "killed" and instructions
from the correct path subsequently fetched as
replacements. Thus, the misprediction rate of a branch
predictor is a critical parameter for performance.

30 (Another important parameter is the cost of a
misprediction, which is usually related to the number of
pipeline stages between fetch and execution.)
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Through the use of a program counter (not shown), host processor 103
supplies a conditional branchinstruction address or portion thereof (i.e
"BranchPC' 104), and the predictor responds with a prediction (also
referred to as a "prediction val ue*) 2166 and sone state mﬂdrm.m,, i.e.,
StateQut 108. This state information is associated with a particul ar
BranchPC and i ncl udes |nformat| on necessary to update predictor 102 after
an associ at ed conditJ;onaI ch instruction is executed._ More
specifically, upon e é@utilo?t E’PSFF@t&"’s SEap iSEiaas anch

i nstructi Getween, anbenveheistibll ebirageidigredi dteaonm® gy , processor 103
generates an a tcone value 110 (e.q., a.,single bit indicating

ohether ¢ IRETTaRehoneY GRERoBPOREERR. 5 niva ey SOTBHEET GIRRN ot or 102
al ong wit hirStwhiitin pﬂedlchonungZamb.gedlmldd doge £3reds ttad éierreﬁQB ags the
sane i nf oryrat 8 t ti BranchPC 104;
this i nforawngt}?cgént %ngggﬁoﬁmﬁ §? nedtreé)qh al‘i r’o?:%gg%?l urﬁtﬂ t A;P

associ at edasiirs | bhbhinrankastnpregesiser . haéloweewrexé?an ehsEnodHut cone

val ue 110 sscﬁygg;[@ll@l epi&r edi gh8iy | S updating
pur poses ldtl necessarégaf:&r exan‘gaé :%t%gtyealtr?xliggz ﬁ?%t adtlce'%JHc %&8 i.e.,

stat e i nf HRATIFHT Stapd REFPle §490G1 83 hedmsen (i .e. | tabl e)

wi t hin pr%ﬁi’*é&ﬁtdﬁzl@flaéndspﬁéééﬁls@&:e(iow t RrefLhe ksieRine ¢lo %%Betl onal branch

instructiqn, _.and is.used sig associ at ed outce@(rsrﬂe val u"ﬁ 110 within

t he rrermrg" avifg, %’5(‘3?‘@?:@’ Fra réﬁcﬁgﬁré‘&] et GrEJPEIREEES Fiothict ariftocessor

is the MRE Ialimﬁlﬁ)ssrionoprocessor created by Silicon Graphl cs, | nc of

Mountain View, Calif o br anc edj re evoIV|ng
BhRafsy Fhe HRe, PE L BRES-AE et |

rapi dly because the péna or msp edl c nce
requi r errertOWIOY, dr@%’espmeeaserbbﬁa sn@péaasng CE@rdtljcllsnradcﬂpr@neﬂh-ctr on
simply obseiaadiddinin Diaarbes opuBbLYiBn @RexralRY (@ clhe other, and

therefore re I cted current rection , aken/ not - taken) of a
conditi onal BranghiCt 01‘% t henéaﬁbeaerresieclsp@vr@:?@@slsamé& Bon; so-cal | ed

"l ast - di r%é&rb&),{@x@' 951@@ reﬁ'érﬁeaetaoesr aqu 1K rORR 1R ) Of ot Or age
per branch. hmark %ﬁ , the CcC programq SPECI nt 95

avai | abl e%rﬁqu‘e %%raJrla PERRbiRBACd -Bval §£’P Srat T si nul at i ng
a 28 pr edigde VﬂﬁfbﬁnéK‘BoﬁaDEEaéBoelatémd hYaﬂp&mtieﬁll\lart hin tj he |
predi ctor for pre Lons associated w th par tlcu on itiona
branch iné‘ﬁfb‘{}f%ﬁ gdsm%iﬁlég? ﬁ??@ﬂ\a&'ﬂ'o& B§CEES é(l% %

m spr edi ctpmd:rcatcer pE02 bafineh. agbasssiciplted mpnd\lemmalt cbItaaKih- d| rection
prediction ﬁ?ér?:goz‘i’”lé Legpggition that branches used to facilitate

instructi on oops typically operate_in a predictable pattern. Such branches

are typically taken Iﬁ%@/ sp@esfigadlyowupon cXseRtd® nesdc fi%on of the | oop.
30 Upon reacdidihtde éeﬁalusﬁatleaa%ht hestooRt idengvere, ,SwhHenbidRch is

t hen not-taken Onl%%qq? V\(r}a i'S re-executed, thi s e%/ccle is
repeat ed. SW¥ie Hrior ?E?W%ﬁ di BFSCEFERTH B3 BEVCERLES per

| oop: OnC%nrﬂtadﬁliai aslt&dme aradiieWneo t(Iéngr alclging 135 muwbsequent | y

not - t aken, ﬁglca E%é'&ﬁ%éﬁgkféﬂSt Qé%g%hls taken or not-taken) and .
returns this to predictor 102 along with Stateln 108'
through a feedback loop 105. StateIn 108' is the same
information provided as StateOut 108 for the particular
BranchPC 104; this information has been maintained within
processor'103 until the associated conditional branch
instruction has been executed and outcome value 110 is
available. Predictor 102 will use StateIn 108' for
updating purposes if necessary. For example, Stateln
108' and StateOut 108 (i.e., state information) may



_- 4 the next |oop, when the branch is predicted as not-taken but is in
fact taken. Such double m sprediction can be prevented, howyever b& usi ng
two bits to encode the history for each 5 branch. This may eMB2iRed out

with a state nmachine that does not change the predicted direction until two

branches are consecutively encountered in the other direction. Onthe

sanpl e benchmark, this enhancenent |owered the sinulated m sprediction rate

to 12. 1% ThHieliMeradiaddress Sonved i masonal (edk . bitaishd )’ witlhhe

literature. jat | I, A V, t branch nnedi,ction include the use of
gl obal and/ gé%g&éa'fg}?blrda%%fs éc:r%/sé %l‘-i(o C vfjl%}%:g:rlfel%qf%%%t bet ween
branches. Begmd thionar yorigls ingioattion emesdm atsed o fstote-tkagt h
shift regi Sfa%ﬂsoc"iﬂatébd)%ééiémé ﬁFaﬁf&Mi@K&EEH&Q{ i ﬁl:{l%tor omey,ghifted into

the register each time a branch is executed, Local history uses a shift
regPster pefXg@Edch e d¥AnAh PRRAdiErer JiPRARES AN MikerqreeBeri ons.
For 20 exanplseth@ werrd el qdd efit SR Ieddbdqd e flada oy exertibdeon fromleft

toright) it seens appropriate to predict, that the next” branch will be

t aken (reprg§@ﬁ°§’é'tfsoy%“qp'dgi &%ﬂr&@%b‘;’fe"ﬁi Sr3EoFHiahe ot her hand, uses
a single shift regi st Metflovdsalflobrizrantes pretiict idnsare Zbvsipitisget of | ocal
history. A s 0 S or. utilizing history in
branch pred%%hlgltr}& V\%égrﬂe% %%%%mf%%%‘%%%%%n? | obal history
ar &0cal | ed PRAGOTmEhCeCIARE renene ciow gdxocerasses matedostIB0 are further
described ig T e @it LK § i1y oBsdRNRAr of
Dynam ¢ Br antl:—l%l}%ra%{jliﬂgors ‘Irha)? L}ts%{ér%{%/leﬁ@%o!} eéBlr@]lc}f] c?ﬁstory, "ﬂ%}% 20t h
Annua | nt er REENGHRAS SFHASINIED PR RN &F Aldhiatdier engthensyiows | EEE

Conput er  Sogireidd dte’d THVR kY, d 19930 i o8 S( Y&, &lal@dn/noAlE Sy i ve
| mpl enent at1 gqns of T -,Levellu - % Adopti.ve Branch Predictions," Thel9th
Annual | nt ePha &G RRE AR AT HANR 37 L tHPrevieus,,

Asgsci at i ondfiafecCdmmyt isty ddched et yadgtvididazRilon 199 ictadwn 3! Mebs | i ng,

" Conbi ni ng R ' iy Technd C T |.gi tal

Equi prent ﬁe%%%%ﬁ%ﬁl#ﬁ%ﬁh?%}%,blegc# o%ﬁi% Qés\JE ﬁ%;aé%ﬁi ncor por at ed
by reference in its e reet3anre Janghmasds ebl . eon ttHe sk@placoenchmar k, PAG
and GSHARE |Quef&th tdte gt Al 4501 £14:20 'ale §19ad8aRY0 and 8. 6%

Performance Evaluation Corporation) simulating a

20 predictor with a 4KB table (i.e., a memory disposed
within the predictor for holding predictions associated
with particular conditional branch instructions), such
last-direction prediction had a 15.6% misprediction rate
per branch.

25 A simple improvement to last-direction
prediction is based on the recognition that branches used
to facilitate instruction loops typically operate in a
predictable pattern. Such branches are typically taken
many times in a row for repeated execution of the loop.

30 Upon reaching the last iteration of the loop, however,
such branch is then not-taken only once. When the loop
is re-executed, this cycle is repeated. Last-direction
prediction mispredicts such branches twice per loop:
once at the last iteration when the branch is

35 subsequently not-taken, and again on the first branch of



10 respectively. In general, global history appears to be better than | ocal
hi story because the history storage is only a few bytes, IeavgﬁgM @
storage for predictions. A further inmpgovenent to branch prediction g

achi eved by conbining two different predictors into a 15 single branch
prediction system as described in MFarling. The comnbi ned-predictor system
of McFarling runs two_branch predictors in parallel (i.e., binodal and
GSHARE), neakliteBe¥hi ¢ROBnevhenpEheePrapeha igaPrradraede dsddtovakeast anch,
and chooses phe peednctFaen ehkkkhat 20 predlctor On the sanpl e benchmark, a
conbi ned- predi ct or sysggnhyain bi npdal g GSHARE a hi eved a s%fulated
mspredict rate of 7.5%°¢ engFBFF ﬁCF&OBrSﬁBh ﬁréﬁFHHQE?

suggest ed i nh&wevarobbgnusthgatwo bASS|gb|&chﬁeftﬁenhﬂsﬁﬁryoﬂ@ﬁutédnﬂﬁﬂ

Branch Predi P LNg ot npyal nternatlona
Syng%5|un1o Bkégggarcﬁﬂg ﬂg? Be Egggbépoygrwég Eéé“?‘ € 142152
(Decenber 2- ﬂha§9§6?s(n9§c§bgegé)thﬂhp@hdnsthérébyecnaonp@m&udd

reference inih3cRBLI a%leycaﬂgeg&élsglguteaeaﬁﬁtew}ag Qﬁe%h%e%gﬂe@fs a met hod
for determning a "confidence |evel or a given branch pre

Jacobsen sug@tEeSting: c@ﬁfFH@néém§19n§E§Chm?rbe tbés, neexmegite, to

select a preﬂbﬁérea tneasﬁf:iﬁlsﬁéahaﬁsgs%@al@e&ent PAReORS AREAIsCI Ofphig - 6
One, suggest ed cqnfidence-| evel ,measur o ied in a esettlng counter
&gk Taedofbt

whih i ncren@ft OFalf EOMPELTEHr E8 noLBaeas! op® elts maxi num

val ue), and lsteeaetireo zero on a msprediction. (This resetting 5 counter
may be a saturating co .. one_that, K does not_decre past zero
nor increnment past |tsx§§xgﬁﬁh§€aﬁm r?VEE?BE? §8u§Fch aﬁﬁggiq%ﬁQEnea
great er confidehudei hhe peedpEt gdabakxengl/ erylpseldbbraachohitsticsy"

conf i dence- |€¥eb18§aﬁ r@?kfeﬂéeib EdbbEwgéhlEr%n§ﬂeQ6|Oﬁraﬁﬁ@l%lstory

1. Confi dences- - dence 1t count atco
codHiNBXHBX|hﬁniMBéFél%VfrﬁEFEﬁPnEeﬁréélétﬁéﬁltﬁeﬁ?ﬂg§5uﬁhl£tcountth

then. -- 'ncrﬂégﬂétéﬁvnwltﬁ 68EIBEL, EB¥NEaéhCHREN) nbtaldkahne itcome
maxi munmendi f e] s -- reset count if inco rect ndi f The for 90|ng

di scussi on |§LH§F§gtéBtBthﬁrFFglﬁﬁeﬁaFﬁF FiR§ & F&HF itGn e

hi story per hoeathhissbryctizes. aImafac&eg&stb@wpe&rbrumdm|aﬁdwnnt|on is
25 kept in f|x S. abl es kel QL ARLJ on

typically unt é gté g§£%§e Fﬁgnsa akg-- g% éggﬁ%le:g%al

br a®d@hes oftenamnéﬁe ghvesahhelpéatEQn ﬂﬁlﬂn@lpaﬁn@souﬁh%Iedied When this
happens, it HﬁééhhiohnEESQSEéfEhEo”E&Qh%@'&E' Beld! 8ppHpri¥te 3% advanced

nmet hods store nore information and so thére js a tension
bet ween t he PEBHiFFoRbRR the ﬁfP%’r'p’r bapaCch Wid 1f Pemtekenadranraaanted

lﬂform&tl on pgpdat hegigceaase | GlbbalnhsiptesiGt chatbede® Hed iHtidgaaasks
shari ng

a single shift register for all branches and is thus a
25 superset of local history.

A variety of methods have been suggested for
utilizing history in branch prediction. Two
representative methods for local and global history are
called "PAG" and "GSHARE," respectively. These methods

30 are further described in one or more of the following:
Yeh, et al., "A Comparison of Dynamic Branch Predictors
That Use Two Levels of Branch History," The 20th Annual
International Symposium on Computer Architecture, pp
257-266, IEEE Computer Society Press (May 16-19, 1993);

35 Yeh, et al., "Alternative Implementations of Two-Level



A conbi ned predictor, as described in MFarling, that chooses between
GSHARE and bi nodal can take advantage of the fact that SonﬁtlﬂeﬁhﬁF @@%y
hel ps to predict a given branch, and sonetinmes history is not 5 re

and may actually be harnful. Such predi ctor operates by running both
predictors in parallel and choosing the better one. Selection criteria for
choosing an acceptabl e prediction may be a confidence level. In such a

si tuation, Iﬁﬂmﬁkﬂvetﬁﬁ&nqheﬁﬁQ§kﬂQ;qnﬂuftﬂhﬁ;mﬁnﬂnﬁnnualconsune costly

t abl e space,rf Qyfde ghher is

al nost never._used for certa ace nsumed by

. . (
the unused prdditcdor Agrﬁf?ce"a"é'é‘soﬁ aﬁ% %qmqtﬁgxg( |Ma§h11’tefi€=)’u vfla-Btediction
for one br arlcm)nstantpts omthabﬂsi R0 ttRinb i A HE e BEES] GESHE aﬁy

Mor eover, ol el onfi dence | evel

i nafequat e Vet O %ﬁ@%%@ﬂﬁﬂ“&ﬁnq LXERF | &Jr%%g?

c;)nf i dent . Rh'e/rcﬂ?a:slmgfee,d daath e fs twinigihi sils rlf@}ﬁmiywaa*lﬁ:d&@cbif-aa%@d p]b?dl gt or 20
alternatives_ t I.cient confident (an

t herefore acsrcegét ,p—}%’ t}}Accor (Htrgqgetq'e tﬂslg l?élra)esﬁer%‘bl e to have a

predi ctor system and st Hdwe tsteanp lef fheG'JCémaryk,uﬁé.‘v tealsl GSHARE Iowesedvi ci ng
i nstructi Onﬁ:l—feh%tlrﬁﬂléde?c? s‘iﬂ:‘e‘%ﬂ ég,tﬁ ere rtrgatlld)rb% shch @sggondi tional

branches, to reduce fal se aring an y | NnCr ease predlc fon accuracy.
Furfher, it SRARSFLHes raift;} SN ey héiStOry aprsarante hae

di sti ngui shesety@n g Harp| 16l tmsxfozqhmé‘c%géﬂ%ear}ﬁsqﬂﬁy deesRsgacsgpt abl e
t hrough a conf.i denc 3%¥I evel .or other acceptance=testing ppchani sm 8

SUMVARY OF TIREY kv tefhe YSRVEME HIPLS SRFFEES RIRAFSF1IGRRer at i ng
predi ctions that effi @ ehitdthessd nippfdvenspace o Q:“ra&m‘l'w;sarétgl@tﬂ:ndmtignal
|nstruct|on 8 t el e systi.emthat, prioritizes
and t her eby cf lél‘%]édlﬁlb e‘-‘tsg%fbbrj‘g1 g |tg‘}r%)s%’l?§cﬁ%e% ec%: rﬁﬁ/r%e Ibtégn%d equal |y
acdépt abl e tsd.nglee thwanaih presirftiidan @y dtem| as @gcmtbmd Imcept ance

McFarling. The combined-predictor system of McFarling

runs two branch predictors in parallel (i.e., bimodal and

GSHARE) , measures which one is better for a particular
conditional branch, and chooses the prediction of that

20 predictor. On the sample benchmark, a combined-predictor
gsystem using bimodal and GSHARE achieved a simulated
mispredict rate of 7.5%.

Another variation to branch prediction is

suggested in E. Jacobsen, et al., "Assigning Confidence
25 to Conditional Branch Prediction," Proceedings of the
t nn M ter ional S osi (o)

Microarchitecture, IEEE Computer Society Press, pp. 142-
152 (December 2-4, 1996) ("Jacobsen"), which is hereby
incorporated by reference in its entirely for all

30 purposes. Jacobsen describes a method for determining a
"confidence level" for a given branch prediction.
Jacobsen suggests that confidence signals may be used,
for example, to select a prediction in a system that uses

more than one predictor.



testing nechanism In a first enbodinment, a systemis provided that 10
generates a prediction for a given sityation. This systemi ncl AR 2000
plurality of predictors generating a'p?ufality of prediction val ues f%P t he
given situation, wherein said plurality of predictors are each assigned a
uni que priority |evel and at |l east one of said plurality of predictors is
15 operable to indicat t r i e, Further, the
prediction is generat é?§g$é§ ¥?§§ %ﬁcg gé?d%% éﬁg? Ey of

predi ctors WTRPERY In r%tr?ﬁ%‘éi'i—"eltl@rcbudt@at'&blabcéppa‘l@mem:y oh eesh

predi ction \e@zti%@@gaf@&l@tmﬂh%ﬁtaéébggegtpiterh&hh%%ﬂﬁ@f?%} apy ot her

predi ctor 2Q of sai lurality of predictors that also iIndicates
accept abi | | W FeH8% ‘%éﬁ%ﬁ?l HrBYFRFeOhRCaPRe; 4RBig ¥E86R&iP8edi ctor of

sah@ p{urahddﬂnﬁeﬁﬁmﬁymﬁéﬂ§ts&ﬁﬁra@ﬂ? Oéoﬁﬁtérp|Mrégltbnﬁfgﬁbedg@b?rs
i ndi cates acceptabili its prediction val sai d_second predi ctor
having a | o $t4%$ %%ﬁmﬁ??ﬁ % ??yn?ﬁvéPcr?ﬂﬁhEyEF§ﬁ1PGFt iPHRY udes a

nultiplexervaﬂudeﬁjtmnrgﬂxi¢bmmtértyabﬁe$r£ﬂd¢tate gpeaabke to select said

prediction fr i ct S; ck | oop
coupled to sa?l? %faéur aﬁF Jty of %?%I %gs f%}rqgm%gg?§ SS goggd %?r%on of said
30 pred|ctthHﬁnﬂQﬁﬁHﬂﬂﬂQﬂrlﬁN@bJm@@ﬁ@nﬁelafprhvlgedennsﬂab&el@n I n
angfher enmbegdijgnt, a predictor systemthat generates a desired prediction
for a given instruction conprises: a plurality of predictors generating a
35 plurality of predlctlons each predlctor belng a55|gned a prlorlty | evel
and at | eas v FET 110 ==t = s F

predi ction;
said circui

Selecting the désired predfctron froma desired 9
predictor, &refifeasPl desired predict pr-is: high iqogfidenseckfi sewrt of g
plurality of pr&#Rkt7of{UBkherFREREYRF i r st | pr edi BEBY™YMndi cat es acceptabi lfi ty

of its predifction and has a hlghest asstgned priority | evel anong any fjot her
predlctor 5 |of"PeaFeF Eﬁgrallt dIC ors that al so indicates

t abi iy oFf ?5 sp@E? gﬁ eBt n' and a second gre i ctor of llsaid
pIuraIity of predf K |uﬁa§¥%§2“8f° d?cf8f§F| ndifjcat es
acceptabilifly of Lgéifpredlc?lon sald s=cond pred:ctor haV|ng a | ownest
assigned 10)priQridy level. Existing hoyt processors are easily nodififed to

czgypor at e the pé&ﬂ%tcﬁcbr system of thejpresenlsii\Rht A 1MREEOMET
pre i ctor slsteghégponnndates further 'lenhancenents to the host procg

such as tr ate=ceetres—tfrrcrrea—hc— e
relatively | ow cost.

The foregoing discussion is directed primarily
to maintaining a prediction state or history per branch
instruction. In practice, however, such information is

25 kept in fixed size memories (i.e., "tables"). The
information is typically untagged, and so prediction data

-~-for multiple conditional branches often share the same

location in the tables undetected. When this happens, it
usually increases the misprediction rate. The more

30 advanced methods store more information per branch, and
so there is a tension between the reduction in the
mispredict rate from the additional information and the
increase in the mispredict rate due to increased sharing.



A further understanding of the nature and advantages of the invention may
be realized by.reference to the remaining portions of the specification and
drawi ngs. 20 Like reference nunbers-inm the drawi ngs indicate 'ggﬂé# ﬁJ or
functionally simlar el ements. BRI EF DESCRI PTI ON OF THE DRAW 3’021
illustrates the general interface between 25 . a conventional branch

predi ctor and a conventional host processor. Fig. 2 is a block diagram

il lustrating the concépceibifed\psrdichen.i aradeasanided st ructi ons t hrough

a branch pr ﬂ@pa&q&n@/stt%@t%h%s@sl b@rtw&d RSHRRE AR Dimjodal T th the
principles of the jnvention. ﬁb% I s .a bl ock diagram of an enbodi nent of

a branch prE&ket 8AVaNERGR &Fi p§P§FIépaécééﬂﬁgiﬂﬂﬁuﬂ%ﬁqﬂﬁyzﬂﬁﬂ9$lter|ng
in accordanee m:’ehllfdtte aplglllvelnpbﬁ:an@h th@ld BepRitiiaRs histdhg is8Bhdes a flow

"nebr uct i ontERSSEET AN Do, ALY, PR ety { KO Sh VB IER Fig. 4 is
a plock.dlagpama@hsabwremgnaeg botbdpredti offors Hrapergiled cmt system
using 1! eEhRash AAReY %@@%Fwﬁh@ t N RYel 'c;&q're 831 ile 4 G&V&H]O&i fig. 5

is a block diagramo | 'oba story Shi Ster use P2di ct or
system of FR§. a@cemtahlg pgedgcgcl@momam@gueamomfaaiqm lavel useﬂn. n the

predi ctor S%ﬁ'&:ﬁ”h()fsﬁkﬁtlﬂ)n,':h%we?felrs %of&bpgalse@lwcﬁ@ Ofarfy fdesst update
CIrCUIt used. in %h? predi ct or giten1o 8.1s a _block diagram

of 18 secondCBPREEE) 15°TEMRG; COgdY tAPLRe S,?Eaéﬁlcteaﬁersyé}eémtd?e Fig. 4. Fig.

9 illustrat pgediiatéonufubng prabs cgercoat ethebytihea arsecamdgt, PesFem of
Fig. 4. Fig |IIustr§tes tate I nput | als r C |ved t he predictor

syst em of FPSeg fofbcﬁl 2 FFP&&FFate %ﬁlon results
froma nunbepnsﬁmpde@wcthesuandeﬂrpwedu@mc&ySMQmaases false sharing

(i.e., the use of a prediction for one branch instruction
15 by another), and thus reduces accuracy.

Moreover, selection criteria based solely on a
confidence level may be inadequate when, for example,
more than one predictor is sufficiently confident. There
is a need for distinguishing between multiple predictor

20 alternatives that may be uniformly deemed sufficiently
confident (and therefore acceptable).

Accordingly, it would be desirable to have a
predictor system and method that efficiently uses table
space for servicing instructions that utilize prediction

25 information, such as conditional branches, to reduce
false sharing and thereby increase prediction accuracy.
Further, it would be desirable to have a prediction
system that distinguishes among a plurality of choices
that are each deemed acceptable through a confidence

30 level or other acceptance-testing mechanism.



Fig. 12 is a sinmplified block diagramof a host processor that utilizes the
predi ctor systemof Fig. 4. 25 DETAI LED DESCRI PTI ON OF SPECI FI C EMBODI MENTS
The foll owi ng enbodi ments are directed go systens and net hods serV|C|ng
condi tional branch instructions. However, the present i nvent i dnl iMAR 2002
applicable to any operation or situation where prediction 30 information

may be used. A System 200 Fegvvarv SoR BiPCckndhadiggm i | | ustrating how
condi ti onal branch instructions concept, aII fIOM/thrgggP - 11, a branch

predi ctor system 200 THarIHEE AN PXOVAESEn 2RPESF I RC IRNEFREING nci pl es
of the preyadiicviemns ahatlickéipledttionsdORalole Fppcd, f&yssteamﬁﬁ@lg

i nterf ' t ) d 5
U Conve AR Sk EGEERRE S ARGl HhstRR e
predi ct on ¥ @Yﬁ%ft&arte@rtlé’r%l&esp?@@l Eh?%‘ﬁbfﬂ J)ngaw@s?sqsm e information

to the hostpryqicas s t‘éa@habEewhEJ@hplh@?eﬁéOcﬂeéxﬁlecﬂ)rétﬁlaﬁll}a az;eﬁijtrawle
condltlonal br anch |nst%Hct on n resgons ﬁﬁssor supplies 10 an
b?’én%IN;

act ual out CEheSEalTHE OFG chgPPﬁbdﬁﬂ‘é?h S aken)
and st at e ibefstrimgt mechiapiemabl e the predictor systemto update if

necessary. As shown ifh B Girdt anbéeeene! hngé{gtgﬁlaiscﬁfl&tri&é@@hat
predi ¢ctors 202, 204, 205 and 206 are serjal di spos hin system

ed
200. Bdch SGRETRtSsne PrEdrEELP BT bR %b\ﬁ%‘ﬁr%‘i%“f %\?é/ $E8nal
branch predinctlodespdi pladaﬂmtgenéraredromrsiegmeeﬁamaaigs d placedridgnce with

met hodol ogigs rl C ;ﬁ@% | n es a
branch preé1c§10%&gﬁa%g ggggbcon dg%%eggével f%ggaqgg%gg%% aEranchPC
Pr edi ct or s P2oraid&yaré E'?Fféfi&?éﬁFéaP}’? SreRREILINER e prdeEisysi ng
"prij_ori ty Lll@]go;@l" afnaﬁmtl Qfatastoohégbf sdbe pluﬂliwkﬁﬂ/qiréiﬁ?d&ﬂ%dl 1tsodeach
predi ctoor defines the rel.ative prefe u t i .cul ar__predictor
Prong 35, aPPperass ton 1 B0SralE BEEoStRPEt: & L AV BAR e allid
criteria (iFUefthecfonﬂ:ihéen@edtLevgml is generdted el ow firsdporsdictort he
Pr edi ct |38n Jforsaatdgb\la&a@&egctafl _ﬂ§éay@£d>9§ omtléﬂ t%@;\ﬂ‘@é@‘i}r@ﬁld@t%ken] 200|
roma predi ctor w riori at ha ence | eve
sati sfyi ng & %BFéﬁgﬁePﬁFﬁB Hiégﬁ % £%ﬁLRF? ¥ﬁ§fﬁn'vsgﬁhf?g£ Pevel may
"satisfy" Bighegt h351gnadppelotityhhevag anargd eyt hethdrs ppepddlctba PTV, (2)

havinga vaugal a 1h§a§&€ %)Pé&i@ﬁo U@%aé Qe Haihfraving a 35
val ue that satis S .any est a gl ven
acceptablllty of 1ts respectlve predlctlon value; and a

o)

second predictor of said plurality of predictors when none
of said plurality of predictors indicates acceptability of
its prediction value, said second predictor having a lowest

25 assigned priority level. The system further includes a
multiplexer coupled to said plurality of predictors
operable to select said prediction from said plurality of
prediction values; and a feedback loop coupled to said
plurality of predictors for updating only a portion of said

30 predictors based upon an actual outcome of the given
situation.

In another embodiment, a predictor system that
generates a desired prediction for a given instruction
comprises: a plurality of predictors generating a

35 plurality of predictions, each predictor being assigned a
priority level and at least one predictor being operable to
indicate acceptability of its prediction; a selection
circuit coupled to said plurality of predictors, said
circuit selecting the desired prediction from a desired



- 12 situation. Should a confidence |evel "satisfy" PTV, the associated
prediction is considered acceptable for use; although its relatiye JAD oo
desirability (with respect to output frdm ot her predictors) is depender‘it“

-upon the 5 priority level of the associated predictor. Should no confidence

| evel satisfy PTV for the given branch, a prediction fromthe predictor of
| owest pripredictin) lelwremdsd:)gd diFfsitdd pieddationylig,: eefférskng to system

. 200 of Fi %: ge 1&%%@&{ r%l%eff [b%tef&i%tt'o%%swﬂl\(éﬁ] Lsﬁghefi%t

predictio a given to ri ¥ ecreases in
accor dancePHELHCERE 1 Q@tﬁﬁﬁﬂqqg}:q%ty of d&iscPEei2gEionagndghase
hi ghest pra diidlyesti dds ipned pnidddicy 1@»&1 deongl lengy oeherf\h)rbdﬁﬁﬁbﬂs ina

given ppI o) r f|C|entIy
confl 6Ea§éu§l %@1%@56 evecis"’eod:T \%1& %rirsedl (%1 6 ?’8? t he branch
instr uct i omccb@wohbhfsym evdz%attqsm%\@ mdllq@wmer angr adeecord 204,
having a |;§M§ildlfé:9rd>f ysaﬂa Id1GenGeRt W kreerktodar waBhynbhaserbsanghes 20

i1 "oty SEAEREIRE At e, dndihein SeePhARuh P pE 4h T clontly

confi dent .prfedidieion prealid tawc a2 b priediictprt haviagest lpweeti &ysighéd

conc ualﬁ%ﬁh d%[; |'y those branches not serviced by 25 any preceding
predl |sn:§¢e icior will service all branch instructions regardless

of the correspondi ngE¥eREIAE MRS REAcesRons @ e EReidyr medidiedr k@i ctors
202- 205 ' fiﬂdcﬂ‘;ﬁorattr@rtﬂ{e lpts‘édltwdzorsgrswm@fcenél geasenangnpenoidy |evels

o sel ect PLSHLC Ul UGS, 0 Ress) BLe RRLALLLY EQLCADY 01 ven

I nstructi on. ny Fesi dual®™ s Sel’VI use of
predi ct or senhpneanentsy di e Hoss mrm@isspmssugbt psntsraaeedachesonfi dence

and DIS 0“ (Wlud-ﬁ/%a%/ Ise rcﬁfrﬁfﬁo@.‘iéd)bgeb%h'flaéncér apgBipyediction filtering.”
%191 rlng ainto Fig first predlctor 202 yields a

predl ctl orF CBY &%t i on confidence level "Cl1" for a gi ven branch

i nstructi on | f Cl satfefilesr anifldrdmmnding idf €he nagueat endt han or equal

to PTV), %}i& et ecﬁ‘:‘)?tlrleS 1‘?:‘%%&#1:‘3%“ ﬁé@ﬁgp%hi‘ﬂﬁé‘d% diGELolhce ¢

Accor di ngI ected an oSt Pprocessor to pred| ct
the given tkh%lrr(ﬁi“aléﬁd“-q RONtdPEISn O%g tHeWSPEF AT RE AN cRB sdBeingfhor ed.

H8we\a!acir]I lﬂlk%l xféiﬂéfré’iﬁe S‘ﬁﬁr&ﬁh ia 3 Rﬁvtlhé d@‘gw;.ﬁésli?ﬂﬁéétéhﬁd%ﬁ\ealthe next
10 predictor g.chain a ua or selection and use.

Concept ual(‘? citsloseaﬁ sﬁfn&cl tﬁgés down the chain of predictors
unti | elther a suffici ently hi gh confldence | evel is found, or the final

predictor (i.e., pred deRPsdspashes Thk bRgwkiagl predictor is

Fig. 1 illustrates the general interface between

25 . a conventional branch predictor and a conventional host
processor.
Fig. 2 is a block diagram illustrating the
conceptual flow of conditional branch instructions through
a“branch predictor system using filtering in accordance - -
, 30 with the principles of the invention.
Fig. 3A is a block diagram of an embodiment of a
branch predictor system using parallel-accessed predictors
and filtering in accordance with the principles of the
invention.



15 reached, this predictor becones desired for supplying a prediction and
the associated prediction "Pn" is sel @tgd for the given br@nphymegﬁfdless
of the confidence level "Cn". PredictTon nmethodol ogy applied to system 200
.of 20 is sunmmarized in the pseudocode of Table 2. - 14 - Table 2:
Predicti on Met hodol ogy 5 10 predl, confl, statel 7 Predictorl (BranchPC)

pred2, conf2, state2 %ilredigcti@r Al Br pr , f ateN 7
PredictorN{BranchPC%gi#aLontllthenﬁ;égfgﬁg#tpfggg g%§@9535§ f2 then pred 7
pred2 el se FREFILHAGIR ERdireRePeedicgion fox pseivenodeanchrabl e 2, 15

predi ctionsifépradéipn canbicdenaanceyeith( thenb#ihzigAd S idt ¢enf or mation
("state#") {gria Les for each predictor stage are initially assigned val ues
in parallel” %@6 ﬁﬁPng wi th confidence level ClL ("confl"), the confidence

| eviel of each predict 8igi.s4etal nabkdckod2@ggamebli Bepradcherd t satisfies
st i s_successful, the

(i.e., is n.@r_e o). .the PTV. If the te
associatedg%ﬁggﬁ%?%geiggcﬁoggghghdbfﬁglﬁFgaiEYEFg?pHEFPBbf&F&ﬁnﬁQQNIvalue
("pred#") iwnoaepardascs withetheepelincippes bd the hasenphieancssor.

O herw se, the next | r 25;prgdj ' LOrity. i s,eyvaluate red#+1) .
Utimately, if_no con?i en%elﬁegngég%iggﬁgég hng? ?IPﬁgh"ﬁﬂﬁgp&g?edictor
206 ("predBift xepieted ygedeinuthe. pradactordapetem off Fhig.f ér.egoi ng

dizxcussi on, 30 confi denge keysl aCR18Ek! & diet gr e
measur ed since .t he ﬁéggggtion vglue Pn ggﬁg?éﬁegfbg P%%g Hﬁgg ?%%ﬁfilized

by default 1% Ho®oP 8 E¥BFeTaPfsFlgs #TV. However, it may still be
desirable to deterni nBign Toisparpbsek @aibgeaimhan sekeekinapaasa predictor.

For exanpl e, jng._h uter _may be configured to allow for the
fet chi ng o?x%ﬁgiggpﬁééai%gtgﬁétﬁg%8ﬁ5€ﬁ§ 8¥Sgeﬁi9£nbggndﬁtional br anch
Fig. 8 is a block diagram of a second update

15 circuit used in the predictor system of Fig. 4.

Fig. 9 illustrates state output signals
generated by the predictor system of Fig. 4.

Fig. 10 illustrates state input signals
received by the predictor system of Fig. 4.

20 Fig. 11 illustrates trace-driven simulation
results from a number of predictors and predictor
systems.

Fig. 12 is a simplified block diagram of a host
processor that utilizes the predictor system of Fig. 4.

25 DETAILED DESCRIPTION OF SPECIFIC EMBODIMENTS
The following embodiments are directed to
systems and methods servicing conditional branch )
! instructions. However, the present invention is
applicable to any operation or situation where prediction

30 information may be used.

A, stem 0

Fig. 2 is a block diagram illustrating how
conditional branch instructions conceptually flow through



_ - 15 - ‘instruction. A confidence-level criteria may be used to trigger the
fetching of the two paths, as described in Jacobsen. As discussed above,
system 200 provides for a 5 hierarchildal- filtering operation v'fnqarmRazm ven
conditional branch instruction passes fromone predictor to the next
(moving downward in priority) until a predictor with a sufficiently high

confidence | evel &Cx% ia encountered or |last predictor 206 is reached. Such
10 filterirfy DFeBFrRnEReARSEPECEYBREMPLA0i BRAt QUARBHAALSERYASE ddntrol over

Ior efli gti ontw@@ﬁaegﬁiaRE wEe? enalnptﬁflciltpméﬁdbﬁt @hetjfes]?éséﬁtt lgnvr?_ntﬁ.on iy
ast-direc e . ave, a sufficiently high confidence
l evel to sé#gk%épﬁeFéF§8rngénﬁko?léraﬂchSYﬁEFWugPPoﬁE rfgces ﬁﬁ#ﬁﬁcular
type/ cl ass afcomsentibnabshosy beosesabegi(nat| ghplated cmshrc@amdalmcéyst em
Such hi e si.h rtain bra
mgiructloﬁ'gff nggggganggOBrB#?éaﬁ%mgggtEéﬁcﬁpgﬁ %ruc EXEtﬁWb% di srupt
or |ntroduc@uE@bD¢StﬁnpcadhytignuﬁdblorabferbeéntheQSfer"@rpdmnnmmnar
pred'Ct'on-@&ﬂ@QE;Ianahgtgeén§558§§ag§aﬂeeo thECRYSE: % %%%@b%OQfJS highl'y

nmodul ar and therefore easily expan e wth addition st ages
modul arity $R&OHe EF?|P£@ae§SOFnEPuH§e i6F axmapféngzsceaditiional

predictors Eﬂ@:ﬁcﬁeinsﬁguaﬂﬁéhf I CIﬁoﬁébfabﬁBé| Ehénﬁhobéﬁbb&cﬁs ieguch
specialty predictor

e ass r|or t assu e ,specific
o 0 el SR Sk RT ORY potrore L Har (enduehy PhuckbelpaR. Bl brenghe iah | kol v
to be servitakiebyopr adietakenpl anddstpser tafiordt Rehetpi egrabde mhieo Fig. 1
after the ﬂ&%ﬁ&iceU cg galgg &égagg ngRQggEFQ?gI branch instruction is

det erm ned s In |on ortin information Z08) is
returned to predlctorAﬁoahPWnomghFigedEacR nQGPEIOfoéndawydw@dessary

updat i ng ('@o§§tﬁEﬁ@hEaEEQdﬁbEBrEhQOEreﬁb@t'QBS”EBBOQ0%”E&QY%@IQA1QH*5 }
16 redictor). This up atln Eeratlon is also reguired by the predictors

of 13y st em 2BDSRPSEAY W1§ lReFEF fRg2P8- Fi §ach cppspiEyEBtoPTEsictiore. | the

predictor haxy nﬂet benhtgheeédpframl hya:onseﬁeh@ﬁh@dbtamﬁhcgfrrem@ﬂoxa
state informatiaq

di ct t t
(pr ovi ded B9 RS hPoSBBeEF TS SoEARBREdal FYoRbr ach BEE BP0 MRt ct or
202 for updmethgdpmogmeesdebbwebed hetednpr edccbodiogliyoweragbri ority (e.

. 204 or é é on:?eéSﬁE%QtEQra%%%hEh' g%&ﬁ%&%&h‘)”%’" Q.4 hen any
predlctor priority) of this
sel®ct ed pr@@nﬁgéﬁngg wevelagdc" for a recelved BranchPC. Predictors
202-206 are hierarchically arranged in a gradually
decreasing "priority level" from left to right. The
priority level assigned to each predictor defines the
relative preference of using a particular predictor among
25 all others in system 200, subject to satisfying
additional criteria (i.e., confidence level) as described
below.
In operation, the prediction for a given branch
instruction will be provided by system 200 from a
30 predictor with the highest priority that has a confidence
level satisfying a predetermined threshold value ("PTV").
A confidence level may "satisfy" PTV by, for example, (1)
having a value that is equal to PTV, (2) having a value
that is greater than or equal to PTV or (3) having a
35 value that satisfies any other test applied to a given



the selected predictor itself are conceptually provided with an actual
out cone val ue and associated state information for updating (if necessary).
Each predictor Z5 will receive the Sakh® actual outcone val ue (1 1eMAR Y@ Ue
110 of Fig. 1). However, individualized state information associated wt
each predictor wll be returned to the predictor fromwhich it originated.

As di scusse th| | fo on i.,nc| u 2 for
tabl e | ocat ?%ﬁg gl sposeghghﬁﬁl n gégg’l‘lﬂai ec{i%%(’% ;'![s Ckh’e g’éﬁa%\?bu?

value is toaseogllaced pugdatcet imnt h@d@ioaggnmd et dep ttalahe hf g euﬂset or
system 200 I - 17
Tabl e 3: Up‘g%%gb tho % Eéhﬁ%gb%oﬁ%é&% q@a@%ﬁaﬁmﬁ?% :I[:;g/ "at? not confl t hen
Update2(act99PPu§t§F@E)OF eﬁoPr@é#PZq 1en ish depsdantuapontetes3) ~~if not

cong N- 1 t hegrpdatoNiagkiabs ghat elhl)so%l@tfedefﬁyém%xf Referring to Table
3, update net hodol ogy g gia 15 with the ugﬁgte of predlctor 202 (i.e.,
"Updat es") via subroufff pHQtEPnf %ﬁy( B tker "Shand’

sta’ae i nf orzgg{r;ceﬁnbaaﬁehl aheﬁl:chHhhtﬂbeﬂiﬂﬁdmf tZQs'Zg( déu‘dl&it% )olﬂrfgw%b'rnfﬁ ;0
predi ct or ot , updat i.f. ne | f.,confj denc ve 1 ("confl"
did not 20 85%?§%y§ %g E$VbFoV ?3 d%ﬁf‘lﬁhe or 204 is al so
updat ed vi arsfibroangntoUptaten. zvﬁlprﬁh@asg,cdﬁmanundbemnéf lrameli ctor is
regghed whoglgsegar: gﬂseabgmb&et pachs eqetdlec@%\ﬁ , Py P g&achi ng 11 nal

predlctor | can above, assSigned 25 | ower
priority thﬁﬁe@h€t§€l§€P@d1§f§dt@t6ﬂ9§ﬁelmhﬁ (ﬁﬁQﬁ?Qﬁﬁ$r&Pthls process.

accordance with decreasing priority levels. Predictor
202, having the highest priority, will conceptually
consider all (i.e., N) branches in a given application

15 and service those for which it is sufficiently confident;
i.e., the confidence level C of the predictor for the

branch instruction being considered satisfies a PTV.
However, predictor 204, having a lower
priority, will conceptually consider only those branches
20 not serviced by preceding predictor 202 (i.e., N-N1).

Again, this predictor will only service those branch
instructions for which it is sufficiently confident.
Further, predictor 206, having the lowest priority, will
conceptually consider only those branches not serviced by

25 any preceding predictor. This predictor will service all
branch instructions regardless of the corresponding
confidence level. BAs such, the series of predictors
202-205 "filtexrs" branch instructions using confidence
and priority levels to select a predictor of highest

30 possible priority for any given instruction. Any
residual is serviced by predictor 206. The use of
predictors to selectively service branch instructions
based on confidence and priority levels is referred to
herein as "branch-prediction filtering."



A selected predictor (i.e., a predictor whose prediction is selected to

" carry out a branch prediction operation) and only those predictors residing
upstream of 30 the selected predictorifgi.e., those predictors:- ?Wh@g(ﬁ%

hi gher priority level) utilize update information in response exe% ion

of a given conditional branch instruction. Accordingly, table space in

predi ctors | ocated downstream of a selected predictor is not wasted 35 on

actual outcone val uesRgérerangd aigy il dmec Fiignst2r,udtiiosts ﬁne@lcedrazohigher

priority pr%é%@fﬁ thatgtaes, o) 8] ﬁ&osspeﬁdkewenpqo% e 1 aiosed

to be nore l'i cation sp éC| articu lbrangn

|nstructlongcfhé9°§e$v9€%5%lbﬁ@nﬁbdaﬂétrﬁﬁéiﬁat|oﬁfcéhegabléﬂbﬁﬁnantly from

these instrpgyi 3@89 In1<ft berigogsacby EREHCHRIeHNB1NWP&IMAf, branch
i nstructions updating downst ream predictors, there is Less ‘data in the

t abPes of tRES 1ﬁF85|393r§Saﬂ&sﬂﬁ e TERLYINGEI3 RERAHFE i@ se shari ng.

System 200 geappddably,i bl usy@ébscbéanahdpfe@lwatd@a feid te@vel Mbthr ough
serial operation. AIt% %FS@&S hi rOV|de nvenuﬁnt nodel to, describe

the concept BAPCEPERFaNd ﬁ”téﬂb cHPE eEPRERIRAs, it
is preferr edOWhatrpamdpc'Edn.stbe'sams@mnemar &Idveéve:F; gsf <} aiuésfl

or edi ot or o. T8 B CREEYe oS00 G SA 15 BOBPQEhaH Baddi St anAthodi ment of

a BPanch prEaﬁé@§F°§y§9énﬂ!}0@hﬁsFﬁ’g’*lﬁhﬂ@ |eé4a3ame%p:pr%@l%¢m@nmd
filtering i ﬁsaccocaaeegtwamyt heild REWIBS Hoddis ESsEMhueaVEShoN. The

dat a |nputs onvent.i onal host, processor 103 é .e., {k nchPC 104,
Stateln 316% 8n8 Q&PUQ BHELIFEOFa Ytido)eitheo @ RREL 161 fRE Yg?bﬂgssor
103 {i.e., Gbare@encadlbeaad Rrse(floﬁzﬁﬁ.;t ol Thes AitRYL tﬂsneedﬁ@eoi:nwr@atl on as

h di vi dual i di 25
;eﬁelgt;V'r§§68&??§%:?5%xﬁ r%ﬁ%& C|ﬁgﬂtﬁ tg%%%%f%%%% géé%? l%’?andard
cotrol si gmehshedonmtpiscpsedictod; besldmdanalesinred hbse sepphgingdanary
skill in thg 23&85%‘(} Qﬂ%& ERAMA s 3R 39; féﬁraﬁxv Pésggfégt&ﬁt hi n

or ut fo I SCUSSI 0

host proces r ease of shows system 300
coupl ed to pPEcEBS0BiVED. braneh: megarsilmss oafAthf- m%ﬁh%%@%n%%ve%ﬂ is
coupled in pagallel to several predictors 302-308. Sinilarly, input lines
390, 352 from processgr 403 GO0 QUMb RS bl ed o 25y HEL b5 0E V2 Ue

20 is summarized in the pseudocode of Table 2.



|9 _ respectively, are coupled in parallel to predictors ' 302-308. Lines
350, 352 nmke up a feedback | oop 354. Each predictor generates state
information ("S") and a prediction-{"IR' - also referred to ad hMARr2888 cti on
5 value") fromany well-known branch prediction nethod (e. g.,

| ast-direction, binodal, PAG GSHARE, etc.). Additionally, each predictor
except for final predictor 308 generates a confidence |level indicator
("am") ind'cating whet her the confidence |eve "C"). of 10 that partqcuLar
predictor $atisfies theTPPVerdr spPaeshcidon Meflodalesy pTV') and thgrefore
t he associ gt ed peti ES a bLe use, j of confi ¢

| evel may e ca%:% bu Qn&f)f ggg ggez %f%%gg@ggggé%&gg{he pseudo

descri bed gbove “in " TRBIe" 1 BF befow | ne Tapl & erm hation of
ele ti sk i ' | within 4
may %gﬁ'gfgélilgﬁ asmggﬁegi Z?E‘?%‘?ﬁ%@g"%‘?‘g‘???ﬁc&e gate 4
Fig. 4), a conventli,pé@w ator or any like device as would be 20
appar ent tq one diBY¥ef ObHfFPpaNesnkill in the art. (As noted above, allt hough
a predicti ¢gn may ber&@npistes@rl acceptable for use by its confidence ljevel

i 1% relati!e desjrability -- with respect to output from other predi
--1is depe‘dent el the priority level of the 25 associated predictgr.) If
the confidgnce | eveted 7 gsrediparticul ar predictor is-greater than orlequa
to system § is output as a logic high @r one
i ndi cati ng accept abi S assocrated p ernatrvely, if
such confidence level Cis less than system 300 PTV, the associated CT is

output as a |logic | orefezeingi tidi thti pgeudacodpt ahi rabyeol,i ts prediction.
n alternative e di pent ., each_predi.ctor SSi dyan_indi vi dua
Qﬁéﬁetermlﬁﬁfqﬁékéﬁggdk5§fﬁ%#32’mﬁggﬁgﬁﬁégebggégﬁgs?iéag?§ 6ﬂtgh a logic
high C. Asstate infgrmaionohéstatedt havavéabiashfproeashopradicsepl oy a
dlfferentIE?JEEiégeCQHPH%%%%Kaag?2%2%82321g@¥ekndééﬁaﬁggither alternative,

criteria other? than a con ce e use Icate
accept abi | iBggiIning whthi eanbidpnegi éeven. Cpr Ereribhs, PAB®" from

predi ctors 30r {Sncé espeel | ¥el ¥achr prianwabgdedst evéatiatieapbs of
mul ti pl exes,312. Confidence | evel indicgators Cl1-Cln-1 frog %ixedl ctors

) S
@R 306, r SGRRATIRE WHhEFREF of haPREdSEdeR0 (dafasi AFuBEeATEH TRaB Ofriority
encoder 31GqudlEe tod} pthe obPTenCODEr tR20tegk, 0B) suisckesfaildedheo t he
selection input o ltipkexes. 312. Throug h r i of, l:td:p) exes
312 and en&&%ﬁcﬁéiﬁ%aergééﬁgPﬁeé%bgﬁ8ﬁ%%ag8§|?8§t§%§§§FQ%Fé P%%#§%§(i.e.,
P1-P") are pestitetion watiagl(épyed#d) is output as a system-level
output to the host processor. Otherwise, the next lower

A

a %onfiden{
predi ct or)

25 predictor in priority is evaluated (pred#+l).
Ultimately, if no confidence level satisfies the PTV,
then final predictor 206 ("predN") is selected by
default.

In accordance with the foregoing discussion,

30 confidence level Cn of last predictor 206 need not be
measured since the prediction value Pn generated by this
unit is utilized by default if no other predictor
satisfies PTV. However, it may still be desirable to
determine Cn for purposes other than selecting a

35 predictor. For example, a supporting host computer may
be configured to allow for the fetching of one or two

instruction paths of a given conditional branch



15 that is output to processor 103. In brief, nultiplexes 312 and encoder
310 select the nost desirable prediction based on confidence-|evel and
priority criteria. Referring again-tb5F+g. 3, state i nfor maty drMABRLA02f r om

. predictors 302-308 is forwarded to state output 20 device 315, which sinply
outputs S1-S" in concatenated formto host m croprocessor 103 as StateCut
316. Device 315 may be inplenented w th conventional |ogic, as would be

appar ent tbnﬁﬁEuﬁﬁﬁpﬁg oPdicoRy Asmiae - ligvelh Cxpiter i Bay iperweed oboi

ul timatel thﬂégéﬂedh@ feyshaMBF ahe?Twdd Peink 31bs f@ssepdsdéd ngnpr edi ctors
302- 308, Saﬁeﬁtlvew More specifically, state information Si- S", which is

associ at ed Enpartlcular predi ction and conditional branch instruction,
is tenmporarily maint aisnéd sésisedadtovar,0asem 1080 aiteviddée BSsogi at ed

prgdi ot oncl 5, gengsated A9t L el ELULARAL O REEHLST of System 300 at

time t an actual t CONe I's gener
pr ocessor €ondptipveds byanghddnistyudid gy istes Sragesne proedicndéor mati on

may, for egar@h@ néatl Q%B%frﬂé @o‘w?ﬁf’atx'd)fiﬁ’“ﬁﬁ& ﬁh&:@tpi & predictor

st age is to recei've actual outconme val ue 110 as
an updat e. PA§d§ﬁ6®ﬁ Wﬁtﬁ & sllfftlﬁféeﬁbtelyof ighteenhidense i bevebr (§8 f or mi ng

UDdat es tolbraﬁebunteeeet@frsnaetapwmemdlo@ds eI v ede! Ism@m to

ﬁse haV|£glgrd|narégs£E n th art 9§{Sten]30 of Fi 3A, sSi ng ¥

cat enat REST8En f"ln(? FHAGIQHS DT E {FRR JRECHARIFR 57
fornlng a sbateoﬂnbwemapmedru&ﬂnm*op@mﬂtxﬁmshctEmrB@ﬂaﬁ@Beexaracts
i nformation it 1S t hi r is returned to
systen1300prghiptpgl ggfﬁ(e galon %% en@%%ggu%l %%%%QESéé%h i dence | eve
i ndi cat ors1€kéi$l Bol hakemapsedifGicdleht3Iq? rﬁ%%ﬁ@@ﬁééeﬁewﬁ gbgnals to
effect a filtering sult. Priorit nc rs, are wel | - known devi ces.
Encoder 31§eﬁ¥§cﬁeadi?F@ﬁedQ%?W%ﬂ%%fﬁﬁ?Qé?zﬂﬂﬁ%ﬁﬁﬁ%ﬁ??%d%¥ @ncoder such as
the NClOHlﬁEraueuﬂahleybedmﬂhﬂ@omdalndﬂrncﬁhdmsnmeyabée for the operation
of encoder d " a c low or zero
(0), "H Eg%géjue .gﬁﬂ’ oneta( %pﬁgé}?aﬁx\/ l)ll\/{s]se}é rk %béa é‘?% "L" entries
in Table 2ppepl:egenm91 ogivc hedw @revgntciths g?#$§'11@9n¢>f- deereaimvel s that do

not sati Sfxrgﬁchgms%&eat%ast W)pmc%@odé’wst@ame&ﬁeﬂ shég "H’
entries in Table 4 represent 1ogi ¢ high C's which confidence |evels

that satistpSEEuUgGtionse Miobs SL5RRE d?r etRfarodiyye s?/gg‘éﬁ'?'%b‘ﬂlﬁ Wy |
Spage D | uBdeziPable HhrdheselRnt & particular prediction scheme

in the downstream stages.

Moreover, system 200 is highly modular and
therefore easily expandable with additional stages. This
modularity may be utilized to include, for example,

25 additional predictors that service specific conditional
branch instructions. Such specialty predictors may be
.assigned lower priority assuming the specific conditional
branch instructions targeted by these predictors are
unlikely to be serviced by predictors placed upstream.

30 Referring again to Fig. 1, after the actual
outcome value 110 of a conditional branch instruction is
determined, this information (and supporting state
information 108) is returned to predictor 102 through
feedback loop 105 for any necessary updating (in

35 accordance with the prediction method employed by this



30 LLLO OnHXX0 11LHX1 O2LLH1 1n-1 Table 4: Truth Tabl e For Encoder 310 -
22 1 1 MAR 2002 As Table 4 illustrateg, if no predictor 3021 308Am Q8024

confidence level C that satisfies system300 PTV (i . a . , D=Dz=D'_1=L) ,
then predictor 308 is desired as a prediction source. Accordingly, encoder
310 shall select 5 prediction Pn of predictor 308 by forwardi ng an address

of 0 (i . prediQtek) QLIhis t@datiitngolcqa@at&% angl d1hey elyqeiteltby"” as
Pr edi ct Qut g é:§§'(rjl ct OQut f’313 i.S f%ﬁ? dfeq:, fetch unit (not shown)

wi thi n host éFo PESSHHTS I PETRR VW flgan? ‘of predictors 302-306 has
a 10 confidence .| eveIRetﬂ?aiszm_:t it |1E13_:1.s325,t erﬁ Hedibton xop ohe o®f, those
predictors 3. rr

Table 4 and E bz%%l%ggrogzg %[%&rn%d%{ caim gnepéq'h l(r?'éét ?is)srlsoér:ii %/et ntq(i)"lcoder
3105 |f thecg5rwomm@ma@@1m cmeetat'catqn, ma(ccqu)alsaautsmm \say-“sm@m 300
PTV (i.e., Ghgl $tHtRALBIEIARE iUn C@RIviREY &N T.ééceéékgﬂ p{gdi ctor

302 is desired as a prediction source regardless of t e confidence | evels

of predict openeep%?&laoe‘form Y 88 Rxedigitan 2 Gitirr Lrdabipg 20
high C1 whpeh b%ersecelnt%vetr i nguta Qréﬁlc@wdﬂr 1%%:: fbf I't encoder

310 shall el ect p icti of sta '-'é%?g?f r di n dr ess of
decimal 1 (i‘€ foo% % olﬁnﬁet]leg:l C?)l/ ct as
Predi ct Qut ﬁhan Alnyetpmdl\ceﬂqr ndsichinig dengardamvel (2.%.i ndlammg CI 1 is a

logic low (i.e., Clis Iess t han system 300 PTV),_.and confidence |evel »
i ndi cat or Ch3ghgera BT tgief ithis asledt@s Rraticton &8 dfelk éf ctor 3049

C2, is greatge b@arécctredeqn@dltcctcﬁy%t@em%:%ﬂé)ondémaqBﬂ_ﬁ&&i@é& i's
desired regar ghgss of th val ue of < nfl den e 30 IeveI dicator Cln-1.
Accor di ngl y¥ Ealera%t’}:’(f‘ (PR &4 AFEPRAYRA 1r3%F di ng an

address of dadomelatidn .for L@Hdt:t(@:gzoo:Lﬁ memdstsaﬁyexer mdxh predieteby
OURBUt P2 a%iﬁ&e@ééé98e‘%ﬁ% same actual outcome value (i.e., value

110 of Fig. 1). However, individualized state
information associated with each predictor will be
returned to the predictor from which it originated. As
discussed below, this state information may include
20 addresses for table locations disposed within each
predictor that the actual outcome value is to be placed.
Update methodology applied to branch predictor
system 200 of Fig. 2 is illustrated in the pseudocode of
Table 3.



_ - 23 The foregoing description applies equally to selecting predictor 306.

Confidence |l evel indicators necessary to select the output of predictor.306
for a particular branch instruction-i&7shown in row 4 of 5 a?lm;ﬂzﬁgjshoul d
. system 300 include a greater nunber of non-ffinal predictors

t han 302-306), then additional confidence |evel indicators "Cl" would be
provided to_encoder 370. The values of these additional confidence |evel

i ndi cators {follow the patterns set out 10 1n Table 4 to select predi cjors
identified fn this rahle; Fable BpnesHpAale:MekhpdedpPdis (between Cl12 gnd

Cln-1) woul g be o sel ec pred| ctors 308, 302, 304 and 06
respectl vel § LU % Xﬁ% %gg%ﬁ s%%tr |on of a branch 15 pred| ction

(i.e., P1- P) W|t Bs t he out put of that predictifon
(i.e., PredfctQut 3?X§ fm 1, éltgd‘& ?a{]e information (i.e., Statet
316) to hos processqﬁ cat 4odnpf the associated conditiofal

branch inst uctl on by, executl on un|t 319 I'n 20 processor 103, the act | al
out come val fle 110 (e.g.if anst "GbSrpii #mek cating whether the branch i §

t aken or no-taken) resul thdd dit e SwED, exeprdnon is returned to predct ors
303308 accrrpanl ed by ém@ipreviously output state information (Statefut

31 6) referr¢ d to now as. 25 Stateln 316'.. This state information is
necessary .{ carry emdifipdat e operations as descri bed bel ow. Like sysflem
200, updat e gper atemdst are performed only on t he predict or selected to

prOV|deap|C|onan any predlctor o Tgner prrortty. 30 Preo or s of
| ower priority are not updated. Referring to Fig. 3A, actual outcone val ue
110 and associ at ed stmeféf&mgrmémﬁm Baahpduteélitﬁémoaaﬂoéﬁ%égens

prqQyi ded in_parall.el feed ack redi c} 30

described a 8‘3&1 ited CZ ?091 vﬁ”f?\ %%O(PB% el ﬁE’i%?ﬁ ?tﬁéaneed to
updat e predigiFsutiaye NGodLVeT , Act@éll o@tfé&ﬁé t\YaI@QU@eécEﬁﬁll'PaQnan these
predi ctors (SI nce Jess data is be |qr:139q'.lre%l %e%pan t herefore, reduces the

li kel i hood GIE&%E sERSPEPR PR RRFR? ‘F‘I"%:Ev tPart 370 descri bes
5 ' a net hod( feratgeney a&r@gratmde@bmsﬁ@mmm@n 202 fogi updabingchf

i nstruction accord% g dI o:?fié‘gﬁgé efe‘gé dt (p,rc%%efrlt,, )I ra/ dT:{II n. In block
f edict e

371, a pl ur &t s HrE pF OVi hese may Y nal
prexdi ctors mmamueapwmr m%ﬂt@ho?ogowh@sn@mbvmredlctor 204 is

also updated via subroutine Update2. This process
continues until a predictor is reached whose confidence
level satisfied the PTV or upon reaching final predictor
206. Significantly, as noted above, predictors assigned
25 lower priority than the selected predictor are not
updated during this process.
A selected predictor (i.e., a predictor whose
'prediction is selected to carry out a branch prediction
operation) and only those predictors residing upstream of
30 the selected predictor (i.e., those predictors having a
higher priority level) utilize update information in
response to execution of a given conditional branch
instruction. Accordingly, table space in predictors
located downstream of a selected predictor is not wasted
35 on actual outcome values generated by branch instructions
serviced at higher priority predictors. Therefore,
predictors of lower priority are disposed to be more



10 Fig. 3A. Next, these predictors are assigned priority levels in
accordance with block 372. Priority assignnment may be carried out through
digital hardware, such as by couplingl@ach predictor to a spéc1 MAR ?U%ut of
an encoder as shown in Fig. 3A. Any other nmethod for assigning 15
relational identifiers to conponents nmay al so be used (e. g., software or
firmare contrtl. Pursuant to block 373, an address (i.e., a PC value) for

).

a given con@PPLGFALINDLRREGIEG FQ itdhe R RN R BxARR_h predictor to

initi atﬁ pr dessiurg: idms Bmmtyl (ﬁ!ér\ﬂ.?‘é d_lirrﬁimhx%daﬁiﬁ gﬂmm?ﬁeﬁlsbaﬁeensu?;

i.e., the generati. ran redi gtigns. and confidence |evels.at eac

pr edi ct or g%@%&% Ha.g'%rrﬁﬂ;a%faxﬁi% t?\ehgaﬁ 15}53:&5% OnSxs rﬁ?e%aéﬁlév‘é?rflﬁe

gener ati on &y xestfingeride nevdderatoft feerdriaial inprtadiat oons supdaetagsary to
o . ! | ; o . .

carigy ou %&@t&%ﬂ(‘%@l&gﬂ,' hele ti1e &gs%zﬁ%té rﬁ’r? R%l’xé’ nt?/}!)'fes

deci si onal letermnation 1s m whet her “any confi dence

| evel gener &fedhiapey|R3EdiTrorsaanst ithenaforg dagatlbikeinhopd ¢§ therefore
accept abl e tra)uee hiREt to priority hierarchy). 30 Satisfaction of a PTV
is a design paraneter unique to a particular system A PTV may. be

satisfied, for exanpl &Y§temy 200hGr@dadcaldve i lahealies PRAACHr equal to
the val ue opriddd JEEYSn Filrewisg tHBouRIH derdIPIF+MeideSt ABYhE8gRPP! i ed.
I n.an al te%fhi'\ée errrbod' nment , e%ch .35 pre%c]ior %@ve a@l]i ndi vi dual PTV.
| f “One or 35 PrOyddes) & fORVEHE o TiRE e dift i RPRVElS that satisfy
t he associ atedicePEuaihe mvedinct prromessiriye dfi gluestitpiomal tyraeokl s

sel ected as . LIRS pr.edi.ct j t i oty on t to
bl ock 378. gtn%[%t er nétc?%e'l ft il%' o e\greteg}leé{] g:rh%et:sﬂ xgeq%:f(;ént?&dgén%g ?ggégggﬁat
satisfies tHa Pa¥aliiedn t Fdgs.nd amdedi dildnustmate branchipredigberof Fig.
3A) is sel eghreamis dohald sh RArdasided Hadsd Prddvdgrshe desired

predi ction, i'n accordance with block 380. 10 After execution of the
predi cted branch instruction, the predictors are sel ectively updated

punsuant toBll og¢atfedl 3Ywecifically, the desired predictor providing the
desired prediction and every ' predictor having a higher priority than the

desired 15 predictor iBlS%Sufeds o hlgsk idiganrn ohaeseapgdimsptepsel v,

predi ctors W iiaRidPidid BT tanesy deean Fde uiﬁ%ilg hUEd T Qkc8E8eQOt updat ed
wi th new prediction val ueds_. C. stem 400 20 Fig. 4 jllustrates a preferred
|

enbodi nent  SFHEERE A 1G9 i AREHING R MR predictor
system 400. pgrikeipidseref 2He pid=20 iphedittiead. syRiend408 pnphesably

ComTol st g e BERER Ao Eha THA Bocle o agr SRFOFBChost
processor 122 ,syRRAidime 19s el 4t uSl Aitbhd vaDue 1218Ndagascri bed
bel ow. As in the previqQus discussions, "high" and "low' signals in system
400 are |ogi%1t(§3h’é'§9 & : toé’,rc’rc@sg_;?é%rtiw ygl 3% ReteRrePgta ﬁf’napg Fig. 4,
CISLET, doey MO HES, SRS Wl RO ATRRT L (LS
predi ction, insdyd@ualelsonatridyianto Pl gfars el @ eeherviaeeTRaVdre
" Stag el Qut . Gng JeHEHIE | ARt vely, when interfacing with a host
processor. Standard control signals from processor 103, i
well known to those having ordinary skill in the art, are
not shown. System 300 is preferably disposed within host
processor 103, but for ease of discussion Fig. 3A shows
30 system 300 coupled to processor 103.
Referring to Fig. 3A, a program counter 317 is
coupled in parallel to several predictors 302-308.
Similarly, input lines 350, 352 from processor 103
conveying StateIn 316' and actual outcome value 110,



_ - 26 referred to as a prediction value) "Statel Qut.P" and a | ookup table

address "Statel Qut. A" for the confidence |evel and prediction. Simlarly,
predi ctor 452 generates a predictionl's$st-ate20ut. P* and a Iookiq @@glﬁ%

. address 5 "State20ut. A" for its prediction. As shown in Fig. 284 400
i ncl udes AND gate 480 coupled to stage 402. (As an alternative enbodi nent,
gate 480 nay be di sposed within predictor 402.) This gate receives

confi dence ¥espectsvalyl Careccowdladdivuppeed lalctm palediaumts t o

Ul L1 Pl exer 3525 063t er488aagdo Nubthnhexg! y852 ealdaBaide Aoty wied | on as

selection circuit g ke encod and nultiplexe of Fig. 3A).
Addi ti onal | §acapeedgotetngersnatss &taPW-“LF@@F@ﬁt“O@en(é'rSi‘t)l rpd @i gh

Zlo 8n<(':ll V\herpﬁ@@icdeaﬁe(iﬁul eyeho" Sbabeh@d! t6' agakl S-b:%‘altéﬁd’TV for system
|

. €. odi ne di catj.ng .acceptability of the
assdCi at ed Xﬁ?ﬂﬂ? Em SHOWaPB}é Wﬁ%ﬁngnf’m gll)ﬁ‘ﬁ&?‘ BEREAGES (’%stl’?ﬂﬂ ed above,
al t hough a peeglctlaatnﬂyrbetmonslBémedaaccpacabbsHhmElﬁﬁtciﬁs 20 relative

desirabilitg@émnth respect to outpyt fromother predictors) is dependent
upon the pr ’r‘f—i‘ropé%%of—‘theP§§§66F8{fer|§ﬁ@(§l &ear Hinpde data inputs to

mul g i pl exerpdddiaterppodi gkhepat &hahekeurile t:eomewzaqdllwcétfz?rand
predi ctlon

20u rom |ct 52 B ed u he con roI
signal genefa $¢£L?b§néé93tﬁ§5,w§ §g86| oﬁoygF ﬁl é‘%He
predi ct ors tlsasepartiédudart peedystent bat&lsfﬁéedlthbl @TV' Hcadiptdidm for a
gi ven branch,jnst, ' edi r,.St Q Predictaqr 402 includes
a 4096 X 4 %ﬁko%m%ggééﬁa?galﬁ§8t9c§%§uFS %%go %d&3555|%ﬂﬁh ")
mul ti pl exerpaedighdowr fiseacnaptable ANDugst.e EDmPWQatouHICﬂDG an | ookup

tabl e 404 (eonﬁldehéecw%@dmag B@dass%xﬁ%dceue' e%orxoe'm@ t) s
coupled 3 AND gate 414 are further coupled to the t put o

excl usi ve- CRCERFEanE8. Wihhabhet PERUARIFOCS BREFCTAPES &RaVR i nput from a
hagh unit 4@§b1§r1pb@db§lb0n1ﬁp\féblb05, a@e@@&ﬁﬁhﬁ@do@ﬁlmwﬂé&l&éﬁ ao

predi ctor 402 _Lnclude stat " e .n. C te uit 406,
Pstat ol | n. PoORE BRBFE 1o RerRogElaEien andIVerde Brm RASATART (94 der 412),
actual out colrewyhhua k&a6ht prgdietdi) ma@-¢mrcamt1é@60qﬁ%nmﬁhncounter val ue

("PC val ue” ;g Doshyugh L 18%2001 3" BAER DT 9P G| §XEBT Lo AND

conventional comparator or any like device as would be
20 apparent to one having ordinary skill in the art. (As

noted above, although a prediction may be considered

acceptable for use by its confidence level, its relative

desirability -- with respect to output from other
predictors -- is dependent upon the priority level of the
25 associated predictor.)

If the confidence level C for a particular
predictor is.greater than or equal to system 300 PTV,
then the associated CI is output as a logic high or one
indicating acceptability of its associated prediction.

30 Alternatively, if such confidence level C is less than
system 300 PTV, the associated CI is output as a logic
low or zero indicating unacceptability of its prediction.
As an alternative embodiment, each predictor may be
assigned an individual predetermined threshold wvalue

35 which must be satisfied to output a logic high CI. As an



10 I nput PC value is used to carry out a current branch prediction
operation. The remaining inputs identified above are used for updating

pur poses. During branch prediction-o@ation of a given branth MARg0acti on,
predi ctor 402 inputs a 62-bit PC 15 value which is reduced to a 12-bit

" table address "BranchPd" through hash unit 408. Unit 408 perfornms a sinple

maski ng funcé,on,thai‘ | lows bits [14:3] of PC value '[63:2] to pass to
addr ess inﬁtﬁ{ LN h Lt et hYBugRaRt PrRFeseer 413y emBley484 functions
as a | ast Hiffaweit Qﬂetﬁﬁ@di6f%om@€haﬁnhfﬁoﬁfi&@ﬁ§et_ﬁé{réli.nCthQS a 1-bit
prediction _and.3-bit. confidence |ev i%g}r]are associ at egigﬁ@th one or nore

I
branch ins hems2 reoRght vVer aﬂﬁﬁgﬁr“‘? 8T shRRPf R cGPR 3ER
condi ti onallebrednahiay ris¢ ruséd onoi $ndfsateahedeptabiitpi geaPC val ue. Those

25 branch i UGTH i ng. the same subset of bits making up "BranchPCL"
Wi I5I acces %%t;l%%f%ga *%ﬁl%ﬂ'Tabl e 404. During branch prediction, the

entry in Table 404 acResdedtbyns BParhBCot psedicporsfrom predictor 402 and
processed a%lensd | begsbel Ofbely S0aDU" £BG,UPAES S OPELALT 2ASuLET o8

previ ousl ypredicted branch 1nstTlction, predi ctor 402 recefves rnput from
two prinmar JEduRkaXe¥ hplyr edferbidense| fedal tReieaterpr68eBor | nput

signal s fr@pdu gshedDicdPd2 305e3b6] neéggeceioenﬂ dgpsesbewgtgest 8bel I n. C',
stage 35 s%lfl.c redllﬁ]l on "Statelln. P, an(aﬁ% correspg_qndl Q‘%‘R - tabl e
address "S 1R S Biils-15 PFt RLAFIENGRAREs 230 gi ARS8 PERWuChy
predi ctor 40katier myle h&QpKRYi t&i dorepedatli oo the sbkeptévnodaputpoddi ct ed
branch ins d " tel A " a " t, A", 5
respecti ve%%célfﬁ'ie]%’gé{/aﬁj%s h%%ogggnt%%?é%%%f%% {’]ﬁemﬁ%ggs g%ggssor
while the pridviand|gneedel c3kd brandhsrnibedcbébowiag prdtestédnand are
returned tQ,elf0a Alds seyes al ﬁ'-@g aye! %dhgeer £b0al &Bgu@evmh% the

recei pt of “actua] outcome val ue 1f0 generated by the host 10 Erocessor

(dfon execd@n 7 PHEPBE VP REPGEBFREI P8d bFAnEFELehst MUEELBARXESS

Updg_ti tng pu{):lém%&sd_th ézﬁb@@éirl ' 't'iE:g@ é?lféatUEhélﬁosEO?ésﬂfQEjEtéS i:etai@iﬁhdﬁ;‘
redal ct or Sl gn e omagn execution unit ,(nNnot snown

P cat | ng BARSS e et e daucErbevet ofnar P’fﬁ@rmv%aemg

redi cted branch
instruction. In both Rébegpesidgagaiindbd, Féggna| &xeBe fnfotrmandoasSa-

"val id" sighale.f e, [pe N f ' ' P i.ction
"Statel ln. g'}‘ gr’f&%&?&a %c?g?rt}{:sgrrjﬁ/a ue % %IE‘%A%(%#)U{% %eﬁ%%‘ée%y gate 20
429 to prodigeice MIpr edniehssmaly"” MUEPREE. SWfaninhconsiagematies hi gh, the

inputs to gadyen 40 1R68t GhiEAsEPRbcEBEbEal bRYaENELQEEBLRak 1R edpeliea Of
predi ctor 402 for the previously-predicted branch |nstruction was

i ncorrect. 3yriedE e Fpplemgnged Wil cop¥enbiRBRdedOBd C252ENHO ALe 414.

| f both signalfppaeeht gbo dadl BadAgi sranabl-gdskialgahethédale.update an
entry. Moreqver,. a hi‘gh i nput frgpﬂa&e 414 LS al aotused %o aél w_addr ess
"Stat el | n. ARYS JFAERTTRE HORnt AUl L FpRERELY 4TS TN tPhEYEEFFe388n8Png t abl e
adiy ess of Stmteltmvdbas| Fopreddat ddg3pretdantbrsn302uB80Ben) to address i nput
A of Tabl eﬁg%egpfvgggate to Table 404 for the previously-predicted branch

instruction TS provi by update circuit 406. _
More specifically, state information §,-S,,

which is associated with a particular prediction and
conditional branch instruction, is temporarily maintained

30 in host processor 103 after the associated prediction is
generated and ultimately returned to predictor system 300
at the time that an actual outcome value 110 is generated
by the host procéssor for purposes of updating the
predictor stages. State information may, for example,

35 identify a location within a table of a predictor stage



Referring to Figs. 4 and 7, update circuit 406 inputs confidence |evel

"Statelln.C', "MsPrl" and actual 35 outcone Z10 and outputs a 4-bit signal
t hat contains an - 29 updated 3-B21 €onfidence | evel anq fM%'Rn bi t
. representing actual outcome 110. As illustrated in Fig. 7, outcone | ue

110 sinply passes through update circuit 406. However, the updated 3-bit
confidence level is a 5 product of uypdate-C circuit 702. The functionality
of circuit Te2tiis| FPUTEFSLvg PRtiRd QIEEEBeoYalye 130 &S agnhardaiier Tabl e

of Tabl e 6,aghsEBwHefinngighe 19penat heR &f tadey HEFOEaLSYUIRYY Ng counter.
Table 5. 10 15_20 Confidence: con Epﬁgﬁ%%.:,countwhx Update: if actual =

predi cti on RFEROFPIBGuHPIEtESy EHIETPTEod Mt 2+ PR AR | f
count > couspéeattorntvelleknoemntor’ thaset havdagnbbeadnerentskdlige iegpunt 7 0

CT el pEELELLI BB S BB 9ARC it oTABhE, BonbattBiaioiatl ned,
is binary iinflofmatéon decifaeiliratumorer thahe ongr paieldd ctoaunt Decr ement "
in this embpdimenkohiiAgdeCktBe?information vector. Each predictor
302-308 extracts information with which it is associated
when this vector is returned to system 300 as Stateln
10 316'.

Priority encoder 310 receives confidence level
indicators CI,-CI,., from predictors 302-306 and processes
the signals to effect a filtering result. Priority
encoders are well-known devices. Encoder 310 may be

15 designed to function as any conventional encoder such as
the MC10H165 available from Motorola, Inc. A truth table
for the operation of encoder 310 is provided Table 4
below, where "L" is a logic low or zero (0), "H" is logic
high or one (1) and "X" is a Don't Care. The "L" entries

20 in Table 2 represent logic low CIs which signify
confidence levels that do not satisfy (e.g., are less
than) system 300 PTV. Conversely, the "H" entries in
Table 4 represent logic high CIs which signify confidence
levels that satisfy (e.g., are greater than or egual to)

25 system 300 PTV.

) ) Stage
D1 D2 Dn-1 Q Qo Selected
L L L 0 © n
H X X 0 1 1
L H X i 0 2

30 L L H 1 1 n-1

Table 4: Truth Table For Encodexr 310



As the code in Table 5 illustrates, if actual 30 outcone 110 ("actual ")
pI’OVI ded by the host processor matches prediction "Statel I n. P"
("prediction"; originally provided by23able 404 as "Statel ghi P") and if
the current-confidence |evel "Statelln.C ("count™) is les I“ﬂéﬁ 2? t hen
"Statelln.C'" is increnented by 1. Further, - 30 if thereis a match but
confidence level "Statelln.C'" equals 7, then "Statelln.C'" renains
unchanged. However, if there is no match between actual outconme 110 and
prediction "Statel | n. A= Taidea He 5 lsmifiadesce ifers p‘IStda:itcyicm 3202+30§r eat er

than the vagjabl emd%%fcreegwfmtd;%a@g dedended ARleeiAe by & 1S

decrenmented by count Decrenen there 1s

level "Stat dhl-6-C' DisDeeeHan tdiere pradics axo 30EDdE &ﬁﬁﬁred et @ he

confidence $Qek@vwalidrs dcindened A&o&%magﬁ@r oM 1M d s &éPdet
Tnplementation of this |ogi mof a_Truth Table is provided in

I N
Tabfe 6. AnPTESHFRIFal gél PEE??F?O&38@v?¥ef?§ﬁéﬁdé§‘9aa§t éfiérﬁ&@m‘#e) may
be used to oar(hy eayt d,ke, Hpgic wiefmuleth fexdabl 3 H.add thdadbg Sutpgndt h
Table for Update Circuit 406 MsPrl Statelln. CUpdate CO0O O 00 O 100 0 10 1
00 .0 1 00 P.12® ByedictOptodi3e oiPpeddztOut13130ds fogwardedito B 1 125

I~0(1)010022 Qe%@x len.Q: 0(:{&0 sladml)o withih HosQ @kbdadid.0 43P, 11 0 10 0 117

ctor, Stage 452 _Referring agaln to Fig.
4, predict oﬁlﬁﬁqu]é'ns Jiflz O% 1@’:@8’ 562 (386 gb%%r‘? bed in
McEar | | ng) \wohlfideme hletveiatunaai |saag;1caﬂirdsersm®n5 JoaurgEen-thdn one
gl obal - hlstor e e ctor 2 includes a | ookup
tabl e 454 (8 'i-xo%e %éizf‘%%o%lm l\l?)h(?ses Cteﬁip o PLOL ‘f‘&ﬁto updat e
circuit 456Pr@ddlc¢@m rFB. ("A") is coupled to multi pI exes 462, and wite
enabl e input ("VWE") ig ‘i‘ﬂ; tQ, AR qate 464 Fl#o :.# 1522 3hEcei ves

es tate

i nput froma hash un|t |ch inturn, recei Out . GHI ST"
froma ' gl é5alssisnad hisfieate PHey ity kyd@nqoser gatkf 482 r ecei ves

inpgt from NN iR 6% vand &X(ﬂﬁéﬂl\&cg?ﬂ)@te( 708aa§s¢e.%%r isheddael ow. 15
| nputs to pred| %ﬁ&r 452 i ncl ude statg mEﬁ t at eél P" %§0| I‘Cth 456,

" St at e2l n. A3%% Jp’leewescméﬁ ITRRLEL Foeﬁﬂﬁl 5 EY&

"Stat e2l n. Pork exg]disinesd iRt & o Qg "RAhead résGﬂ Predfet £ ster 460 and

"PredictOut™ to regl st 460 (via_latch 506 as
source regardless of the confidence levels of predictors

304 and 306. Accordingly, predictor 302 outputs a logic

20 high CI, which is received at input D, of encoder 310. As
a result encoder 310 shall select prediction P, of stage
302 by forwarding an address of decimal 1 (i.e.,

Q;=0,Q,=1) to multiplexer 312 and thereby output P, as
PredictOut 313. Alternatively, if confidence level
25 indicator CI, is a logic low (i.e., C, is less than system

300 PTV), and confidence level indicator CI, is a logic
high (i.e., the confidence level of predictor 304, C,, is

greater than or equal to system 300 PTV), then predictor
304 is desired regardless of the value of confidence

30 level indicator CI,.,. Accordingly, encoder 310 shall
select prediction P, by forwarding an address of decimal 2
(i.e., Q,=1,0,=0) to multiplexer 312 and thereby output P,

as PredictOut 313.



20 in Fig. 5)), actual outcone val ue 110 to gate 470, PC value to hash unit
458 and the branch execution signal "ExeBr" to AND gate 464. |nputs PC
value and "PredictQut" are used to capgy-out a current branch pnag |§ﬁ4

. operation. The remaining inputs identified 25 above are used for updating
pur poses. During branch prediction operation of a given branch instruction,
predi ctor 452 inputs a 62-bit PC value which is reduced to a 14-bit table
address by hash unit 4B8e feregeimg description tappliss egudblysta 30

si npl e maskiguy danthd 05rbdi Gt JBSKo €l rcebﬁfP&@%é@aieﬁéiOmapeééoééfi 3] of PC

value [63:2] to pass to an excl usi ve- OR second I nput to gate
604 is gl obdIeRERFY torel %%tm&umswf mrediqkry- 306 gkererat ed from

tEe - 3% %ﬁdﬂr%&@h‘éh(}f&:}u@il&hgbﬂsmﬁ%gﬂ f@@ltzﬁt@f 460, az
SO\ann | 0 Kl redl r operates I n acgcordance
with o CoramERtedt vt v bR ey sosmes 6t Sat T, e TrA R e URb SR JoF

f ourt een- bi mdre@‘ns'uaa‘r ptmmﬁmshlhgea, bnene hthaxst3I0z3 0f) , halsédnuni t 458

gener ates an, pl£ss.T GkERIMoL 1 LoLy | AOkLB, LBl o dbd hased weon the

Ioglcal conbina |on e, exeT u5|ve-
" St at e20ut . @ﬂc&'ﬂd%md:cm@sccpdﬁrgijl@f Pﬂlaova/hhm f . @:eséad@chrma; In

response toé&ﬂvﬁc?&%@sfevé?biﬁdféétgfé pf%fl‘?"(’)rwar Oﬁa@&érxl?ée Lethap

" St at e20ut P" i.ch, as shown In |'t1 pl exer 482.

Si gRal " St atidpFADEE 4 cfp eehect aPlf%@%C‘él?F%c%‘ileﬁb%ﬁlc%ﬁlo‘?hlﬁ“h’éalalédl ction
sel ected by imdt; niw Mlﬂ-ﬁolﬁafrﬁéilﬁé@lbét‘kéeﬂi ety Red thn%hl Uodl@ﬂ' ster

460 | at 6 b

B Bou i 100 bt e, PpEE RRLSLoALoRL ML Yoloks o
signal (i ndi3a, ngespmtsa.rbqsby,t br anch |nstruct| on has been fetched and
decoded) fromthe 20 hpst gégf S rabgyél ngdfgéi@,lgﬁéggrgtﬁ?gﬁ {lor a

previouslypredicted bran Instruction, bre recer ves i nput from
f o5 pri mar pr&sireleson pfede et oP:sP452wlﬂh2n ehetemsBOpPr sesudbe andtbestem

400. | nput %&;ﬁlé &f OfhZP ﬁfééi&ﬁ%n@@ é”C'#P§d§&@6@tS@§§) faggprediction

" St at e2| n. P orrespondl hg table address’ "State2in. A" and gl obal history
word " St at e ASEQEHaed $Hp é’il%mauoﬁ‘lrbh%yst%%ﬁ%@‘-‘?n%%ﬁHeEOPPQHFCtIn

(This state c?ﬁdﬁé@étoﬂows Dpcbﬂlébaédzt‘iti?@ﬁp@f thie pasdlbeiated52 and 30
system 400

branch |nstr¢§é4$%#t“3 Q?gééa% 2 gﬁg%éggeaﬁu?x99u€£§¥;§§§ ﬁ?gé+€§$tegnd
" Pr2adi ct Qut prdeeqmmrly@3y.&he|ketuabdoutooméOQalﬁhekbovaeugs have been
naintainedlg&ﬁéE%rE§% f%&fgééfﬁg“@ﬁééhépethe branch is taken or
not-taken) resulting from such execution is returned to
predictors 302-308 accompanied by the previously output
state information (StateOut 316) referred to now as

25 StateIn 316'. This state information is necessary to
carry out update operations as described below.

Like system 200, update operations are
performed only on the predictor selected to provide a
prediction and any predictor of higher priority.

30 Predictors of lower priority are not updated. Referring
to Fig. 3A, actual outcome value 110 and éssociated state
information for each predictor 302-308 are provided in
parallel via feedback loop 354 to predictors 302-308. As
described above in connection with system 200;

35 eliminating the need to update predictors having lower



35 previously-predicted branch instruction was processed and - 33 are
returned to predictor 452 several clock cycles later to coincide with the
recei pt of actual outconme val ue 110- g2serated by the host protdsearR 2(gapon
execution of the previously-predicted branch instruction) for updating 5
purposes. In addition to value 110, host processor provides predictor 452
wi th signal "ExeBr" from an execuytion unit (not shown) indicating the

successf ul B¥&REtdh THAUGSE HheyilRS Pihtdese SF siigtars netinee | bass 10
Finally, pradtatds %Z.rfgeﬁ@t\a&%e@onfalr@?n%elx‘é\f@r StradcRidds @nhd rom

predictor 4 2 96?15%’%0(#%% operations for this predictor if a
: : X

hlgher-prlo i<kt or 402) was sel ected for prediction

of the subj ect branchRaﬁﬁnnﬂﬂg<Mm Fig .| 3Byc Edodartmmi 1370 Redagilseshown in
Fig , shoyl redi diction o eratlon in
whi ?:h t he o%t gﬁlte}ho?1 %ﬁo%&géé?%r X’é‘% % useg ég)r%do’lﬁ%aﬁoé}l)ﬁ aP Wi ch
satisfies vaamht nmtmmlqmmcpondm tthvetdn@t patirefi e oﬂfBS:hs | ow

forcing 20 Lhesautpuinandaie 46h bds o, Lo 5;%1 fpeor the weite

enabl e i nput of table 454 is nqt. enabl ed and no up edi ctor 452
wi |1 occur. PHEREFECTSs RES @rovddiest-or TsEe ey & aernfingl a prediction

0per?t : Ion Ic prwu@hdﬁse 30ROt @fntdpra]gecﬁleia%r p%at ﬁlc&:dpngwefhs( 'sl'ﬁamrr]n 215nh
" el I n. C; sati s I N I S enbo , Ihen the
ouﬁ‘gut of ggtlg \A,\fg q\%’%h %571 C5\m ﬁ’& -E iasg"'dtgé‘%]s Xo-%i gh. In
whi ch_case, lelrels- lmmadc@rdlaaiaieewm[huﬁslcafcld 8t7|2e 4% iroayi the aeswiz_:kmdent

d ndent h j I 30
(dependen Hagn re %a ?ng.te% %futOttI?S:rou%h? ﬁﬁrtl:%aag%‘ﬁ:n u{a@ee[,he C%Mas;}ﬁ% an

update of pre |ctor occur 0gi ¢ wn in
Fig. 4, if prepléndoeach @tr@@mtpr dt@e§ mpecdqua :amuraloﬁmrcoemodeno t he

output of exel upbwe AR §ake 40 Adgs%ecﬂax%ewﬁ&de ssé%ﬁr& branch

I nstruction has heen _executed, 35 t processor MA sﬁ%nal "ExeBr"
hi 88 as wel Felatigngl ddeptifiigrs tonpompmaents sy ala?eceme] upef

predictor (e.g., software or firmware control).

Pursuant to block 373, an address (i.e., a PC
value) for a given conditional branch instruction is
provided to each predictor to initiate processing. 1In

20 block 374, branch-prediction processing ensues; i.e., the
generation of branch predictions and confidence levels at
each predictor except, perhaps, the final predictor. As
noted above, the generation of a confidence level at the
final predictor is unnecessary to carry out the filtering

25 operation of the present invention.

In decisional block 376, a determination is
made as to whether any confidence level generated in
block 374 satisfies the associated PTV and is therefore
acceptable to use (subject to priority hierarchy).

30 Satisfaction of a PTV is a design parameter unique to a
particular system. A PTV may be satisfied, for example,
if a confidence level is greater than or equal to the
value of the PTV. Of course, any other comparative test
may be applied. In an alterative embodiment, each

35 predictor may have an individual PTV. If one or more



. 402 does not equal 7 (in this exanple), the output of gate 468 will al so be
hi gh thereby forcing the output of gate 464 hi gh and enabling the wite
operation of table 5 454. Table addrezs “State2ln. A" associated with the
previ ousl y-predi cted branch instruction undergoi ng updat el privdregatong i s
applied to the address input of Table 454 through nultipl exer 462. Finally,
t he original in this exanple, incorrect) prediction "State2ln.P" 10
gener at ed b?r%aéﬁ?:E’FS"r Prgyide crpéidenasy Wﬁétset@aftclﬁattlm(m%} 8) and

f or war ded tasdab&ateﬂub?TDI eheTphbalé%xt Qut&lhd%h% m@m )28 S try As

shown in Fi ircuit 456 consists of a |nv %

correct an g??’%?‘legﬁs Sb‘&&ltg i ib ?‘ A pﬁ'é%l ctor 452.
Thi s correctedivetupredictupon pursalalne tt54bdmcﬂcng7wpdat e operations

proyi ded predictor 40 : gi nal r row d| the

pr e%l ction, as descri e\é‘@%BQeEvg& Iﬁ (kj-‘ er%g?tI];)%1 % rr‘icée

ordi nary sklgvelnthas §|atlsic§et3h§h§sé’T&‘f, a:rhelnn\témet dringd @reﬂncttah% is
optional. Alge natg%@ﬁictﬁkrgﬁbto$5@153y3§§ ?l'@éfgﬁyédrkytééﬁﬁﬁgéety and

input DI of tab|e 454 may sinply recerve actual outcome Vv gener at ed
by the host2fr BEes§6F1r¢F}| BrEpLter haying shesidsed racharashist 1B ngl e bi t
is 25 procesgedcbyraanhedi yigdhobb1Meke 3gonpl ex processing is required when
nmultiple bits are upd d, as re U|red predi ct.or 4 i.e., three-bit
CO#‘Ibi dence | evel and gﬁgf’ﬁi FXSFE o0 8r€b¥hf3nptrﬁ 1 &ﬂo%ﬂéar%? i sprediction,

t he gl obal 3f8shretbipnwottecpmedinedrisn ameglseﬂetmwl@FiLgadaﬁ:)edNi Il be
|naccurate @%gﬁﬁﬁ& 2pdpa BXkSEQSEeq“?BIecHrf?.@a‘it ont}éc%rég_ y, word

" St at e20ut . ut u hos rocéssor “during prediction of the
subj ect br aPEﬁdiLﬁ'éPPfuPFPUﬁdiL@gr &her ﬁlealtredr pyediet 1060 anst evgut via 35

paral | el - i ngutabbras hébahe%nh@ehé? er%fr"S‘.'i: 'E‘Blatnothe cfe‘?,l rddd- 5, this

updating operation is contfpal by gates 502_and 504. the circuit in
Fig> 5 ill uEF?Q%@gorsHSuFHbQEFGaFOOHPElSWénEw’hﬁ&te é?ﬁ%sscalf@/syst em | evel

prediction ¢8hedreen9,, p@éahuebte mthabelwtwdsl 1@t Hard t1egi ¢ hi gh.
Concurrentl hosél B or Wi | gl o3 %2 "ExeBr" to,indjcate the
subj ect bra ERLFRE: Oﬁagrgx&? t 88 aI YR &5 RESH THEPT or egoi ng

di scussi on, vailgaal. ExeBr functions as a "valid" signal for state
i nformation. Upon receipt of these signals, 10 gate 502 will output a |logic

hi gh enabling the | oading operation of register 460. 3. SystemLevel
Qper ati on R@f-erélﬁg—eak_;)éﬂg to Fig. 4, a systeml eveI description of

operations will now b ro . r|n 15b edlct n o tion,
ongbbit predictions %tlgt e% ?'dlﬁs% Staapg céﬁ’ 'gt% s 402 and
452, respectheepyesent pnyentiédnt dnmkiel [floe:xxegf4&2 Hn:ancm predi ctoodi t i onal

branch |nstrs F%ﬁogonc kgn%gg?:eg{se ot Yn &%%Bgeggﬁig%téﬁ_bé}; s€oQf 1 dence

| evel 20 St I ch orwar ed t he” out put of
this gate |éOapsreéereblbfheeeéﬁesomthem sofcomyetitslanals Bt and sel ect s

the predlctggecéegakewhheh B&%@h@%%rb@@%(Hét%5%ndfcdﬁﬁkdiwéigﬁéi§ b
StateICUt eaé§s@E§P (re &g%ﬁg%Hg% %fg%i 1aé@am ogcgﬂﬁeglgh 'S
processor 1200 supporting system_400 is shown in Fig. 12
and described below. As in the previous discussions,
"high" and "low" signals in system 400 are logic ones and
zeros, respectively. '

30 Referring again to Fig. 4, system 400 includes
a first constituent predictor 402 and final constituent
predictor 452 employing last-direction prediction and
GSHARE prediction, respectively. Predictor 402 generates
a confidence level "StatelOut.C", a prediction (also



25 applied to the selector input of nultiplexes 482 thereby sel ecting

"Statel Qut.P' as system| evel predi Ctﬁ? "PredictQut". Alternatively, if

the output of AND gate 480 is a | ogi c“Fow, nultipl exes 482 sel ¢cMIAR 200

pr ediction "State20ut.P" and conveys this as system|evel prediction %0
"PredictQut". This prediction is farwarded to a fetching unit (not shown)

of the host 9roEes8ok o ascen?&%'d %gtl W hé)nsts{léégeél%batﬂ@% ahe

f or egoi ng Oferatl on of gate 480 an exes 'sed upon a PTV for

syst em 400 1ookyp tapiley adexesso "IS‘F‘@t)e%S‘fUtdé‘e' | @ theanqfdidrilge when the

prediction Dével edhat pired@2tion the:guv_te&lqa xtédztrtadoxbrm dristdeued i on
has a confldence . eye

atisfies s PTV a deci mal val ue
of 7), ther®tBEe® glﬁ¥é8f"cp%55ﬁ% §Pé‘tte%dtt¥r\§{ SRR £ ﬁfﬁ?resi% used as
t hes syst em t &vat epOedi.at'i dox Hd:\se\pe:re,dmrt his prediction is not
associated wth a suffic y confid ion from
predictor 452, which ifb‘n FﬁBS errg1 %Jl n'?il tstctt-'e"tl |4ho§1 ﬁcgltﬂcg :}‘l\&}s 10
utilized asgate 498t epupded tpr @d:la@tel @0 2'Pr el teQuidl teaedridiengl y, gate 480
determ nes yhcbasnehbe 6ARE d8CHa BERRSAL Yo i ;ﬂgeqtl £ 02

f's out put's

satisfies system 4 ogi c t6 1ndicate
accept abi | i492- N5 @Béﬁ Sﬁé@uffle@ﬁléﬂestﬁ‘@ J\ﬁeﬁn%ﬂ(ﬁ‘tq]oriaﬂtqd?%lrﬂﬂt cn

i npgructi onazba @ﬂt@&eeua eBniRdh igidma whﬂrﬁ%%%wr apt valgau put val ue
110 resultin frogt ﬁ ﬁecutl on (€. bit indicating whether
the branch $80{3R8nmY/ tABL xR AP2 §°§#€\E YRt RS Gh unit to 20
the inputs sélécahoh pt‘teduﬁttl de.sy.st am}éa)(éddﬁdmgmla) faaetibadic igicgxed f t he
confi dence el 2" te 02 d| no i_sf stem 400 PTV
(i.e., "St a:%g%ér)ﬁfcﬂgoeéh%dt e%&ésuf%a\lﬁé’rf tgha} § péseofhaéc 1% %C\’Késs de, | ookup
t abl e 454 whBT¥eteested, "ogeaepasding |aorhlgl'f s2rgrail sukmiechoutﬁxdem correct,
no; ghange i enkRatahbatd lof [ te20ut. P"
fr%ﬁn Tabl e fev@?s mggr I?Legtt %4 tl%s pre (F}:t‘lﬁgn foce)é{syst’nﬂoétm equ%l act ual ,
out cone val (&-410 BeRBFiMad rmt gl wabashiasent )i iidieatiang , then a

conpl enent egdleccsbebB204t of3Qh(ee%le@Joctl%t§éHr;%dinﬁii&1 IF0ud S ad tden into
| ookup Table 454 to iegﬁ?xiee t.he preyi ouslé/ﬁci ed pr dictiqn for this

entry. Furth@¥ SiEBAlc JUHEE | eViS ] WA Sati sfy system
400 PTV vvhepradpcedibnt 'maly ibe %mrwchddep&&mm aissl, acdaial out cone

ZS Het ﬁég Con}ggi%\rqgga eve é S’el Iwrt" w eD ?eﬁ%féﬂé%ut?%eér%#%t l-beegl]ii)n-(!l-a?l)e
in accor danpeedichorse peed@@e@@ermqurutttha abteonit yaksesl ohkhes,
respectivel ygsdBfated predictor.) The data inputs to multiplexer
482 are prediction "StatelOut.P" from predictor 402 and
prediction "State20ut.P" from predictor 452. Based upon
25 the control signal generated by gate 480, a prediction
value from one of these two predictors is selected as the
system-level prediction "PredictOut" for a given branch

instruction.

1. Predictor Stage 402
30 Predictor 402 includes lookup table 404 (e.g.,
a 4096 X 4 RAM) whose data input is coupled to update
circuit 406, address input ("A") is coupled to
multiplexer 412 and write enable input ("WE") is coupled
to AND gate 414. Circuit 406 and AND gate 414 are



_ 5 prediction associated with this confidence |evel renmains unchanged.

However, if actual outcone value 110 differs fromprediction "Statel Qut.P"
for the given branch instruction, thegcanfidence |evel "Statﬁlln C is

. decrenented by 4 (but not below 0) again in accordance 10 wt 1tM@‘? 2002
pseudocode of Table 5. Additionally, the associated prediction
"StatelQut.P" is replaced with value 110 associated with the given branch

i nstructi onfusther ygouplede-a orthie dencput egél ex&lraéﬁrenoﬁ'géeé the.gi ven
prediction er; e S Tv el

equals 7), % en%ain(;&u&g'aﬁne&ﬂie@%l%% Irlg?u%?ce 9\%5 u%xg?ﬁ[gl af‘ i"o | ookup
Tabl e 404. Smgm14Qﬁ1 9w .p 1@@%@@ @Bepetionnedsoﬂeiebibed5hehow
therefore, this tab|eiﬁbé%%“%%fﬁf@abé¥6994??afﬁcP@@ECSéééé'iMPGBQSU”Ed by

a branch instruction that 20 relies on a erent predictor age for its
prefliction. (("AFaf&cin e Rkt e1868ibf 496 agtSabebinvBht §0any updat e

to Table 45é;dd1emlwﬁord | evel andt asehtalﬁh z@quabsxnﬁleﬂﬂléﬁéfeby
satisfies syﬁtzgm 400 ;? However , :gl obal history regist er 460 wi |l |1 al ways

be updat ed 3 ad TR P LFIRE tYRLrer L4Bi hY REer4hPi 3ndi AlreRikvent of

a mispredi ct4|0crsr) Hdriggrsn i ddursienteslse af ePOUvalite s) goal Kagrnehat edoby

branch predi_gt Se aj, tput s als . th make up

the conposi gl Cat e%ﬁé%fqg%ﬂn{]l S¥y§$n§i40€xéo#e c%%c%&@n%?%ﬁ ?5}6& her and

mait@t ai ned Bypuite Bbstajrecies sedint ¢ | carededuf o2 epduenngbogechti ons. In
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prasessor V\/Iwaﬂlmeavh‘rm}crns nsetdumédotnma Bzebﬂtedabbepa@dr63sthe necessary
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t hrough a series e enorres_of any a7 y storage
10 . In si meiapde @wlexng)rﬁurmtemwbhauoalb@werlamﬁ bledsl:tef Bg¥st em 400

catches al | \gandi tjonal bcraryé&s Eaaadaeeégylﬂweyﬁ g8 EQﬁléa&TEﬁd' rection
every tine. Tecnfldenceleve (. State ) 1ndicates t
| astdi recti &% YiRkRESo ther 'E?EHFC‘?P%ancheﬂBFréﬁ a1tagh-a

sargpl e bgncrari&relet(zrore préchﬁ:t:l&ﬁ gma@hfehaﬁyoefsﬂmnt%).efﬁﬁ&@.@&eb(rjanches
were predic ¢tor 402 and o 3% passed on.to fi redi ct or
452. The mé‘pg)é'giyao cetlt)‘?in 90 a:?glﬁ%ﬂeéoﬁge deicey %"ehr’grcﬁr%ﬁ ctor 402
was only 2. BscHiatza®ovwitdt gassed woreebeagbhoinatnockivasi edrbeghvi or and
predi ctor 4G k?ﬂ?p | o %ggf h S
branches Ioa?ﬁ}(wlo predﬁq %ggeﬁﬁlEﬁY§gé %Qg%rﬁgﬁg?ﬁggggf Pﬁ%%%gorates
gl obal hi st GMBELTIMGL kO s a352i aBed aws Bht Acusigne yPEr ddlueed Brafdehes of
firgt predi gyQndtD2 bt s RASURE Eﬁé'Qaﬁ@aﬁﬁbéétfbEablﬁéeﬁhKEﬁé 452,
this final predictor is nore effective sjnce eie is,less risk of false
shar es. up "BranchPCl" will access the same ocation in Table
404. During branch prediction, the entxy in Table 404
accessed by "BranchPCl" is output from predictor 402 and
processed as described below.
30 During update operations for a previously-
predicted branch instruction, predictor 402 receives
input from two primary sources: the predictor itself and
the host processor. Input signals from predictor 402
itself include a confidence level "StatelIn.C", stage-

35 specific prediction "StatelIn.P", and a corresponding



The m ss rate on branch instructions serviced by final predictor 452 was
16. 1% which resulted in a 30 conbined overall mss rate of 7.3% Fig. 11
illustrates trace-driven sinmulation+eslt4s from 21 differeﬂq @ﬁ@g@ tors
and predi ctor systens agai nst the branch stream of the benchmar gram
SPECI nt 95 126.gcc on one of its many inputs , 35 (i.e., anptjp).
Tnstruction and_ address traces were - ener ated usi ng conventi onal
met hods and §¥alenegdzespaliShaprddncdi'on éT%ﬂFaﬁéﬁtﬁré§¢@#WWML9¢-d@ébded

i nstructi On%rﬂéﬁﬂhgl?doﬁtﬁﬂﬁh5§ @&@d&@tb&l adzt aarﬂhgdt@a@ PRl dhe
branch results to col gk Ehatlstlcs for anch edi cti Qn accuracy.
1,
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i nvention (" ﬁéﬁfﬁclloﬁowgﬂgrg %Q%%Hggnﬁ QEeFthu%—Jlg&eE%r %t‘a go¥ ze in

bytes ("MEM'), nber_of ms re experience I ctor or
predi ct or sy%@%ﬁ??le}OCHuﬁﬁéﬂeéf1Bﬁ§ﬁbﬁ§5C@éﬂ@ﬂéédwbyheébﬁ Eﬁ@ﬁkﬁ&w or

predictor systegrtuBl) oudBemkheanaki @10f Ehé@é@@ﬂcb§ taebharghes ("MH").
F|%6%12 illustrates th?¥gla0enent qQf bran predi ctor system 400 within

t proceR%oreEs8y. (YRPR BrECHELOR P ﬁgﬁePFHK&OHF W -PXeRigtese bei ng
separ at ed bybfamchesnéEEQctésn$hﬁwm updEtgnglgurbbaaeh predi ctor system 400

recei ves progran1count L Iu S ng val es) rongg ggran1%punter regi ster
1202. System 400 proce seg Qé &7 EFU cBr7&dPANS ﬁﬁﬁﬁ}ates a

predi ction vprqﬁidesepreﬁnedocteuﬂ)wwhhtbegnaﬂ fexedudh framue@n s actual ly

necessary. aggﬂééﬁkléhgﬂghﬁ gﬁgerghﬁQnQY' aE&ﬁ %ﬁgrS%%%Q%é¥§?§Ut val ue.

"FetchBr" eterm ne |cular
3B Ref er r | BYEEBEEPS. 0£2thanprﬁyﬂpu§ﬂwo@r§slggéﬁét baapchh iasyaudtddrar PC

value wil | bfnrﬁéﬁheh%@égefsoﬁoﬁxam' %szfr%HEhait Est@ta&g&ugﬁ%n@% and f
ranch- predi eti-on processing o

decoded by decof oncurrent| Wi th
syst em 400. 'THR H@coﬁégnﬁﬁl%an?gﬁﬁﬁnén§9rpﬁgﬂpactlon type and feed this
informati on back to syre€erring4@o Fig. 4, prediction "StatelIn.Pp"
and actual outcome wvalue 110 are exclusively-ORed by gate
20 410 to produce a mispredict signal "MisPR1". When this
signal is high, the inputs to gate 410 are different
indicating the original prediction of predictor 402 for
the previously-predicted branch instruction was
incorrect. Signals "MisPrl" and "ExeBr" are forwarded to
25 AND gate 414. If both signals are high, Table 404 is
enabled via gate 414 to update an entry. Moreover, a
high input from gate 414 is also used to allow address
"StatelIn.A" to pass through multiplexer 412 (i.e., the

corresponding table address of the previously-predicted
30 branch instruction) to address input A of Table 404. The
update to Table 404 for the previously-predicted branch
instruction is provided by update circuit 406.
Referring to Figs. 4 and 7, update circuit 406
inputs confidence level "StatelIn.C", "MisPrl" and actual
35 outcome 110 and outputs a 4-bit signal that contains an



400 as signal "FetchBr". This signal, as described above, controls the
shift-in operation of global history register 460. Accordingly, a
new y-conputed PredictQut value is spggulLatively shifted into register 460

-only if 5 the corresponding instruction (via the PC val ue) is 1al MaRdjgp; onal

branch. As shown in Fig. 12, both system 400 and decoder 1212 are coupled
to a fetch control unit 1210. This unit receives a PredictQut value from
system 400 aipdlatiedrs it rasif iatericpa sbginalnd romdesxslepid212 (i.e., a

signal indicatin t, | east et her the Jjnstructj.an associated with the
| at est Predi% ?rgcjdi%o&}ﬁﬁ‘{%r?éf Whc Y TR I‘i’eﬁd'ﬁ ?lé?gdl’i’ng%gucti on
i s somnet hi ng ,otchercdtmnval ueoridi ¢ istiveg 1 b nseases ttierdusdivpdut e vai veutan 15

be safely i ed. e ivat.ed, | nsit ' i S, a, conditional

branch, uni tgrb(l%rz'lol-\lm E\fﬂ(ﬁ%’&e’uttllﬁ %ﬁ%ﬁr@stpgcréﬁgd%%%%‘?é% val Be

genérat ed bpraAicin ADRARTeetQ e istitidg kR - | iT8ie Unanbonal fcgorfiance with
the predi ctiQn.c2Q RefLr{d N 1a0al bl F‘J!rg-tli'ez’pgéﬂcﬁﬁb&d)é'téf’lTé‘Qié 3210 may
select (via a mul tltﬁ_lfexer 1208) addresses provided by an execution unit

dd
1214, decod@nd Tty Taplis, Qe ddRiG Goodhichdefddie ddhe Pre¥abionof

mul ti pl exer al @ ymindtof v rdad taa iHPHARUNt er regi ster 1202 which, 25 in
turn, will forward the new address to system 400 and instruction cache 1206

to begin the process again. Once the branch instruction is executed by
execution unit 1214, actual outconme value, state information and a branch
execution r;-=-,—-:—:—!-_—-—t——?-S-——-,:-,—-_:»‘-:_-—z—, --------- 400—+to-wundat o prad Lctors
in accordange with the foregoing di squssicon of Fi
if the inst i soctat-etwti—a—ps >tH—8
congi ti onal
35 unit 1214

br ancdonfisddéngdd on, then signal "ExeBr" (generated by exefution
) W T ogoh Ridumny WaidMig of the predictors of syjtem
ri bed above. Alternatively, if such instructionis a
condi ti onal ftbranafpadten "ExeBr" as described above. Like the enbodi

Fig. 3, actyal 5 ouffeom yal ue Jhdlyi s fbsyggperated in execution uni |

and forwardg¢d to systemilthe RUrddhigismst atyged Nnformation is tenporarily held
W flgi n host {jprocessor 1Z8tht r eegthtany iconventional nmeans (i.e., |atches,
cache nmenory, etc.), amdif the actual outcone value is 10 available. Rjfter

whi ch, this
per f or med.
of the inve

informedlem is al so forwarded to system 400 and updati ng
ile the iHragoitng i countiegtatentdasosn pti on of the enbod
tion, vari cusumpndl fdmatti onsgowltDerarEmerdgs, and equi val ent §

be 20sed. 15 }jAccordi ngl yelséhe above description should not be taken as
limting thg scope of t¢runthverion which is defined by the appended
cl ai ns. endif
endif
Referring to the pseudocode in Table 5, a
25 predetermined threshold value ("PTV") is defined as
CountMax which, in this embodiment, is binary 111 (i.e.,
decimal 7). Further, the variable "countDecrement" in
this embodiment is a decimal 4.
As the code in Table 5 illustrates, if actual
30 outcome 110 ("actual") provided by the host processor

matches prediction "StatellIn.P" ("prediction"; originally
provided by Table 404 as "StatelOut.P"), and if the
current .confidence level "StatelIn.C" ("count") is less
than 7, then "StatelIn.C" is incremented by 1. Further,



42 WHAT IS CLAIMED IS 1. A systemthat generates a prediction for a given
situation conprising: 5 a plurality of predictors generati ,E M’fl urality of
predi ction values for the given situatipon, wherein said pIu 2

predi ctors axe each assigned a unique priority |level and at | east one of
said plurality of predictors is operable to indicate acceptability of its
predi ction value, 10 and further wherein said prediction is generated by: a
first predi dfothetres disd & Imatath tlgutz)fcqamé:tﬂe:m@e slemeh 8atdtéilistCpredictor

i ndi cates a i it ol ) hi ghest assi gned
priority Ie\%g%ag%gr?lg é:)ri\jyé?{)t rit?an%%g(%‘ofil% sard ghgﬁ%rgl'lt of predictors
that also indicates adt¥svasi/ |th§/ Hiere sis aipdpat ol bﬁ‘éﬂﬁ@m @ﬁtua ue; and a
sleconfl fred]pﬁt%méf tlSI.Ql G tﬂﬁéditdtmn pitfgtgél@épm ghe{laﬂanegeftsal d |
plurality o re or es accep abj | i of its predjction val ue,
sai @ 20 sec&ﬁg‘ %Il?d\ g"re‘ﬂ?iv %gtaaF? %%“eﬂ EeFi bR Py tPgvel ; a

mul ti pl exer vamuabacé tammmnﬂ:q@emaiu,t ytl@én pds@dfi:d@m@eope{rabl e to select said

dicti Jur.al dpack |
Boupl od 1o Satatstarality e bndines v Torttieirefittsn y FEERRRE  on o
sai d predi cthﬁr shlea@edsummn nmtczh:ta.mll cmmﬁmq@é lé&eedi VBhasellat CHnis2. The
f I
by anch | nst FOEE Shs reid B GO SRt SRLTE PEndlithiE) cBngRBELEOn

whéPei n sai deviedst sprativgsd |tr€d|m¢ésf<ax:c@p)@'@1b$mtry en Teblperéf@fction

val ue when gapd ehidntla tilgidgx thi%nfég?‘iéslﬁ ﬂ?é‘ffgfrﬂcéf | gvel-uthatraBre
satisfies a predetec{gé]ed threlrﬁr;ol d val ue. 4. %stem of .claim3 wherein
sai d predi ctBoRTONd ®a c"b‘?'hﬂl?‘?%\ﬁ%lllt%?% EhCERSHLEEYi 8% is taken

or not-takedevice (such as a state machine) may be used to carry out
the logic defined by Table 6.

15 | Table 6: Truth Table for Update Circuit 406 I

MisPrl Statelln.C Update C
0 000 0 01
0 001 010
0 010 011
20 0 011 100
0 100 101
0 101 110
0 110 111
0 111 111
25 i 1 000 000
1 001 0 00
1 010 000
1 011 000
1 100 000
30 1 101 0 01
1 110 010
1 111 011




43 5. The systemof claim3 mherein said confidence |l evel is generated by
an asymetric saturating counter The systemof claim5 wherein said
predi ction indicates whether a condlt?ﬁnal branch instructiog s taken or

. not-taken and wherein said first predictor is a lastdirectio L MARi 200pr . 10
7. The systemof claim®6 wherein said second predictor is a GSHARE
predictor. 8. A predictor systemthat generates a desired prediction for a
given instruction conprising: 15 a plurality of predictors generating a .
plurality of predictiaqns, each predi ctor being assigned a priority |evel
and at |east orfe predP to |nd|cate acceptability of its

predi ction; a selecti %%ﬁglﬁ?f rg%li q:gbl tﬁgSal d gim éé’ro%s%o predi ctors,

sai d CIrCUIt selectln ctlon esire redi ct or,
wherein sai & g{ ik§ & GSHARE @Ifadrlsltcm e(ma:td)‘:rswflb@d dimlurality of

predictors mia@araalr@f With Br edleChal 'S@%‘Lﬁ%.tt%%qz abidity of its
predi ction and has a hlggﬁf aSS|gned priority~l evel anpng

ot her
prefi ct or off F¥XEESR-HLA Gt Bﬂé&Q¥Xn¥§&Hﬁ%¢§ﬂsuﬁﬁﬁﬁﬁ@%ﬁ%%fhcceptablI|ty
of its resp@&bd\ietm:ems&t um:tuaecé a Sk pdiectars ofe sl d | LsgBaty of

30 predicto n e of urallt pr ctor indi cat es

accept abi | i ?‘;1\3/%9‘?? o 8n é’ltd lssefmlﬁd:gi%t% Hefri TE S buest

assi gned prﬁﬁﬁhtwddmaas 1®pufhd"hwanam mmm@hﬁdntcnmukﬂﬂpﬁexéﬁj@62,35
further comapisSiAg e %"a%'&%c‘i b%p C'%Q')e‘lst %oi&:l%cpdﬁétors of p%&?' ctors

for updatin onIy a portion ofFsai plrural’i predi ta
oull@one i nf th}ﬁx@ro%G@eéfeFﬁéme@(emtorfmn Saittb g vami n$5$ uction. 44

10. The br angh cpf,edirC e @rnS Y $e @i Qe €11 308 "\Mteart%zrb@@'dhfﬁﬁcﬂ&ﬂ gircuit
conpri ses. g%gkagrlty encoder coupled fo said plurality of predictors; and

5 a mul tipl Iséd’rtyor§5|l§tﬁ|r 860y e G AR s NP kel 4€9 of
predi ctors. reteities dhpmth fRrosd NAND geits eBgofare] aixelhts Wherer ngseéed
desired preQ|%t|%g B@@crl e g@ither a
15 Inputs to predictor 452 include state inputs
("state2In.P" to circuit 456, "State2In.A" to multiplexer
462, "StatellIn.C" to NAND gate 468, "State2In.P" to
exclusive-OR gate 470, "State2In.GHIST" to register 460
and "PredictOut" to register 460 (via latch 506 as shown
20 in Fig. 5)), actual outcome value 110 to gate 470, PC
value to hash unit 458 and the branch execution signal
"ExeBr" to AND gate 464. Inputs PC value and
"PredictOut" are used to carry out a current branch
prediction operation. The remaining inputs identified
25 above are used for updating purposes.

During branch prediction operation of a given
branch instruction, predictor 452 inputs a 62-bit PC
value which is reduced to a 14-bit table address by hash
unit 458. Referring to Fig. 6, unit 458 performs a

30 simple masking function in a mask circuit 602 that allows
bits [16:3] of PC value [63:2] to pass to an exclusive-OR
gate 604. The second input to gate 604 is global history
word "State20ut.GHIST". This word is generated from the



10 conditional branch instruction is taken or not taken. 12. The branch
predi ctor systemof claim 1l wherein gaid first predictor indicates
acceptability of its prediction aft ér?> gald first predictor gerfer ajaRs;
confidence level that satisfies a predeterm ned threshold value. 13.
branch predictor systemof claim 12 wherein said confidence |evel is
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word YState20ut.GHIST" through shift-in input "SI" upon
receipt of a "FetchBr" signal (indicating the subject
branch instruction has been fetched and decoded) from the
20 host processor.
During update operations for a previously-
predicted branch instruction, predictor 452 receives
input from four primary sources: predictors 452, 402,
the host processor and system 400. Input signals from
25 predictor 452 include stage-specific prediction
"State2In.P," a corresponding table address "State2In.A"
and global history word "State2In.GHIST". Input signal
from system 400 includes PredictIn. (Thies state
information was originally output by predictor 452 and
30 system 400 during the prediction operation for the
previously-predicted branch instruction as "State20ut.P",
"State20ut.A", "State20ut.GHIST" and "PredictOut",
respectively.) Like predictor 402, these values have
been maintained by the host processor while the
35 previously-predicted branch instruction was processed and
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In addition to value 110, host processor

provides predictor 452 with signal "ExeBr" from an
execution unit (not shown) indicating the successful
execution of the previously-predicted branch instruction.

10 Finally, predictor 452 receives confidence level
“StatelIn.C" from predictor 402 to negate update
operations for this predictor if a higher-priority
predictor (i.e., predictor 402) was selected for
prediction of the subject branch instruction.

15 In accordance with the logic shown in Fig. 4,
should predictor 452 mispredict during a prediction
operation in which the output of predictor 402 is used
(i.e., "StatelIn.C" = 7 which satisfies PTV in this

embodiment), then the output of gate 468 is low forcing
20 the output of gate 464 to be low. In which case, the
write enable input of table 454 is not enabled and no
update of predictor 452 will occur. However, should
predictor 452 mispredict during a prediction operation in
which the output of predictor 402 is not used (i.e.,
25 "StatelIn.C" 7 which does not satisfy PTV in this
embodiment), then the output of gate 468 is high allowing
the output of gate 464 to go high. In which_case, the .
write enable input of table 454 may be enabled (dependent
upon the state of other signals as described below) and
30 an update of predictor 452 may occur.
Referring again to the logic shown in Fig. 4,
if prediction "State2In.P" does not egqual actual outcome .
110, the output of exclusive OR.gate 470 will be high.
After the subject branch instruction has been executed,
35 host processor will output signal "ExeBr" high as well.
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gate 464 high and enabling the write operation of table
454. Table address "State2In.A" associated with the
previously-predicted branch instruction undergoing update
processing is applied to the address input of Table 454
through multiplexer 462. Finally, the original (and, in
this example, incorrect) prediction "State2In.pP"
generated by predictor 452 is inverted by update circuit
456 (Fig. 8) and forwarded to data input DI of Table 454
to update the associated entry.

As shown in Fig. 8, circuit 456 consists of an
inverter which serves to correct an erroneous prediction
previously generated by predictor 452. This corrected
value is input to table 454 during update operations
provided predictor 402 was not originally selected for
providing the prediction, as described above. As would
be understood by one having ordinary sgkill in the art,
the use of an inverter as circuit 456 is optional.
Alternatively, circuit 456 may be eliminated in its
entirety and input DI of table 454 may simply receive
actual outcome value 110 generated by the host processor.
This flexibility is possible since only a single bit is
processed by circuit 456. More complex processing is
required when multiple bits are updated, as required by
predictor 402 (i.e., three-bit confidence level and
one-bit predicfidn).

In the event of a misprediction, the global
history word contained in register 460 (Fig. 5) will be
inaccurate for that and any subsequent prediction.
Accordingly, word "State20ut.GHIST" output to the host
processor during prediction of the subject branch
instruction is returned to register 460 for input wvia
parallel input PI as "State2In.GHIST". Referring to
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Fig. 5, this updating operation is controlled by gates
502 and 504. As the circuit in Fig. 5 illustrates,
should actual outcome 110 not equal the system-level
prediction "PredictIn", exclusive OR gate 504 will output
5 a logic high. Concurrently, host processor will output
signal "ExeBr" to indicate the subject branch instruction
was executed. In accordance with the foregoing
discussion, signal ExeBr functions as a "valid" signal
for state information. Upon receipt of these signals,
10 gate 502 will output a logic high enabling the loading
operation of register 460.

3. System-Level Operation

Referring again to Fig. 4, a system-level

description of operations will now be provided. During

15 branch prediction operation, one-bit predictions
"StatelOut.P" and "State20ut.P" from predictors 402 and
452, respectively, are provided to multiplexer 482 for a
given conditional branch instruction. Concurrently,
predictor 402 generates 3-bit confidence level

20 "StatelOut.C" which is forwarded to AND gate 480. The
output of this gate is applied to the control input of
multiplexer 482 and selects the prediction from either
predictor 402 or 452. If all three bits of "StatelOut.C"
are high (representing a decimal 7), a logic high is

25 applied to the selector input of multiplexer 482 thereby
selecting "StatelOut.P" as system-level prediction
"PredictOut". Alternatively, if the output of AND gate
480 is a logic low, multiplexer 482 selects prediction
"State20ut.P" and conveys this as system-level prediction

30 "PredictOut". This prediction is forwarded to a fetching
unit (not shown) of the host processor to control
subsequent instruction streams.

The foregoing operation of gate 480 and

multiplexer 482 is based upon a PTV for system 400
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confidence level, the prediction from predictor 452,
which in this embodiment is the final predictor, is

10 utilized as the system-level prediction "PredictoOut".
Accordingly, gate 480 determines whether the confidence
level generated in prediqtor 402 satisfies system 400 PTV
and, if so, outputs a logic high to indicate
acceptability.

15 Upon execution of the given conditional branch
instruction by an execution unit in the host processor,
actual output value 110 resulting from such execution
(e.g., a single bit indicating whether the branch is
taken or not-taken) is provided by the execution unit to

20 the inputs of branch prediction system 400 through a
feedback loop. If the confidence level "StatelIn.C" of
stage 402 did not satisfy system 400 PTV (i.e.,
"StatelIn.C" does not equal 7) when this prediction was
made, lookup table 454 was selected for a prediction. If

25 this prediqtion was correct, no change is made to Table
454. 1If, however, prediction bit "State20ut.P" from
Table 454 is incorrect (i.e., this prediction does not

equal actual outcome value 110 generated for the given
branch instruction), then a complemented "State20ut.P"

30 (equal to correct value 110) is written into lookup Table
454 to replace the previously stored prediction for this
entry.

Further, when confidence level "StatelIn.C"
does not satisfy system 400 PTV when a prediction is

35 made, and if the associated actual outcome value 110
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value 110 associated with the given branch instruction.

Finally, if the confidence level "StatelIn.C"

for the given prediction operation does satisfy system

15 400 PTV (i.e., "StatelIn.C" equals 7), then any update
operation required applies exclusively to lookup Table
404. Significantly, no update is performed on Table 454
and, therefore, this table is saved from having space
unnecessarily consumed by a branch instruction that

20 relies on a different predictor stage for its prediction.
(As described above, gate 468 of stage 452 prevents any
update to Table 454 when confidence level "StatelIn.C"
equals 7 and thereby satisfies system 400 PTV). However,
global history register 460 will always be updated in

25 accordance with the foregoing description in the event of
a misprediction.

Fig. 9 illustrates state output signals
generated by branch predictor system 400. The seven
state output signals that make up the composite StateOut

30 900 for System 400 are concatenated together and
maintained by the host processor until needed for
updating operations. In such case, StateOut 900 is
returned to processor 400 as StateIn 1000 of Fig. 10.
Referring to Fig. 10, StateIn 1000 contains the

35 individual state signals required by various components
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predictor 402 was only 2.1%. The 37% that passed on were

20 of a more varied behavior and predictor 402 assigned low

confidence levels to these branches. Such branches
loaded onto predictor 452 which, as described above,
incorporates global history in its prediction. Because
the easily predicted branches of first predictor 402 did

25 not consume table space in final predictor 452, this

final predictor is more effective since there is less
risk of false shares.
) The miss rate on branch instructions serviced
by final predictor 452 was 16.1% which resulted in a
30 combined overall miss rate of 7.3%.

Fig. 11 illustrates trace-driven simulation
results from 21 different predictors and predictor
systems against the branch stream of the benchmark
program SPECInt95 126.gcc on one of its many inputs

35 (i.e., amptjp). Instruction and address traces were
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invention ("filter"). Columns 2 through 5 of Fig. 11
report table size in bytes ("MEM"), number of mispredicts
15 experienced by the predictor or predictor system ("M"),
number of branches serviced by each predictor or
predictor system ("B"), and the ratio of mispredicts to
branches ("M/B")
Fig. 12 illustrates the placement of branch
20 predictor system 400 within a host processor 1200. This
processor is pipelined with each stage being separated by
latches 1250. As shown in Fig. 12, branch predictor
system 400 receives program counter values (PC values)
from program counter register 1202. System 400 processes
25 every PC value received and generates a prediction value
(i.e., PredictOut) whether or not such value is actually
necessary. Control signals generated by host processor
1200, namely "FetchBr" and "ExeBr," determine the use of
a particular PredictOut value. '
30 Referring to Fig. 12, an instruction associated
with a particular PC value will be retrieved, for
example, from instruction cache 1206 and decoded by
decoder 1212 concurrently with branch-prediction
processing of system 400. The decoder will determine
35 instruction type and feed this information back to system
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5 the corresponding instruction (via the PC value) is a
conditional branch.

As shown in Fig. 12, both system 400 and
decoder 1212 are coupled to a fetch control unit 1210.
This unit receives a PredictOut value from system 400 and

10 an instruction-type signal from decoder 1212 (i.e., a
signal indicating, at least, whether the instruction
associated with the latest PredictOut is a conditional
branch). If the associated instruction is something
other than a conditional branch, the PredictOut value can

15 be safely ignored. However, if the associated
instruction is a conditional branch, unit 1210 will
utilize the corresponding PredictOut value generated by
system 400 to fetch subsequent instructions in accordance
with the prediction.

20 Referring again to Fig. 12, fetch control unit
1210 may select (via a multiplexer 1208) addresses
provided by an execution unit 1214, decoder 1212 or an
incrementor 1204. The address selected via multiplexer
1208 is forwarded to program counter register 1202 which,

25 in turn, will forward the new address to system 400 and
instruction cache 1206 to begin the process again.

Once the branch instruction is executed by
execution unit 1214, actual outcome value, state
information and a branch execution signal "ExeBr" are

30 returned to system 400 to update predictors in accordance
with the foregoing discussion of Fig. 4. More
specifically, if the instruction associated with a
particular PredictOut value is not a conditional branch
instruction, then signal "ExeBr" (generated by execution

35 unit 1214) will prohibit any updating of the predictors
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e %0%R ()- 1D W %4 0Bebdwrglity of predictors generatlng a plura

ity
of prediction values for the given situation, wherein said
plurality of predictors are each assigned a unique priority
level and at least one of said plurality of predictors is
operable to indicate acceptability of its prediction ﬁalue,
and further wherein said prediction is generated by:

a first predictor of said plurality of
predictors when said first predictor indicates
acceptability of its prediction value and has a highest
assigned priority level among any other predictor of said
plurality of predictors that also indicates acceptability
of its respective prediction value; and

a second predictor of said plurality of
predictors when none of said plurality of predictors
indicates acceptability of its prediction value, said
second predictor having a lowest assigned priority level;

a multiplexer coupled to said plurality of
predictors operable to select said prediction from said
plurality of prediction values; and

a feedback loop coupled to said plurality of
predictors for updating only a portion of said predictors
based upon an actual outcome of the given situation.

2. The system of claim 1 wherein said prediction
indicates whether a conditional branch instruction is taken
or not-taken.

3. The system of claim 1 wherein said first
predictor indicates acceptability of its prediction value
when said first predictor generates a confidence level that
satisfies a predetermined threshold value.

4. The system of claim 3 wherein said prediction
indicates whether a conditional branch instruction is taken

or not-taken.

1
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prediction for a given instruction comprising:

15 a plurality of predictors generating a plurality
of predictions, each predictor being assigned a priority
level and at least one predictor being operable to indicate
acceptability of its prediction;

a selection circuit coupled to said plurality of

20 predictors, said circuit selecting the desired prediction
from a desired predictor, wherein said desired predictor
is:

a first predictor of said plurality of
predictors when said first predictor indicates

25 acceptability of its prediction and has a highest assigned
priority level among any other predictor of said plurality
of predictors that also indicates acceptability of its
respective prediction; and

a second predictor of said plurality of

30 predictors when none of said plurality of predictors
indicates acceptability of its prediction, said second
predictor having a lowest assigned priority level.

9. The branch predictor system of claim 8
35 further comprising a feedback loop coupled to said
plurality of predictors for updating only a portion of said
plurality of predictors with actual outcome information
provided from execution of said given instruction.
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10. The branch predictor system of claim 8
wherein said selection circuit comprises:
a priority encoder coupled to said plurality of
predictors; and
5 a multiplexer coupled to said priority encoder
and said plurality of predictors.

11. The branch predictor system of claim 10
wherein said desired prediction indicates whether a
10 conditional branch instruction is taken or not taken.

12. The branch predictor system of claim 11
wherein said first predictor indicates acceptability of its
prediction after said first predictor generates a

15 confidence level that satisfies a predetermined threshold
value.

13. The branch predictor system of claim 12
wherein said confidence level is generated by an asymmetric
20 saturating counter.



