WD 99/ 14667 y PCT/ US98/

| NSTRUCT! B S9466§7CTI O BASED OV Fi LTERI NG _ Feidsonnsers
BACKGROUND OF THE | NVENTI ON The present invention relates
generally to the 5 field of conputer-instruction prediction and, in
particular, to instruction prediction based on filtering.

Branch prediction, a particular type of I nstruction prediction, has
becone critical to the per formance of nodern pipeline

m croprocessors. As 10 I pelines grow in length, instructjon fetch
(perfornmed in 3N§T§p§:§§%§f P&%?%Fﬁﬁe?& frﬁf?&k ﬁay from

I nstruction execution (perfornmed in another stage of the pi pel i ne).
Condi ti onal branches (also referred to as conditional junps) are

one of the few operations wheP&CKGROUND QF,fHE,INVENTLR uti on affects

instruction fetch. |If The preskAstin¢bhedochetrehatust g\éﬁ'etrafmF/ exeelid on
i.tignal branch,before proceedi .consi der abl e

of a gon Q |ng
perforfance i st 1958 QheCPBPRREY RdREEFUGE PP RFPAECEEQGegnd, 1N bet ween
the two. As a pastitulaspdibdi dnasktrbradohepraddc2@on basedypinc &illy epriedy.ct ed
in an instruction fetch ' S . .not-ta W a
mechani sm i ndependent ofﬁgééFﬁug%ggggtlon’ a p?%ééﬁﬁﬁ%%.‘%%?é& on this
predi cti on, subsegueation predictipstr hesi besomee cypsdgiadt iteeltpef et ched.
However, bran QNS S : : LN se

CHe PESPISHEAN m?&E?B Wi 0894 nk g%%gﬁgfoc@%@$55?0h§ﬁ must. be.

therefore, speculative instructions . . |veI%
"kill 88" and i RiPRLéRES§ngrow in length, instruction fetc

one stage of a pipeline) moves farther away from

(pexrformed in

instruction execution (performed in another stage of the
pipeline). Conditional branches (also referred to as
conditional jumps) are one of the few operations where
15 instruction execution affects instruction fetch. If
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.)



fromthe correct path subsequently fetched as repl acenents. Thus,

t he m spyoeesbiagg7on rate of a branch ' predi ct or i speTwISHYiseH
paranmeter for perfornmance. 30 -(RAnet her inportant paraneter is the
cost of a m spredi ction, which is usually related to the nunber of
pi peline stages between fetch and execution.)
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bet ween a conventlonaFlﬁraﬁcﬁliPéﬁF@FSF fgf aﬁ&eg 1 lnter’%@&ﬁventlonal

m cr opr ocesbetweenany cohbentdonpilt rasnyht predictor 102 waidch predictor 102
may reside - o] ! - pr !

Typi cal l vy, %éﬁ%ﬁ%%ggaﬁ Fﬁg&gggoézssér or_aﬁ eg%%% c%%@%%%& %%%%essor
However, foinewbac fPrEdlCtordﬂgéumgwbwesﬁdg (redrawedptedhereini@® coupl ed

to Bost a_ "hoBEOReSeREsbod. 10§§and 1%9&&&0|b§bﬁﬁﬁ1§rQ%hW%%& 102
predi ctor 102 and prqocessor 103, .well|l Known. t 0-those 1Q - havi_ng

ordi nary skFEFiFRSt WAtBAR 3,he@sEnPEOSESERE -c| HppeyeT, for ease of =
di scussi on. discussion, Flg 1 Ehbaugbrbhecuse szacbh@geanmeomwkﬁﬂ (not

shown host _processo I di.t | .

ot bt onpERRREERRON0R0, BERRARER BoRRG) LAR1ERMes L 104 ana

the pr edi ct predéspomdd 0Ri wmdaprocessorpiddi,cwedd kabwn teof ¢hose to as a
g%d'Ct'Onhﬁghﬂgnbr&ggaryhfkllla@% %ﬂgea§kat3rén%9ﬁ@%EHonf d@arlg&ateC“t

ormation 1's aSsdociated with-a particular

BranchPC an@fi AdEGYEsioRf-or mati on necessary to update 20  predictor 102

after an associ at ed CQththn%hebb%@CBf a program counter (not
' shown), host processor 103 supplies a conditional--branch-
instruction address or portion thereof (i.e.,
15 "BranchPC" 104), and the predictor responds with a
' prediction {also referred to as a "prediction value") 106
and some state'information;”i:éx, StateOut 108.' This .
state information is associated with a particular
BranchPC and includes -information necéssary to update
20 predictor 102 after an associated conditional branch
instruction is executed. - -

More specifically, upon éxecution of the
sssociated conditional branch instruction (i.e., when the
subject condition becomes known) - processor 103 generates

25 an actual outcome value 110 (e.g., a single bit
indicating whether the branch is taken or not-taken) and
returns this to predictor 102 along with StatelIn 108'
through a feedback loop 105. StateIn 108' is the same
information provided as StateOut 108 for the particular -
30 BranchPC 104; this information has been maintained within
processor 103 until the associated conditional branch-
instruction has been executed'and eﬁteome value 110 is
available. Predlctor 102 w111 use. StateIn 108"for
_ updating purposes if necessary. For example, StateIn
35 108' and StateOut 108 (i.e., state information) may




instructiqn i s executed. .More specificall
executi on WP 9AE67 associ ated conditional branch inst )483‘}[‘!{%3%19&7‘?(3

when t he subj ect condition beconmés known)--, processor 103
generates 25 an actual outcone value 110 (e.g., a s-ingle bit
I ndi cati ng whether thebranch is taken or not-taken) and returns

this to predic{pri1d8e ahoBadvekR Bbat al hekidSy (1 e., tabieygkriaHieedback
| oop 105. State I.n 10 | rovi ded as

Qryat i.on
StateCut 108 fB?ed?ﬁE°ﬁaF9?cGP‘3F 36 assocl%raéfﬁﬁ t?’gfhet tﬁ%? 35 or mati on has
been nmai nt ai nedondihional branchr dosssuctiod,urind itsheisEsbdoi aftexrke the

Conditiona! brggggc1ated.PuB o&%tggﬁg ﬁl%aiﬁgﬁﬁﬂﬁ%ﬁﬁ§%kégg§g$n come

value 110 is ctor use St 8 for
updat i Bg pur posusmplenefessbrpnchrpregighsire disomagad wis-hin a PP CYFRPT

StateQut 108 (i getheSMADS Rﬁb@@@ahhgﬁbﬁﬁ@bessor created by SilGiaie an
address for a nenory (1.e., table) wth predlctor 102 that is

associ at ed wi t FrERE1gEhj &8C-, of °qﬂ5ﬁ$Q|Wiﬁﬂ KreEiciPE M + ucti on, and is

used to store the MetHoae mdmrﬁﬂﬂq;x\eaimlm antd réxfblwh'mgrermr y.

An 5 exa a branch redi ctor osed within rocessor
A0 The M Pe:R18886 1 EsAbEs, i serleY R iAo

Inc.zlof Nbunt@emkaammcaﬂnGQMﬂnamgnts for processors Matddaist or branch
prediction are; é@f\éx'sqgttg erafrc:)L @:&la{ﬂ 6 {418 &yokggérved that

mspredl ction an mance redquirenents for processors are both
i ncreasi ng. Eammmsmaééyttgq)mm AW b abheiar and thereferehes

usual ly go Oneﬁ%@ﬂf@téd“%ﬂgfEﬁrréHEj&f¥géﬁfHﬁ3(1.e., taken/not-taken)

of a conditional branch to be the same as its previous
15 direction; so-called "last-direction prediction." This
method requires only one bit of storage per branch.

On a sample benchmark (i.e., the 126.gcc
program of SPECint95 available from the Standard
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



predicted the current direction (i.e., taken/not-taken) of .a

conditiowebgmﬁa-ph to be the sane as its previ ous 15 PTVESYB /19673
so-called "last-direction prediction.® 4 Fhis met hod requires only |
one bit of storage per branch. On a sanpl e benchmar k ;
(i.e., the 126.gcc program of SPEC nt95 avail able fromthe Standard |
Perfornance E aluatio. rporatlgﬁz %Jnulatlng a 20 ... predictor with a i
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instructions), such Such do‘ﬁﬁbrgl recteé%n lroergtcca{rllobn had ]‘_TSﬁ)‘f

m sprediction rate
i mpr ovemnent tmee!eﬂrmh}eoxsmg two bits predintdden tite ti'assar.blqn fidie each

recogi tion thaindy aneRess YeRH be ca rlec%cbt.{ta%lﬂﬂ af %HJ\% e 1 | 0Ops

typically operate |n a pr edi pattern. branches are

typical |y takdipt does notyghangedde Predinteddirasision Wddutiwsh of the
| OOE' b30 ) bﬂéﬁﬁht 2 d@@?h&i rug:ﬂé&:d@&iew Qér&td@{t%fec% hig 1P, o&mé/iever

suc ranch i 0 0 nc e |.o

r e- execut ed, eﬁ@fé}e i etgtfe %‘EP }_ﬁn i dﬂug enhanceﬁ‘i‘eé'tﬁ ction

m spredicts smmweﬁ:ﬁ&mﬂ&a$m]caa:qﬂanmlsmdlctlon ratncm a2 tike. | Wiis
'terao“on V‘hgﬂ‘e{]&f‘?é&a’l@ dtnetimes caMREMIHdFaWid aé&?é‘ a“d agai n.on

the I rst br _
“the next |oopiit@atudee branch is predicted as not-taken = but is in

fact taken. | Addition3HCI R endtisd esigid h G dedN gy ent ed,

" include the use of global and/or local "branch hlstory"

to pick up correlatlons between branches. Branch hlstory

15 is typically represented as a f1n1te length shift

' register, with one bit for each taken/not—taken outcome

shifted into the register each time a branch is executed.
Local history uses a shift register per branch and
exploits patterns in the same to make predictions. For

20 example, given the pattern 10101010 (in order of
execution from left to right) it seems appropriate to’
predict'that the next branch will be taken (represented
by a logic one). Global history, on the other hand, uses
a single shift register for all branches and is thus a

25 " superset of local history. .

A variety of methods have been sUggésted 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 DYﬁamic'Branéh'Predictors

That Use Two Levels of Branch History," The 20th Annual
International Symposium on CgMpgtgr Axgnitecggre, PpP-

257-266, IEEE Computer Society Press (May 16-19, 1993);

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




however, by using two bits to encode the hlstory for each r.anch.
Thi s may E%W%ed out with a state maghine t hat d%‘é"é’uﬁ%?(llgg ange
the predicted direction until two branches are consecutively
encountered in the other direction. On the sample benchmark; this
enhancenent | owered the sinulated msprediction rate to 12. 1%

This 10 @Idﬁiitfitxfé BrarfHT i RS opbh &0 ﬁhﬂib_a‘ﬂgﬁ%ﬁ o
literature. Add| t | onal provenent s to_branch prediction
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correl ati ons hsm/»em brz&rutktaSatuﬂﬁatrmh d)mmp@ﬂ:ﬂn@ﬁﬂachlnesyt YMagalby21,

obh s sicem not- Al 1 it Lo rconuh 8 benckl PReRRRLBLR 001 .

brancts i s exedRledlechnical Noiren| T 36 orRigiesl aEcs\hlpmenegCQIrpr pﬂéﬁBBﬂ anch
and exql &Y N t t e 0
exanpl e, given t eﬁ%%]fp"f%é ﬁ’r 1%%%1#(?%%5&? ”ﬁ%feﬂj @'h&&kgg%ﬁ{; ?gnb rom

left to right)rgfexenges Wpptoprentiredy for allpuypeseEhat the next branch
will be taken (repr esent@(ﬂ the sampibé.‘ Beh€Hh&rRNEPAG ShabekuARst dbwered t he

ot her hand, us§s e shift reqgister f I bra ches and is
thus a 25 %Lﬁ)’é?‘éje?t%ci Tf“b%%\’r" %I'g'fb? fageto’ 5. %' aB5’d an“ ety of
nmet hads have hesspecigiesled fIm general, uglbbaln]glhtsryr gppealrsanoh be

predi ction. [ |_an I
history are Btter tl??ndfgé&%emg%&\'lgsﬁ%éégggrégﬁeg %gel—f? gt%%%%% m&t hods
30 are fanthex Tewchybesl i heaviengrnapeesbbrage fokl pwedgctions.

Yeh, et al., "A Conpari Sﬁnfl‘:?{tl%!faﬂh%rg(réﬂ&ﬁtP{:Sdbi;&ﬂ&ﬁ predlctl-gl?xatlsuse
Two Level s of Branch History," The 2 Annual ternati onal

Synposi um on GHpLRERd APEIFPERITIRY BHO dlfferenésprzéectPEEEle&ﬁp@t er
Soci ety Press giiy1dtb#ncA9982didbion sy¥ebm, ehsablescrAbear Aafi ve

InplenentatloqﬁcﬁgrfxgéPev$ﬁe 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
system 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
29t nual IEEE/AC ternational S ium 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.



Adoptive Branch Predictions,” The 19th Annual | nt er nat_i onal

Synposi unvonsgggeput er Architecture, pp. 124- 134, A&Sﬂﬂsmlmm f or
Conmputi ng Machinery (May 19-21, - 61992); and S. McFarling, "Conbining
Branch Predictors,” 5 WRL Technical Note TN-36, Digital Equi pnent

Corp. (1993) ("McFarling"), each of which is hereby incorporated

b

y ref erence | its enti y .al | purposes. .
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is 5 -aghhRYed hxycgabansaaukaelﬁgf Eeﬁﬁeterpr edict Obﬁel ghataddes
single branchng aICtIOH ystem descr i bed Farling. The
0

conbi ned- pr ed e§§§?@ﬁ¥oPaﬁEF§?FPn§°r 1ncremePEnEa?ﬁolﬁﬁaﬂéﬁlﬁP dlctors

in parallel (+vatue.bi nhdegegndounter valGSHAREalcaeesgreatahlch one is

better for a ¢ i.tion. e he
prediction ofg?ﬁgtgﬁﬁce in ap?@ﬁdlggg - EFﬁ fa%¥l838§%§E88§ EOE
conbi ned- predthlsrconfldencesysVeh1msaﬁgrblmedHrOENQEQSHnREahlhléved a
m spredict rate of 7.5% Anot her

sumhyed
variation to Branch prediction is suggested in E. Jacobsen, et
al ., "Assigning Confidence 25 = to Conditi onal~ Branch Prediction,"
Proceedlngs f eI T ANTTO e I Eety GV T TTC T TTat I oTTel m on
M croarchitecffure, |EEE Conputer SOC|etyaEnsss pp. 142-
(Decenber 2-4TY996) ( Jacobsen'), Wwhirch]rs hereby rncor por at ¢gd by
reference in ||t Soxfiigpredy for all 30 ‘purﬁé§%§°nf%ﬁf€65§€n CHEECAFbds a
nmet hod for def er ENG cgunt = °°untM°{Sonf|fience Ma¥EM™ for a given branc
predi ction.
Update:
15 if actual = prediction then
if count < countMax then. -- increment count if correct,
count 7 count + 1 saturate at maximum
endif
else
20 count 7 0 --  reset count if incorrect
endif _

‘The foreg01ng dlscuss1on is ‘directed primarily
to malntalnlng a predlctlon state or history per branch
1nstruct10n In practlce, however, such information is

25 | ‘kept in flxed s1ze memorles (1 e. ,:"tables") The
1nformat10n 1s typlcally untagged and so prediction data
for multlple condltlonal branehes often share ‘the same

:.locatlon in the ‘tables undetected When thlS happens, it
_ usually increases the mlspredlctlon rate. The more

30 - advanced methods store more 1nformat10n 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.

CAE



Jacobsen guggests that confidence signals nmay be used, for

exanpl e, WONEK&Et a prediction in a systemthat uses PCT/USB 78 han
one predictor. - 6-

One suggested confidence-|evel neasure is enbodied in a resetting
counter which increnents on each correct prediction (but stops at
i ts maxi numvalue), andp combined i)rfe@ﬁ%ltotzo %%r(aém:ﬁﬁgépfr?d' ction.

(This resetting counter may be a saturatin counter .e., one t hat
does Mﬁgﬁr&éBBenﬁﬁﬁtp§§PQﬁ9%)QﬁEWQQRHQ§ﬁ§#£ G | SR

val ge. ) Largerakeoluabaht\a@!ese& gmﬁf @it PR &ometimes hm&rﬁ]awr‘?dan a
predi ction. e r. seudoco or 0 ence-] eve
nmeasure is pr%i g%&%]-l\#%gbgé.\rfnlgaranch t?é}%\ﬁomequmes riusﬂ:o ry is mot
Tabl e51. relevantCamii daycectually be harmful .- Sudgh moedicsoce if

count at 3Hgg§§8% %ﬁ%&&i&@
Update: 15 operates 92%?%%ﬁ9gpgﬁeég tion t oFs in 1 al? count <

count Max thenChOOSlng irdree gt ego e 4 f SQ*QQQﬁOH criteria for cheeghng7
count + 1 an accePrdhAled pHedi®HiBHMmay be a confidd¥dd level. In
such a situation, however, both predictors (and the
10 chooser) consume costly table space, even when the
prediction of one predictor or the other is almost never
used for certain branches. The extra table space
consumed by the unused predictor increases 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.
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MFarling, tKHstdnmsahamprati aESurs Srfbi qﬁ)ml%ﬁnay e deetﬂ%ﬁé%

advant age of dfg1f13ftaddEe e tddasdiet 13591{1% Réonfidence tlewedet a
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be harnful . 33Bci? |a€c‘5rptance R RERRP IS M mi ng both predictors in
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consune cost |systan elrspasies @@Wﬂ-‘tm@f predictors generating a
plurality of prediction values for the given situation,
means for processing said plurality of prediction values
to produce the prediction, and a feedback loop coupled to

15 the plurality of predictors for updating only a portion
of the predictors based upon an actual ocutcome of the
given situation.

In another embodiment, a method is provided
that generates a prediction for a given instruction.

20 This method includes the steps of providing a plurality
of predictors for receiving address information of the
instruction and producing a prediction value by at least
one predictor of the plurality of predictors. Further,
this method also includes process1ng the predlctlon value-

25 _ to generate the predlctlon, and updatlng only a portlon

' | of the predictors with actuél outcome information”
provided from execution of the given instruction.

In yet another embodiment, a predictor system
is provided that generates a desired prediction for a

30 given instruction. This system includes 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. Coupled to the plurality of predictors

35 ig a selection circuit which selects the desired

rel evant and may actually

3F:



rediction of one predictor or the other is al nost never for
(F:)ertai n bWhHEEs7 ‘Fl)'he extra tabl e space consuned byP(EmS%ﬁg%qd
predi ctor increases fal se sharing (i.e., the use of a prediction
for one branch instruction 15 by another), and thus reduces accuracy.
Mor eover, selection criteria based solely on a confidence |evel

may be i nadeqyalediMisibn fifore @MU Sired predlct‘:@fe tf‘ﬁ‘”a@ﬁér&éﬁgéchgﬁh' S
sufficiently %gﬁfldent There ﬂ% need f }st|E$U|sh|ng bet ween
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Accordingly, |t wQul d desirabl.e to ve a . redi ct or system and
method that | effis BRRIAFARE ik ins 2 BYGnbap asetaped fi Ghiky 18VeT
instructions tawenqitany zthpedredortds of thernplunaliby, oSupkedictors

conditional brignghes, o4 %ﬂ&?&&\ﬁe %ccept?}f)?\%ﬁﬁé gf‘r%’ég i‘QgPEEEF'& y increase

predi ction accuracy ésirabfe to have a
predi ction PIEdlc%%@nEHﬁmﬁafzhl%t$ﬁ§9ﬂ@hﬁ§e@hﬁh§rawb¢9rEPn?yoéftBHO|ces

that are each giaereri B¢ CoPtFRe &1 EF6PYIINAi 690EE5088EE8pBAbi1ity! B¥elitar ot her

accept ance-testin @lﬁan - 8-
SUMVARY OF THE”-T?&%‘&%% 'thls second predigfar; havhRgon bPYERles net hod

and agpar at us degigned prlQmﬂEyaleﬁglpredlctlons_that efficiently use table
DS on o See- e oy AR ER ABATELISLLAR BAE. egfsL Rhas iR o
di stingui shes jneeliperare, thacprediehprhsyayebeoliebhedpresent
invention. Moreover, such predictor system accommodates
further enhancements to the host processor such as trace
15 caches (which may be controlled by confidence levels) at
relatively low cost.

A further understanding of the nature and
advantages of the invention may be realized by reference
to the remaining portions of the specification and

20 drawings. Like reference numbers in the drawings

indicate identical or functionally similar elements.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 illustrates the general interface
between a conventional branch predictor and a

25 conventional host processor.

Fig. 2 is a block diagram 111ustrat1ng the
conceptual flow of conditional branch instructions
through a branch predictor system using filtering in
accordance with the principles of the invention.

30 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.
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a ired prediction for-a grven rnstructi IS system i ncl udes
a plurality it the predigienizysrengehefdiny- a plurality of predictions,
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one predictor, being operaple to indicate acce tablkgéy of4 its

predi ction. EHEGEEd ¥9°¢ ht? pHi? PTESCFOhr B LEBrQ 9- %+ js a selection

circuit which selects ¥ig. desisesd block diagram of a second update

915 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 aﬁy operation or situation where prediction

30 information may be used. .-

A. System 200
Fig. 2 is a block diagram illustrating how
conditional branch instructions conceptually flow through
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conventional RBaRenPERCEBEtaken) and state inforfdhich Ith ek dh&gram
illustrating the conceptual_ flow of conditional branch

i nstructions Predictor; gygkem &br@datepriddinacasagistem using filtering in
accordance with the pring plesmofid ¥ g.NveNtd umb¥r of individual Fig. 3A
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15 disposed within system 200. Each constituent predictor
may be constructed from. a conventional branch predictor
modified to generate confidence levels in accordance with
methodologies described herein. Accordingly, each
predictor generates a branch prediction "P" and

20 confidence level "C" for a received 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 wvalue ("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
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predictors and filtering in accordance with the principles,of the

i .nvent i orwo 99/14667 - 10 - PCT/US98/19674

Fig. 3Bis a flowchart of a nethod fok2 - generating a desired
prediction for a given branch i nstruct ion in accordance w th the
gr|n0|ples of the I nventi on. Fig. 4 is a block

i agram of a pref nbodl t of ,p&ﬁf,s fem
usi ng fllterlﬁﬁua lon SHDE&SOFd§H8 thevgglnggﬁlég of "t'hé %hventlon.

Fig. 5 is a bisscciditagr predfickignolis dm@eyred acceptglhlfet foxgiusegr used
in the predI%h ?ﬁ%é%F§%| Egﬁb%lV% dgslrﬁhllleg (with rdsped? it® a bl ock

di agram of a di.ctor sys en1of Fig. 4.
Fig. 7is a @N&@Wtdﬁé@ﬂh@ﬁ@ﬁrapﬁﬁdﬂ¢bﬁﬁﬁﬁtés dependegity apon §&&d i n the

predisCt or sy$h8®rAfeyFil@ved: of the associated preiddct®r.s a bl ock dlagranlof

a second update 15 CIrCUIt use t he .predict S .
Fig. 9 illustrates stat®%d6 4%nce 1evéq éﬁﬂfiﬁ'éﬁﬁaq{ predlctor
system of Fi givén branch, a predlctloﬁ Froh0 tild geterdaics toeft é.qwqa!:t

Si gnal S rlorl(?: eIS\fI%.q.le)et %ﬁ %3} C#e?atﬁX.St erﬂc@oﬁlglal?

Fig. 11 i 11 ustratest Face-driven s from a nunber
of predi ct or yefiedyingliter giystem 200 ofy ftigys 2, the number of raqql’b_ 12 is

preg C't 'O‘;' §S§§%£1M§M11%m®tfor predictilAF @RS Y diRain utilizes the
predlctor‘%rom left to right likely decreases in
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 confldence level cC of the predlctor for the

”branch 1nstruct10n belng con81dered satlsfles 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, predlctor 206, having the lowest priority, will
conceptually cons1der only those branches not serviced by
25 _mh:_ any precedlng predlctor ThlS predlctor will service all -+~
branch instructions regardless of the correspondlng
confidence level. As such, the series of predictors
202-205 "filters" 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."
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servicing conditional branch instructions. However, the present
i nvention is applicable to any operation or situation where-
prediction 30 I nformati on may be used. A. System 200

Fig. 2 is a block di agr apefétush aagagnhew Fig. 2, £¢2B€i prandktbraneh
i nstructions congf tuaII%ﬁéIOM/t

i L7 rErOhPton: SFOD and i mRediehicR coREideneaglevel
accordance w t*Ci"h€aqu iandipters lfaridie jnstsantisenti®re, satisfidd ke

predi ctor 102 F' v L, sten th onventi ona
host processor not s%o(mn?f #’h %ré(fmnce %fa% V% Lh‘—’ﬂco‘-h?/e%'fy)(c)hal branch
predi c?i on opé@%@dhﬂtogy%@%ni%O@eSlrEd fO§uppPPé¥lagpaepreﬂucm19m S0

referred 10 asngeopapabLy) OB, is seleé@édle;aci%ﬁf&%‘d 6 oEfEinghe Lo the

host processor he, processor to gre | cf pendi ng,

condi ti onal Pr°°es%?5nE‘H Pﬁ%@%ﬁEtFBﬁ JiMeRcbEBASE, BRE Bhec&eTeATdBSDI i es
10 an actdmhn@ufeamEpyedwetérﬁdagét LgBoweal hefiodeRe@NCAE &, does
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nunbekO of |ndlpr@@a¢t0r 204 lnohhelchemn psedvaluaSeaOfprZ&éleﬁ&iomndrEDG
are serially yge. Cconceptually, this serial process continues down
the chain of predictors until either a sufficiently high
confidence level is found, or the final predictor (i.e.,
predictor 206) is reached. If the final predictor is
15 reached, this predictor becomes desired for supplying a
prediction and the associated prediction "Pn" is selected
for the given branch regardless of the confidence level
"Cn".
Prediction methodology applied to system 200 of
20 is summarized in the pseudocode of Table 2.
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subj ect to sfti sf %r’éﬁz conf% ”%%Etézoﬁa i&&%&&&%iozgg?ﬁ%%”f f[ ﬂence llevel ) |

as descri bed

predisction fiir a grean, bwﬂfﬁm stateN 7 @%EHE%EbQN(%Eth@CW ovi ded b
system 200 fffom ai¥0confl mmgﬂ ctor with the highest priority that hag a
confidence predel7 patdsfying a predeterm ned threshol d val ue _
("PTV"). eAsedff icherfe thewel may "satisfy" PTV by, for exampld, (1)
havi ng a val fie t hat predequghetid PTV, (2) having a val ue that flis
gredPer thanf|or equal to PTV or (3) having a 35 val ue that sati sfli es

any other tept applis€d to a given

- 12 - pred 7sprgdli on. Shoul d a confidence |evel "satisfy"
PTV, the endif ,qsociated pre ' | g for
use; ~ although its relative desirability (mnth respect to
out put from other predictors) -i-s-dependent ~upon the . = 5. priority
l evel of the aSSOC|ateBG§Fé§1@90ﬁ° the pseudocode in Table 2,

' 15 predlctlons ("pred#"), confldence levels ("conf#"), and

state 1nformat10n ("state#") varlables for each predlctor

stage are 1n1t1a11y a551gned values in para]lel

Beginning w1th confldence 1evel ¢, ("confl"), the .
confidence level of each predictor is evaluated to !
20 n _“determlne whether it satlsfles (1 e ' 1s greater than or :
- equal to) the PTV If the test 1s successful the
assoc1ated predlctor is chosen and the predlctor spec1f1c
prediction value ("pred#") is output as a system-level
output to the host processor. Otherwise, the next lower
25 predictor in priority is evaluated (pred#+1).
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 des rirable 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
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strategical rgaaced upstream in system 200. Such
positioning may help prevent the passing of certain
branch instructions to predictors downstream where such
instructions might disrupt or introduce algorithmically

20 undesirable branches for a 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
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branch instruction. If CJerr] satisftekba PTV (e.qg., if (err] is
greater than or equal to PTV), 5 predi ctor 202 is desired for

suppl ying a predi ct [ on Accordingly, Plerr] is selected and

forwarded to_th essor .tao redl Gt t i.ven br and
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use. Conceptually, this serl a proces contl nu he. chain of
predi ctors urkhe pPriedhetor havmng &he yighest prioritydodm delested o s

foung, or theddRaloyw %dgﬁ:féa'ldtlld?} 1operatlon, REEGIcHUN1 HM)cone weadddeed. | f

t he final predlcto HS 1 | ct or__becones de5|red for
suppl yi ng a 2and sta epra&ﬁoma&}% ’éte&zﬁyzg gmﬁrte(ﬂ TQ95FOB 1S 5
sel ect ed concep‘tﬂra]ﬂhe ﬂgjmrdm:'armﬂy' agapeetctaflr Qo2 donf igetatdricevel

o PISslhet 100 Jrethoroliogy PRI L S 200 of 20

I'S sunmmar i zeé’ Iﬁ)% e pseu OCO
-14- (e.g., 204 or ZOGVat;JSe seledyesifay @readicidest qperations,

predly confl i ipbatgly L REULSOHdH AU RPstream (i.e., having
higher priority) of this selected predictor as well as
the selected predictor itself are conceptually provided
with an actual outCOme.value and associated state
information for updating (if necessary). Each predictor
15 © will receive the 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 locatlons dlsposed w1th1n each
predlctor that the actual outcome value 1s 'to be placed
_ Update methodology applled to branch predlctor
system 200 of Fig. 2 is illustrated in the pseudocode of
Table 3.
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of, Qqne .or twp C , ;
with the update of predictor 202 (i.e., "Updatel") via

subroutine Updatel. Actual outcome value ("actual") and
state information associated with predictor 202
("statel") are returned to predictor 202 for updating if
necessary. If confidence level C, ("confl") did not
satisfy the PTV for system 200, the next predictor 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
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
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 predictofs
located downstream of a selected predictor is not wasted
on actual outcome values generated by branch instructions
serviced at higher priority predictors. Therefore,
predictors of lower priority are disposed to be more
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trigger the fetching of the two paths, 18s-described in Jacobsen.

As di scussed above, system 200 provides for a 5 hi erarchical filtering
operation where a given condi tional branch instruction passes from
one predictor to the next (noving downward in pI’IOI’Ity) until a
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hel p prevent ﬂiﬁ@%mgf certal n - branch instructi ons to

predictors downstream where suc

tions ni rupt or
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P 1n parallel. Figs. 3 and 4 illustrate branch predictor

systems having snch_paraLlelfaccessed_predlctors.

15 B. System 300
Fig. 3A is a block diagram of an embodiment of
a branch predictor system 300 using parallel-accessed
predictors and filtering in accordance with the
principles of the present invention. The data inputs

20 from a convent10nal host processor 103 (i.e., BranchPC

104, StateIn 316' and actual outcome value 110) and
outputs to host processor 103 (i. e. ' StateOut 316 and

' PredictOut 313) convey the same 1nformat10n as thé
individual constituent predictors would otherwise require
25 ' and generate, respectively, when interfacing with a host
processor. Standard control signals from processor 103,
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,
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(e.g., 204 or ééiééofeéé’&t&%’néf’ét&%eg! EBhQEdQHEEa%wEi’ ih8icarort NEN any
predictor residing upstream” (i.e., havin . Igher "priority) of this
sel ected predi £1e¥F" hsin@di¢aking whetherheheerenfidepredilevel ('S8 f ofr e

concepg ual |y prieyt d8slrticular phédiaPoaChHakl se¥Es0RBeY Birye rand sgatas at ed

state | nformation for ‘updating (if necessary). Each prédictor 15
will receive t%%osén%Y%E?ﬂa?°3u$38n£ gﬁ&uEhFFg PFevéhﬁeaSSOC1ated110 of

Fig. 1). Howeverediatisndial azedptable to use. Compukatien afsoci ated with
each predictorcgﬂkidggce level may bé carried out, for example, in
accordance with the pseudo-code described above in
i5 . Table 1 or below in Table 5. Determination of whether a
confidence level satisfies a PTV (i.e., generation of a
CI within each predictor) may be carried out with
discrete logic (e.g., like gate 480 of Fig. 4), a
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
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EeglgLiénglglI’ from predlctors

302-308, respectlvely, are forwarded to data inputs of
multiplexer 312._ Confldence level 1ndlcators CI,-CI,,
from predlctors 302-306, respectively, are forwarded to
data inputs D,-D,, of priority encoder 310. The output of
encoder 310'(Q1A%) is forﬁarded tb the selection input of
multiplexer 312. Through the processing of multiplexer
312 and encoder 310 (as described below) a collection of _'
predictions (i.e., P,-P,) are reducedlto a single value
that is output to processor 103. 1In brief, multiplexer
312 and encoder 310 select the most desirable prediction
based on confldence 1evel and prlorlty criteria.

Referrlng agaln to Fig. 3 _state 1nformatlon S, -

.S from predictors 302-308 is forwarded to state output
device 315, Whlch simply outputs S,-S, in concatenated
form to host microprocessor 103 as StateOut 316. Device
315 may be implementedlwith.conventional logic, - as would
be apparent to one having'ofdinary'skill in the art.

, This information is ultimately returned to system 300 as
Stateln 316' for updating predictors 302-308,
respectlvely : . '

More spec1f1cally, state information 51 -Sh,

whlch is associated with a particular predlctlon and

conditional branch instruction, is temporarily maintained

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 processor for purposes of updating the
predictor stages. State information may, for example,
identify a location within a table of a predictor stage




subroutine Updatel. Actual outcone value ("actual") and azt ?_Le

i nf or mat | IKCAYHSET at ed wi t h predictor _292 _ ("state PETUSPRIOY ur ned
to predictor 202 for updating if necessary. |f confidence |evel
Cerr] ("confl") did not 20 satisfy the PTV for system 200, the next
predictor 204 is al so updated via subroutine Update2. This process

continues untidhst HeLedSt0EcdBré e@@ﬂ@@i m@@oﬁ@nﬂﬂ@ecmo as an upauek.
satisfied the PTV or uppn E ach g_final dicto

. 206
Si gni ficant | y APHSHOR AR m%t‘b‘?‘% % s‘?’@?‘u‘é‘a bpformatipg Epry i ority
than the sel eqﬁanfanmzdngtupdatrosnm branch pregpietedsdisi agcbhirenpiouais.

A sel ect ed praoggry Oujféﬁ \g ?ﬁt%v?g'&oot[_hg\ggsﬁavz.ng ordlﬂ%f'g %H.?g iy

selected to c redrctron
t hose Jredi ct drke rast di r@Y%‘fa%mr%%% of Big. 3A Slmlxeil@@tléﬁepﬁ‘éésctbﬁs

(i.e., those pleelhChOF fohaVbNEadilitate moPégbﬁénpéher?£¥d5@¥8k) utilize
update information In response to execution o iven condl t | onal

br anch - 1.¢nsthoEming. aA@E%F%|h§f9rm?EbPB ¥BEERTin EP@BlEFSF&

| ocat ed downstzeamof exceaceseinpberaeion witROWhveh! ed 35 a35001©.|&ed0t ual
out cone val ues .gener.at ed b%/Bbranch | strug Jéons at hi gher

priority predi@eFscPaReYeFbPE, 18 returned, £q; BYSFE™, Popoﬁgr 5 Pty are
di sposed to be3héte

appl i cati on speci fic th’foPi‘E% gﬂbaaegrﬁuﬂﬁhrecp:)?lves LBSER a%g.e%naeugqy

servi ce since update informatio omi nant 'y from these
i nstructions. IAAbEREPTAOF s Clay from prediqifansy %Q?e‘%ﬂﬁrtﬁé’rd FLIRIRPS

instructions upgatédgnals 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 MC1l0H165 available from Motorola, Inc. A truth table
for the operation of encoder 310 is prov1ded 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 egqual to)

25 system 300 PTV.
Stage
D1 D2 Dn-1 Q Q Selected
L L L 0 O
H X X 0 1
L H X 1 0 2
30 L L H 1 1 n-1

Table 4: Truth Table For Encoder 310



5 downstream predictors, there is less data in the tables : of

t hese pr esloov/wnses7 and t herefore |ess |ikelihood of ﬁdymﬁg&qﬂﬁalng
System 200 graphically illustrates braBgh- ~ prediction filtering

t hrough serial operation. Although 10 this provides a conveni ent
nodel to describe the conceptual flow and processing of conditional
branch : instructions; it is preferred that predictors be accessed
in parallel. Figs. 3 and 4 illustrate branch predlctor syst ens
havi ng such paral | el - adeeRadl eprdedildhortsrated,5 if nio Ii:recﬁyﬁ-lda:mwws

Fi BAis a t r.anc edi ctor
sygt em 300 u?%%f@@%é?&ggn@@m_sa&l@& cei rssysé'l%“ fBaqrbt &F&]g I n
accor dance wi{gh & he 1—Dz=Dn-1—1ﬁrl| Adies é‘é—”&ﬁqu%f Progsdrst demdaretd @ a The data
inputs 20  predic@®iich GRRAMRIR.I Omfécémngq dglﬂ%l(d a1 1BRAGIRC

104, Stateln_31 nd actua one val ue 110 uts to
hostSSrocesng %G§%€Pnb% %aPEEé%C§TB 3R8 by %orwarﬁﬂéﬂléFCBﬂd8§§¥ eénvey
the sanme inf @rnet.iean @=00Q,=0) to multnihMxkial31CONEd Ry QAIGHhAE S
woul d ot herwise require 25 - and generate respectively,. when

i nterfaci ng Wht#®SaFRedictout 313. 5 (EEedbrtOE adlar #s chbarvardedghal 8 from

processor 10%etch unit (#ot SHRWHN) WA tHAYSBRRYIRGREER2RYSKi 11 in the

art, are System 300 j.s preferably dlsposed Wi t hin host
processor 10§ltﬁﬁpa%& ggée gfa£Wé s DXGAIEEOTe3A0nGRS 38S 2 system 300 |
couploed to pCO@é&é&ncbO&evel that satisfies siefem B0Q PaVhi ¢hephonz |

B2 508, O thoge Bredictore SMMIIDd B e rok YRR (05
conveyi ng StRF@ﬁﬁCG9@t éﬁé actual out cone val ue 110, ' |
Referrlng to Table 4 and F1g 3A predlctor 302 '
_ is ass1gned hlghest prlorlty by encoder 310 If the |
15 ' confldence 1evel of predlctor 302 (Cl) satlsfles system

300 PTV (i.e., C1 is’ greater than or equal to system 300

PTV), then predlctor 302 1s des1red as a predlctlon : |
source regardless of the confidence levels of predlctors
_ 304 and 306. Accordlngly, predlctor 302 outputs a loglc

20 _uhlgh CI1 which 1s recelved at 1nput D1 of encoder 310. As
a result encoder 310 shall select predlctlon P, of stage

'Lybi302 by forwardlng an address of dec1ma1 1 (i.e.,
WQr-O Qo—l) to multlplexer 312 and thereby output P1 as BT o
_PredlctOut 313. Alternatively, if confidence level o : ?

25 indicator CcI, 1s'a logic low (i.e., C is less than system

. 300 PTV), and confldence level 1nd1cator CI2 is a loglc

h1gh (1 e , the confldence level of predlctor 304 C,, is
greater than or equal to system 300 PTV), then predictor
304 is desired regardless of the valne of confidence

30 level indicator CI,,. Accordingly, encoder 310 shall
select prediction P, by forwarding an address of decimal 2 -
(i.e., @=1,0,=0) to multiplexer 312 and thereby output P,
as PredictOut 313..




- 19 - . respectively, are coupled in parallel to gredictors‘
302-308. WQaY148D), 352 nmke up a feedbagk |oop 354, CHYSH/1PTI ct or
generates state information ("S") anda - prediction ("P", also

referred to as a "prediction 5 val ue") from any well-known branch
predi ction met hod (e.g., last-direction, binpdal, PAG GSHARE
etc.). Addi ti ongld yg 55 04 €4l p PRANFIE :
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in 5 acCabdante wshouldesypseemo3zoodénddadei hedrehtee nomber of

Table 1 or bel las I ; regnatio her ,a
confi dence Iedg¥h$§f%%$i§§é%;?#€%%i?%f?' eﬁggétﬁgﬁhoﬁbg 306), the&l within
each predi ct orgddiiiorateentidencewierel indicatdicec€f8 wWowld be g., |ike

gate 480 of Fgﬂroﬁideé to encode£08YEN! i oRAl vAP(RAT BEOLnELARKd I ®rdaVi Ce
as woul d be 2 As

\ aggaient to ane haV|ng ordinary skill in the art.
noted above, aFPRbidFRGepletrlt1BAinalore LohdPHerbg Patterns getoouty| e
for use by itsinon?bﬁen&eﬁbeyelecttpréahagbtg identifiegeihfghﬁbiEﬁbleﬂ“th
respect to output fr ot her 4., . edictors -- i epe t upon ihe
PR} {1 EALEE"Shaiciona; wRLESR: URREpgEn) L1t BAAEE,. 1 RIula®

priority level™0
t he confi dencebé¢elel XC Xoand patoi selact predictopsediodt,oB02s §odaterd t han

or equal to syspem BRQLElVively. ‘then the associated Cl is output as a
| ogi ¢ high or one’ inéYcating acceptability of its associated

prediction. 30 Al t ePRatlegerybedf abovr. conilrgsaon péval beaneh ess than
systeps 300 PT\préaecessaci(ated, Co, i1, )OutiRMi rASyddedi3D0 results in the

output of that prediction (i.e., PredictOut 313) and
associated state information (i.e., StateOut 316) to host
processor 103. Upon execution of the associated
conditional branch instruction by execution unit 319 in

20 processor 103, the actual outcome value 110 (e.g., a
single bit indicating whether the 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 StatelIn 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 associated 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



| ow or zero indicating unacceptability of its prediction. ' As an

al t er nat i wo %niesdi nent, each predictor may be as spEITashsAv674

i ndi vi dual predeterm ned threshold val 4 35 whi ch nust be satisfied to
output a logic high CI. As an _ - 20
- addi tional al ter native, each processor may enploy a

di fferent net od of, co ence | evel As a further -
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Predicti ons Morelondlerad d1omAnstialgrs - 302308, respectively.

are forwarde at ainp mul ti pl exer 312. Confi dence | evel
i ndicators Cl[err]-Cl [eRepijerrlng to E#%m%ﬁecﬁhmr@w BUG, desspidoss vel y,

are forwardeds tietifbd £ Srd Y Sa Dt f e PliStdd s rEQF 4 ) Hl%?der
310. The outd:g]f % lns:zuffﬁencoder 310 qeer elrcr (.)rPs wa% to the

sel ection in %ﬁﬂt?‘ﬁﬁ%n%lt? t%rﬂ@?%m@%r%égﬁ ng of
mul tipl exer present ﬁi&ﬁerﬂimbrencoﬁerbm (zmL desglwbed fxef qvg @ col | ection

: d a single val ue
TN v g e e e

312 and encod@?eCBll@ZC@eS 124306 rapsd ajefélnailblrarqﬁmqﬁlm as showibased on
configlence- | evil, ad prNé%EﬂtM:}&féé e;ﬂ'@dlctors :i ned pé%%cfﬁrjt 3;]9 again

to Fig. 3, state jnformation S[err]
302-308 i s forSERRd R AEWIANRR flitipdlock 3 mﬂtmwgﬂmﬁnw

outputs Sfer rﬂ]atys[}:% rdaﬁﬂé‘d)ftﬁﬂ:t Qﬂﬂicﬁﬁgh dlgltal TRk 0Sdudh HPMpcessor
103 as StateQu ?/%h edictor tc?la 8 c:Lf%.c lIl eungng daﬁMetrPcoder
conventional 99 ngas _F p P
_ as shown in Fig. 3A. Any other method for assigning
15 _ relational identifiers to components may also be used
: (e.g., software or firmware control). N
Pursuant to block 373, an address (1 e., a PC
value) for a given conditional branch instruction is
provided to each predictor to ihitiate'processing. In

20 block 374, branch—prediction_processing ensues; i.e., the -
generation of brahéh predictions apd'confidence levels at
each predictor except, perhaps, the'final predictor. As
'hoted above, the géneration of a confidence level at the
final predictor is unnecessary to carry out the filtering

25 operation of the présent invention.

| In decisional block 376, a determination is
made as to whether any confidence 1eVe1'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. 1In an alterative embodiment, each

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




be apparent to one having ordinary skill in the art. This -

i nfor mat | dﬁ°i9§’1‘{%ﬂi mately returned to_system 300 as 25 PCEUSII%7516'
for updating predictors 302-308, respectively.

More specifically, state information S[err]-S[err] which is
associated wth a particular prediction and condi tional branch
instruction, igrdd@TYA ipYorRiddbietidlce 1eveld M§£,Q£9§§f§oﬁhé03 after
t he associ ateaéoﬁred.l ctlé)npl S generated and ultimately"returned to
predi ctor syst¥fiosggted PIV, the predighor iyiththe highestcBriovaFe 110
is generated level is geldrtdbsds ptlvcedeoiré@rppedpeses witHpdrei ng the

predi ct or st agRs ' td f or, exanp 35 identify a
| ocation withih & ]iea%b&;ereeoéig@%érigoé Ig]%]%é@l)s{ a%% biSK !”?8 )
- 21 5 t hat iAlternativeky actfiaho opredietonl has140canfadenpdat e.

As shown in Figeyeh dif L@@cf’éf%@t&é “ﬁﬁ?‘ﬂxé’ﬂ {RL fi%%%rgfgg#géﬂ N own

updates to branch predictors i1s conventional
to those havi nf & di REFSFEREPT 398 5oL Fig. t3p) ot 5. sebpeted bpodefamly. 3A

sinply concat enattie tdésired predi®toF BavORgt enéagékitalepdraecthan, one
predi ctor; . | ..e forrn'nr? aﬁtate I nformati on vector. Each predictor
302-308 ext r act® FFHHIRRTOAIFE PIRFER?-i s associ at ed when this

vectdi0 is returned to sysfiteer 3@east Shatef "t predicBéd’ branch
Qlerr] aLor i aronprah (e Sotahifs 8 selecpivery"Wa2hRR: | o
to effect a fiBUREYARY readploclpr3®r it ySpecificallbyicodeesdaséred! | - known
devi ces. EnCO(iﬂfecﬁiJ&dﬂﬂ)b%riding the desired prediction and every
predictoxr having a higher priority than the desired
15 predictor is subject to updating where necessary.
Conversely, predictors with priorities lower than the

desired predictor are not updated with new prediction
values.

C. BSystem 400

20 Fig. 4 illustrates a preferred embodiment of
the present invention in the form of a branch predictor
system 400. Like systems 200 and 300, predictor system
400 preferably resides within a conventional host
processor which provides both data and control signals to

25 the system. A simplified block diagram of a host
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
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as” shown in Figy &.45YRtem “PRIoRI R 310
gate 480 coupled tAs stalgeec 42i.| | URs aine 2] tidhrnad iprecdi ct or

embodiment, gate 480 may be disposed within predictor
402.) This gate receives confidence level "StatelOut.C"
and outputs a control signal to mﬁltiplexer 482. Gate
480 and multiplexer 482 collectively function ds a

selection circuit (é.g., like encoder 310 and multiplexer

312 of Fig. 3A). Additionally, gate 480 functions as a
"PTV tester," generating a high signal when confidence
level "StatelOut.C" satisfies the PTV for system 400
(i.e., a deéimalj?_ih this embodiment) indicating=
acceptability of the associated prediction value, and a
low signal othétWiSe. (As noted abové;'although a
prediction may be considered acceptable for use, its
relative desirability (with respect to cutput from other
predictors) is dependent upon the priority level of the
associated pfedictcr.) The data inputs to multiplexer
482 are prediction "StatelOut.P" from predictor 402 and
prediction "State20ut.P" from predictor 452. Based upon
the control signal generated by gate 480, a prediction
value from one of these two predictors is selected as the
system-level prédiction npPredictOut" for a given branch
instruction.

1. Predictor Stage 402

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

Inc. Atruth table PpCT/US9s/196TOr t he
is a

arflf prctor NBiHi18HY, EhediReq 457 %&,:e;yﬁ%%% PTV..

H
1



has a confi den | evel C that satisfies system 300 PTV '
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predi ction source. Accordingly, encoder 310 shall select 5

prediction Plerr] of predictor 308 by forwarding an address of : 0
(i.e., Qerr]=0,qerr]=0) to nultiplexer 312 and thereby out put
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Accor di ngl y, pieﬂp cboogB8@ ootuptes walagi "2Q value"hi g G[aeser Juridty gahls 310
recei ved at 3 " " a su oder
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shal | select pre I ctron
addr ek@ of declmnuthcuvelue is used QPeCaFrW Qpera]curnamu“hnathnun 312

and thereby 0U§9§&15{§6ﬁ]oﬁératlon FEGQEEEQHE %@ {iggefﬁ¥%err] i s

confidence |evel I ndi_cat or err] 1s a
| ess than syst%ﬁ?ve are usedpfopTypd a&H&QC@HFpééﬁée IeveI indicator CI2 is

a logic hi gh (i DﬁranhBréﬁ&hl peede dteval opbratadint u¥ a3@:!uveq err],

[ t th then predl or
584 i s deswedga Sé?dﬁggggéF ?ﬁﬁ vBFﬁgxs °Eb%$§déﬁ¥gt CovFét

i ndi chbor Cl [ evalue whichdiagkpduerdoter a31Q-PHal ltable addres%elect
prediction P2 bﬁﬁéﬁéﬂ@éQ“ngh? éﬁd§§§ﬁa%% degiggal 2 nﬁt 4%%2pé¥fé}ms a

Qerr]=l,derr] to nmulti thereby ou
PredlctCMt 3135imple masklng function that allows bltS [14:3] of PC

value [63:2] to pass to address input A of table 404

through multiplexer 412. Table 404 functions as a last-
20 direction predictor. Each entry of this table includes a

1-bit prediction and 3-bit confidence level which are

associated with one or more branch instructions through

as

"BranchPCl". More specifically, each conditional branch
instruction is associated with a unique PC value. Those
25 branch instructions having the same subset of bits making

up "BranchPCl" will access the same location in Table
404. During branch prediction, the entry 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



- 23 - The foregoing description applies equally to

sel ect i ngwwr®ddeszor 306. Confidence | evel ‘i ndicators PCTAISSIOEA Y t O
sel ect the output of predictor.306 for 28 - particul ar branch
instruction is shown in row 4 of 5 Tabl e-4. Shoul d system 300 i ncl ude
a greater nunber of non-fi nal predictors (i.e., nore than 302-306),

t hen ﬁ g%tloag conf dence Ievel dicators "Cl" would be
provided to eh®Bd&r? ﬁes?he EaFﬁéén oP"t hedEhagdFEprBRafnformationgoWpfdence
| evel indicatorsginalby dheppat berpsedett oyt 460 durlnglﬁhéaprédﬂcteoﬁe|eCt

redictors i-d h e addition val ues
Fbetheen Cltegg%fé%gg%ﬂ_%%r?é-mgg%giou81yfpr¢8éc§?2X#r§pSHd1E %5“%@%8
predi ctors 3088 38patgbubp@", "StatelQ@o®,PlespdctStatglOut.Ar, g
As degcri bed ﬁ@@ﬁ@ct§@éf§t)onTﬁésé 95?&89 ﬁéVﬁ beeﬂrﬁgiﬁtaQHed'bgfthﬁ

HeH]Phﬁrgwtmnssnm1Q results.int
pred|ct|0n (i0@St PregeEseritwhiss bhe PreVlOUS1ﬁsﬁﬁéﬂaﬁéﬁdsb§@@Chnfornat|on

(i.e., StateCUﬁeBﬁﬁdti@nhﬁ§§ processedpéﬁ&eéﬁérré@@rné@oﬂoeéﬁﬁgé'@OZOf t he
aSSOC|ated |nstruct|oa ecuti on unlt 319 in
o Vil

20 proce%sorri%SCf?ﬁ% ?t%? g F%Enﬁovﬁ?ﬁﬁcﬁ thg receipt
single bit |n@fcemtm@lmh@themethelheanth geneakEGdoby the hostnot -t aken)

resujding erﬁré Qs@fe?H%oﬁnekécug SLNEE LRe %reYlou ?%—ﬁa§d9£§ 02-308

acconpani ed by t e previo gg on ? t at eQut
316) referredb¥%n%%w}%§t2BCtlon) ht ePA2BLBY cPUTDOFRES state i nformation

i's necessary to InC28d Yt D&h t'@d%ﬁuépﬂ@t'H&étaﬁrgéégébi’:’ed bel ow.
Li ke systen120 Hgggiﬁig fé@ééoggzaﬁfth s1gna1 iExeBr" from an
execution unit (not shown) indicating the successful
15 _ execution of'the"previously prediCted branch instruction.
In'both'stages'402'and:452 s1gna1 ExeBr functlons as a
"valid" signal for state information. - '
' Referring to Fig. 4, predlctlon "StatelIn p"
and actual outcome value 110 are exclus1vely ORed by gate
20 '~ 410 to produce a mlspredlct signal "MisPR1". When this
signal is high, the inputs to gate 410 are different
indicating the or191na1 ‘prediction of predlctor 402 for
the prev1ously predlcted branch 1nstruct10n was'f'
 incorrect. Signals "MlsPrl" and "ExeBr" ‘are forwarded to-
25 - AND gate 414. If both s1gnals are hlgh Table 404 is.
enabled via gate 414 to update an entry Moreover, a
high input from gate 414 is also used to allow address
‘"Statelln. A" to pass’ through multlplexer 412 (i.e., the

correspondlng table address of the prev1ously predlcted
30 branch 1nstruct10n) ‘to address 1nput A of Table 404. The o
| _' pdate to Table 404 for the prev1ously predlcted branch
1nstruct10n is prov1ded by update c1rcu1t 406
o o Referrlng to Flgs 4 and 7 'update c1rcu1t 406
1nputs confldence level “StatelIn C":i“MlsPrl" and actual .
35 " outcome 110 and outputs a 4- blt s1gnal that contalns an .




per f or med onl%ﬂon the predictor selected to provide a pet/udds i,gtion
and any p of higher priority._39g . Predictors o Iomer priority
are not updated. Referring to Fig. 3A actual outcone value 110
and associ ated state i nformati on for each predictor 302-308 are
provi ded in paral l el via feedback | oop 354 to predictors 302-308.
As depdateed 3aikite donfictereed | leveld tdnd ysteihngdDd, bBS

elimnating t

T 24 LRl el Weqdie 1 e iflustrpted in mig

| ess 7datca1hcpmye|veglueetlam@ﬁ)m9hd pqm%f@meougl@dwe@et@ h@lrcult

I kel i hood of 4 Sel-ﬁﬁ%}élg the updated 3-bit c%'ﬂﬂ&éﬂ@etl?eﬁéﬂ i8Ba flow
chart 370 descri bes gH?eratlng a desi redi t|on

for a%yiven PTO uc"’o%d%Pdr%Fﬁ r%cﬁ’r%?i“a"c i ng 2o ?‘Iﬁ’éc%}?ﬂﬁigﬂéﬁ f the
present inventdigrcuid mdd oK Silustrited aintwh@fpseudocod@r@ﬁl Thble Bre

ided. Th fi nal ] 306 _and, a f
b1 odi ctor 308k GG, THP 0 OF Tag, 6 A ERp aCkind Cng enfRtpTon, PR

assi gned pri orart \asymmetric |samlsat ingqocooumieece Wi th bl ock 372, Priority

assi gnnment may be carried out through digital hardware, such as by
coupling each predictor to a specific input of an encoder as shown
in Fig. 3A. Any other nethod for assigning 15 relational identifiers
t 0 conmponent s frE—arSo-—be—osea eSO tWare-or e
control).. Pur suant traileock, 373, an address (i.e., alPC
val ue) for a ¢rven conditional branch instruction 15

io Confidence:

conf 7 count = countMax

Update:
if actual = prediction then
F if count < countMax then
15 count 7 count + 1
endif
else
if count > countDecrement then
count 7 count - countDecrement
20 else
count 7 0
endif
endif

1
f

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 "StatelIn.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,



provi ded to each predictor to initiate processing. 1n 20 bl ock 374,

br anch- prwoisesiagen pr ocessi ng ensues; i.e., the germnussmmm branch
predi ctions and confidence |levels at- 30 - each predictor except,

perhaps, the final predictor. As not ed above, the generation of a
confidence |l evel at the final predictor is unnecessary to carry out

the filterin erati,o t he esent |1

I n deci si ona%%%&eff%fbsp 3 “EFett([E}? rc‘}?lﬁ%tcf%rﬁf* cnce 'Teve rimo%’%tse]t%lv&ret her any
confi dence | eaplakgeriker dilesh i t8tatelIn. @ mmﬂs sawlﬂngadi he associ at ed
PTV and is therefore ccgf)tapé qgétv;@erpré&rdgy

hi erarchy). Satr ‘¥act i‘on_of esr gn parameter unique to a

particul ar sﬁé-tfé?ﬁme N-W’\P%Wltﬁd-‘s%ﬁ#%ﬂ i ‘é%path)}Irengld the * jf a
configlence | exslfideriieatSfel hegt DBt t 105 tc_ﬂ%ater thayalne of the PTV.
O course, an tHg co arative: test 30 lied. In an
alterative e '?P%%rement'pr%}b?zbt%?n%rﬁﬁl ¥ed nd| vi dual PTV.

| f one or m)r'EtatelIn C" is decremented by countDecremdmt. Further,

predictors pr 't?l'reerce Plhé ﬁﬁcgciﬁal. g‘%%s r?dt@&if daéﬂc,sef ylé\peeﬂ[ "Sﬁaﬁelﬂ?s@pl fé

PTV, the precr’1 ctor w priori 'S Selected as
the desired rir@ﬁds dIl’CﬁnWiﬂt hequml to coun@mr@ubrpr.ecnhﬂn drheween@idenee bl ock

378. I f f nce
013t hat. . sat | sf | es tlﬁé&g @ ﬁ/elﬂé ?r na pr eécf?@fyhﬁ?sfaﬁw 46!

| eve 1en -t

ctor
predi ctor 308-lameptation OF etrfeb‘r etPHiC gt e form of %ST¥‘I"?€1dE§?:{‘%d

predi ctor hawérq:ﬁmmrmdrabwlmlqmy conventidh@pwrﬁamw éh bl ock
380. 10 Aht execut tion e P i cted cg)ranch
device (suc e mac 1ne e used to carry out

the logic defined by Table 6.

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

MisPrl StatellIn.C Update C

Q

20

25

30

P T T - - - - - - - -
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I nstruction, the predictors are selectively updated to

bl ock 382WOMMMEE47 cal |y, the desired _ 31 . Dbredictor proﬁ%lﬂﬁﬁée“
desired prediction and every predi ctor having a higher priority
than the desired 15 predi ctor is subject to updating where necessary.
Conversely, predictors with priorities |ower than the desired
predi ctor are not updated with new prediction val ues. C.

System 400 20 Fig. 4 illustrates a preferred enbodi nent of

t he present mverglon i _the form@Qf a ch predictor syst em 400.

Li ke systens 200 “and 30%!%%%%%%ﬁnﬁi%%ﬂ;§§z 400 preferably resides

within a conventional hegferring agqupets;scyl ghigh greyi slase bpdh data and

control signals to .25 t he sys | i ed bl oc d a ran1of a

host Enelidie 1t B e e "1

and descri bedMaFlaodiingy withhe mmaﬂhmﬁ;shﬁuxaﬁnngmnounter andhigh" and

"Iomf I gnal s 0 pectlvely
1 912! S Sl USSR WS AP M er, | spflERcal )

flrst const i t peedisted! &5 unnluﬂﬂsfaerOkupunablﬁnﬁ54 (e.g., pretif2Ber 452

enpl oying | astx 4i 5864 Qhhd¥eeHaftld O ear@ is coupléimﬁa&%%ie@mt

respectively. Predlctor 402 gener at confidence | eve
"Statel Qut.C',; 456, ,qQﬂqgﬁqniqggqs ("TA") is coupled to multiplexer 462, _

26 - and write enable input ("WE") is coupled to AND gate 464.

10 Multiplexer 462 receives input from a hash unit 458
which, in turn, receives input "State20ut.GHIST" from a
global history register 460. 1In addition, AND gate 464
receives input from NAND gate 468 and exclusive-OR gate
470, as described below.

15 Inputs to predictor 452 include state inputs
("State2In.P" to circuit 456, "State2In.A" to mulﬁiplexer
462, "StatelIn.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 51gnal
"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



referred to as a prediction value) "StatelQut.P" and a | ookup table

addr ess "wbabedeeut . A" for the confidence | evel andPquresHsa9674n .
Simlarly, predictor 452 generates =~ 32 - g prediction "State20ut.P" and a
| ookup table address 5 "State2Qut. A" for its prediction.

As shown in Fig. 4, system 400 includes AND gate 480 coupl ed to

st age 402. As a Itern ] 0 Ya posed
Wi thin predi éaorraalrie tpj.b‘lz f"PQr'H. Of %ﬁagc vsetso es%cée]ial eé/)og'l U
"Statel Qut.Cshigm in Rigl &t puts a control si gnal to rrultl pl exer 482.

Gat e 480 and mydidpexey UB%ip! lectineldeddinidd Ondisrdtes in
selection circuit 1 ke encoder:L 10 ar%5 mul t 1 pl exer per 312 of
Fig. 3A). A(Pfﬂctqlié?é}Q%/W & [BHARE, anesietar having a onempitester

genersati ng aé&@itaaimalceﬁmﬁcaﬁd dﬁmﬁ:é&a blt teyiadt &St atugdaut . C'
satisfies the PTVY for . stem t his

enbodi ment) iHHTEAERS ‘branch lréﬁ:%iﬁté'tﬁq'l tl'?%* qwgceadsigagﬂ?%@%?seaa ¢tion
val ue, and a address "Str;a/teszcgna.lA‘btﬁcm viicskup (Hebleot4st demes] upardilgh a

predi otion M ONshened Aaeel bl e LA YSRie 10 At giopde! alive

desirabilit respec b0 out put_ 1T 0 ors) is
dependent Upméﬂt&}prwwdt'ysﬂam&omf Gmm'r" ‘and b:aféiotila:tfld ol el ct or . )

The data i nput 0 It| pI are redi ;! St . P"
from%b redlctorsjift?zglri ﬁé(ancgﬂ c&ﬁ"tﬁo po Cﬁ-”“otfr}} %ecﬁ 'or 452.
Based upon 2% able 49% &mﬁdt_c& é'&ﬂ@él&%@d ag:%altawﬂl evsfl@é},ezaoxw ephi ction
val ue from one of thesetwo predictors is s Iecte%cg 1 1

system | evel HHdctdDFRPRAR A" $0oriS %?WF nch g tiplexer
instruction. 482. Signal "dtate2dUted?Ctxeprisgecsl(? Bdst-direction

Predi ctor 402 inel udes | Ogﬁ’l’%‘)é@%“{é% @e&cted By, Tultglg@g’ged‘}(ess i nput

whose dat a HPpﬁ I'S coupl
("A"35is coupl'BRiedictout") lwebﬁtpTI@@rthl@feﬂd neIiEELNAFQ Tidut (" WE")

i's coupled j1aech 566 AN 9L 4hd beldhdd!igaObREL AN GRiseddy are
' word "State20ut.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. (This 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",
respectlvely ) Like predlctor 402, these values have
_ been malntalned by the host processor whlle the
35 ':”prev1ous1y predlcted branch instruction was processed and

F



- 27 - , further coupled to the output of exclusiv 'I%Qs 410.
In additi W”ﬁ'ﬁﬁ"i pl exer 412 receives_i g:puL froma hash e %ﬁ?§74408

for prediction operation, as described bel ow | nputs to
predi ctor 402 include state inputs 5 ("Statelln.C" to update circuit
406, "Statelln.P" to exclusive-OR gate 410 and "StatelIn. A" to

mul tipl exer are retéiZied aei piedidteeisoldeereh) (el gk ecydledinbattet cui t
406, program ¢oun val ue .(~PC.val ye"). t.o sh i+ 408

branch executi% ncéﬁé‘ﬁ&%ie'lg’x(é%r '%hteor J‘&’att eorﬁflﬁtl{%} ouotccf"r'l%u‘{a)ﬂ‘@\r:%ﬁe S
used to carrygemerated byntthe dinst processqar elipsn exepsren ovf The

remai ning inp I IS . H5ad 5,07 gpdaty poses.
Durin branchﬁg.r%gé%?t%iha{l pg%edrlé;ttlegn bo a gif\}{esﬁ: 1) brang‘#@%éﬁ%ct i on,
predi &t or 402PUAPPESSa 62-bit PC 15 val ue which i's reduced to a 12-bit

tabl e address "3 AEdiRGbn Y axgiudiasty Unhdst0SrocdBsdr 408
performs a . . Sinpl e masking function, thajte allows béts [14: 3] of PC
val ue [63:2] PFOyides Frafirdyr i%ﬁjt‘“ﬁl’bfs%% FypeBr" Lrom 3R, oygh

mul tipl exer 4kXeclafilom A{hditf ufredt @lsovas) aindisdat iy the shiceetsdHal

predictor. E try of- thi s £ L a - bj rediction
and 3-bit confT gﬁ%‘él c?hevoeq ‘_{/&ﬁ &é]z%é%leoﬁm Ligﬁgd]a%ts%%i% %%CI\%\A' ?’%ﬂé%ﬁ%gg‘}%ghbr e
brand® i nst r udtingds hmuegictor 452 rareifgPonfidencepbevelcal |y, each

condi tional brafihte1rn.cr fﬂﬁtﬁf&iiéﬁbf S4@§St99ir?é§‘&té\’iﬁﬁd§témi que PC
val ue. Those 25 . branch instructions having the sanme subset of bits

nmeki ng onfF atEenf R "thi g |1 PERALLOYF it g%ml%iﬂﬂb%’étﬁ”éh"?htfrabl e
404. During bramtidquedi ¢ ieon, ghaianisy 4 lae ddfected 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 equal 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.



accessed by "BranchPdO " is output from predictor 402 and . pr pcessed

as descriWwedosgspW. 30 - During update oper atRaImES9®A9674
previously- ~ predicted branch-i3struction, predictor 402 receives
input fromtwo primary sources: the predictor itself and t he host
profcessor | nput signals from predictor 402 Itself include a
confidence |evel "Statelln cC', sta e- speci_fic_predi

"Statel I n. P"; Finally ,Cﬁﬂp§§p5mﬁ ﬁgence ievel "StJ%elIn pof Bgeéyétor

- 28- . 402 d‘o@@ 1ol @l '7§t2(a’.tcriﬁldlﬁs°x harrfplhs)s, $hat eutphar et | on was
originally o Qr Uk i t s ti
for the preV| ﬁ%é g’dﬁj‘t@é ré cllilﬁgrli‘%t éfte:%gp f%(}c%_tn Qhe ng'lp '[éCI',O”
"Statel Qut. P‘gaa:mad 453t ighOandAenakd ing ther egpidet !Omlﬁt)lorfl'i@efsé'—aldlmes have
been gTal ntai Q‘?’% by I%a.e a%dress h%%tat%rﬂ(fﬁis‘o 28MYdi@dde with the

previousl y-prédicte |nstruct|on was processed and, are

returned to §F§@é°ﬂ§iy pred1cte§b¢gﬁgc ligEtrirtiesn upRdarddnhivRIAFE wi t h
the recei pE rocessn{(@ic 1€ tlﬁ@a Qﬁilﬂ:né?l:ddﬁrb& geﬁﬁid talcfl Tepldhaswst 10
processor (upQn cuti,on e Jueviqus regicte angh

i nstruction) “9§’d p&ﬁx&}s@g PihaA 1y, orlqwa&ddqa\rﬁm to val ue

110, host pl’(t(lﬁ,%@xample, inponwiedsy presdlicttilom OB betd2Tsi.gifal " ExeBr” from

t qﬁﬁﬁﬁﬁi
execlL?tlon of %txlﬁ%rél‘\ﬁjoa}slp(&grlec?&cte rancq{vllerr%g:t r‘-jﬁluézs@tys LHnjclilll n both
stages 402 ad$&5Figsi @iala@@rwam@td ¢ dafag input DI of, glghde A43fhal for

fg?;?e:PLOL" (ﬂﬁdate the associated f&i®fring to Fig. 4, prediction

As shown in Fig. 8, circuit 456 consists of an

inverter which serves to correct an erroneous prediction

15 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 skill in the art,

20 the use of an inverter as circuit 456 is optional.
Alternatively, circuit 456 may be eliminated in its
entlrety and 1nput DI of table 454 may gimply receive
actual outcome value 110 generated by the host processorQ
This flexibility is possible since only a single bit is

25 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 predlctlon)

In the event of a misprediction, the global

30 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 via

35 parallel input PI as "State2In.GHIST". Referring to



and actu 9§b§€6§ecval ue 110 are exclusively-ORed by gate ?Q: IU§98/1964H0 to

pr oduce a t signal "M sPR1"._ 34hen this I's h
the inputs to gate 410 are different indi cating the origina
predi ction of predictor 402 for t he previously-predicted branch
I nstruction was incorrect. Signals "MsPrl" and "ExeBr" are

formarded.tC)EEg S, N gap@adidg opéravidnsignebataoklbedgby dallkes 404 is
enabl ed via ggip 414 49, Undalecan ERLLMse MRTEOYSTs §uuerraresh N I NPUL

fromgate 414 1's o used to alTow a I'n. A" to pass
t hr ough nultlihQukd agpugl  eutcome 110 not equaletbgnéyﬁgemaﬁbweéddress of

t he preVIousf%r@afétféﬁduﬁQedlctxnbraeﬁelhai%%U9hlﬁatet@oad%&qas it A of
Tabl e 404. update to Tabl e 404 revi qusl cted

br anch - a logie highon ?%nﬁPBVFEEHYbthEHaPEOEFF§9FtWAéé butput

Referring to &igsal 4"BREBFY ﬂ@dﬂhﬁléatéuthe4ﬁﬁbject branchpdnsterididence
| evel "Statelln. C and _act 110 and outputs a

' ou
4-bit signal Y%%Ie%%ﬁag?ﬁs ah® §c88kd8nc witn en 62881 - 29-
updat ed 3-bi tdtechsdbone sigealaRdeBrsEngteibng as a "vaﬂeﬂweSaQMadg act ual

out cone 110. ﬁé ééHéérfﬁfgthtfbﬂ Upen rﬁ§e1gﬂt8?”%h£%lggtéﬁggﬁinply

passes throu update circul t he
conf}@ence Ie@%te|§°% will OUEPBHu@t1@Eleha9b—€nébﬂé@Btt loagimg

functionalityo@ération ofoéggggezoasbs illustrated in the pseudocode of
Table 5 : and Truth Table of Table 6, which define the operation of
an asymmetric saturating counter.

3. System-Level Operation
Referring again to Fig. 4, a systew-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



Table 5. 10 Confi dence: conf 7 coynt = c¢ount Max

Updat e: w0 99/14667 if actual = prediction then PCT/US98/19674 i f
count < countMax then 15 - ' - 36 -count 7 count + 1

endi f el se i f count > countDecrenent then
count 7 count - countDecrenent 20 el se '
count 7 O

Referring to (t"l‘?é’sﬁfé‘h(fcp@b(?g\? dlf%oldeeq&mae} 7o) Acco%;]cggegtlé?'m S (% shol d

val ue ("PTV' prieslidefiarecdfapredictor 40urfidvathehigitven rcqrtd:s::@mddu ment, is
bl nary 111 (I I%nCh 1nstruct1c!ﬁ'ﬁl]f{@ ne(;:rﬁ‘{cié}f‘d’e fé%lv%‘ﬁélblé?atleleS

"count Decrerrent ment 1s a deCI I'TB.

As the code |SYSFe@t¥l A0 BTV st & os 2 deqidaigvage )out"&?ri’b they

 rarti ) P ERedRe. it LR SO TP Exiin this Predm%‘“fwm&tm
redictiqQn”; .ori a rovi,de Tabl e 404 as

" St at el Qut . P"%hepa?ﬁ’(?qﬁm‘t yel nge‘ﬂcr&ﬂr} entH%‘ﬁD%eﬁ‘gé £ e "Statel In. C

("count") ispgmeliction is rdmmskodired Stidtleld muFficiemcineddgled by 1.
Further, confidence level, the prediction from predictor 452,
‘which in this embodiment is the final predictor, is
10 utilized as the system-level prediction "PredictOut".
Accordingly, gate 480 determines whether the confidence
level generated 1n predictor 402 satlsfles system 400 PTV
and, if so, outputs ‘a loglc hlgh to 1nd1cate -
acceptability. - P L :
i5 Upon execution of the given condltlonal 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 prediction 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



30 - If there is a match but confi dence Ievel " .C
equal s 7, WORYME6T; 5t el I n. C' remains unghanged. '%tsgilﬁ{ﬁg{/]\ever,

if there is no natch between actual outcone 110 and prediction
"Statelln.P," and the 5 confidence level "Statelln.C' is greater than
t he vari abl e count Decrenent, then confidence |evel

“Statelln. ﬁ‘ ecfir ai%:;md rﬁsasbdaﬁau‘éwl S'ﬁi&ﬁcﬂfm v Stfattd @kt . P" of 'Zr[]‘abftet here |
is no matc c I denc vel ".Stat ess than.or equa
Lo toun oor 2k ° e il daile MR Ifkdtelfy G 1o ipdiiphiBeed o
for that entr{putn nigbleyddd 7) in accd>rqbd1menw:ht}i1othefpseudobogecand t he

formof & Trithclalldble of renlds B ACY | PodglLes forynypganvent | onal

CIrCUItI’y or ate e used to carry
out 5 nuedigigian omsswwi Tebtle Bhis qqnfldence levelmgméles Truth

Tabl e for Upda{chdrged! t KKWéver, if actual ouﬁ@éﬁ@'value 110 d§t§b%b'n C

Update C 0

p from Ryediction “StatelO@EoP" for the glven brgnch
01 0 instructidn,l 2¢en confidence leBel "StatelIn.C" iBl 1
00 0 10- 0 C 1
0 decr%TFqud by 4 (but noi Rg%ow 0) again in accogd%nce
11 Oud with the psewdocode of Table 3]1 Additionally, thell 25
1

associdkdy prediction nstef18uc.pr is replaced with
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 exclusgively 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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Predi ctor St &feppsgictor system 400 to I§é‘fréfyr |°h’t} Apdating Iﬂpfraﬁ:l‘:ﬁ’rsedl ctor
452 Wiéctdmﬁ@md it driptiARE gareAd Gihwwr( ds deispy.i Isedandn 10,

McFarling) with a it saturatin ounter ur tegen-bit
gl obal - hi st ofy SP&5 st 53 %’ﬁ é%& -one cor}q:essgé) dte(?rJeAISZtN?Dncl ul:les a
| ookup t abl e chahdee.ig mmielﬁﬁ&thelr valu)esl R/ﬁ@tlmm)sé:m Anen Fuimp sy
couplged to u glgtn%a%.'rfe@'ﬁy té'le host‘%ﬁ’ ke Icﬁs%ﬂlwta GorAncH s coupled to

mul t i'pl exer nput WE") 1s coupled to AND
gate 464. 10 instruiiqrp|is@axemtadq REOVIHR, tt(hfer 6}%%?‘%1%?%’ 3n|t 458

whi ch, in turffdreeERiNs dHRIG @(ﬁﬁ%@ltbé*ﬂeiﬁ dedm These valugisbal
hi story register 460, ., I n addjtion, AND gsate 464 recei es I nput

from NAND gaf@va&® Fiadnbad eries’ of)Jatchesy, C4MHMRd bel ow.
15 memoridd\ @By sariy qrrr&!ir dientpdhfa?ry retlambegest at e i nput's

'('"StSétaétele‘lZInnCP"tE)ONX:\IBC;;%456 ]:'aﬁlﬁ toé%}ﬁ#&? fEiléleét%&eMoz of brarf@h?

predictor system 400 catches all conditional branches

that nearly always go the same dlrectlon every time. The
confldence level ("StatelIn C") 1nd1cates that last-
direction works well and no other predlctlon is required.
15 " On a sample benchmark (i.e., the 126.gcc program of
SPECint95), 63% of branches were predicted by predictor
402 and only 37% passed on to final predictor 452. The
" mispredict rate on the branches predicted by first
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. Ssuch 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 ig 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



excl usi ve- 470, "StateZIh.GHIST" to register 460 n%
"Predict Qu 99€£6S%gi ster 460 (via Iatghagog as shown 20 PCT{I{?@P 74 5)),

actual outcone value 110 to gate 470, P val ue to hash unit 458

and the branch execution signal "ExeBr" to AND gate 464. Inputs PC
val ue and "PredictQut" are used to carry out a current br anch
predi ction opgatémedrhm:rm;raidﬂm&m*ﬁ m@@%&él&quEed intoaQove are

nch _predi cti on

operat on i &rhsdh Breftion similater REegEA WhLHRCABFOdBS | nputs a

62-bit PC instructionswhiptedicted vseantloes ddd bvérifibé@ BHEress by hash

Function i n ek e (ugs R H oo 1B Eoifotieqy, SHARSRTRR 2
nc

[83 21 t o pas£a brensh IRrgdiction accuracyate 604. The second input to

gate 604 is global hist®eferring agdfdto Skag e20ut . g;gsgype'srhbf word is
generated from.t

h
par al | el outmﬁrﬁéaﬁﬁﬁr§ﬁsiﬂqﬁﬁﬁeqn%ﬁ?ﬂ§4$ﬁﬁﬂs%%rth%of15§t C°1umn 3R8wn in
Fig. 5. include threefhimﬂdulmpiédfhﬁbré (ﬂEﬂﬂb&éP“)45ﬁlﬁQelébﬁi in

ration
counter and f ALAESRY tedtdite P IS  RES dotare gradfihnts
i nst ket i on, mﬁﬂﬁhﬁﬂQ"Mﬁﬁtkﬁﬂﬁﬂqmmhnnﬁd predictorsgldassdef Shatie2Aut . A" for
A ExgbloeR) %aﬁob "PERLN %ndst%}%rég%ﬁg‘l‘%lﬁgﬁ%@%é%eu Shsfams 111
[16:3] of PC utlllzlng filtering in accordance with the present
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



10 value (i.e., "BranchPC2"). In response to this address
tabl e 454voud/paes a single-bit prediction "State20ut. P" PcT/US98N\6mch as

shown in Fig. 4, is forwarded to nulti4fd exer 482. Signal
"State2Qut.P" represents a last-direction prediction. The
prediction selected by nultipl exer 482 15 ("PredictCht") I's returned
to shift regisgter 460 via , 06 nd becones part of
gl obal hIStO?Bb as sign rEngpgerCU E@ﬁ ?g ﬂroaﬁh EﬁFFP% H?input "g|
upon abpveelpbnuto&s"EhbéthftsngnapetandbnabfnglbbalsthEOry '

branch | nstryehlggedassBeenabehehsd igg QEQQQEQragﬁg pop%%dlctOuEOSt

pr ocessor r_a previously-
pr edi ct ed erﬁéHelh§tPQ@FPéﬁtlﬁﬁéﬁl§héﬁt¢§21n§@er9635ter 460 opAgudffrom

fOUfSDFI”HrYtﬁ@UE@Q%esﬁbﬁahﬁéo&ﬁsﬁ§%et49£ év1a the pEhgah@sl RgOgessor and

syst em 400. In Lgn i E predi ctor 452 include stage-specific
“prediction diclo 3LaPE3PARMP, " a corresponding tabl e address
"State2ln. A" AsdsgbwhahnhFigoryszbdthsggbeéhn4GHISﬁa | nput

nfor mati on 98e°BPROLRAP) 575, PRbTRG BBCa epbrR,EBnskaTsBatt 1810,0, o oo

during the pFhdscunah UpeeaveenafareﬂhetOut ValuepfeomO§YByemréQDcBGd

br apgh 'nStrHﬁthHQt§§ %§Bﬁtﬁ Wt sk e ie

" St at e2Qut . GHI ST" _and N Pred lgp stgnal from dec?%g%tgggFgQ1 ke predlctor
402, these vﬁFa§§1h&0@1°at1n9' ase&ﬁaﬁﬁunwa?ﬁbarbyhﬁhénﬁ §Pcﬁﬂ86essor whi | e
the 35 pESv¥LoHE kM- PicHi ehed1htaBehpiragt cuOuEORsWAS cPhagessadland
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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




to coincide with the recei pt of actual outcone value 110 at ed
ﬂgwsax?'eg’ff

by the ho§¥°3?%@@§sor (upon executi on of the previo cted

branch instruction) for updating 5 purposes.

addition to value 110, host processor provi des predictor 452 mnth

signal "ExeBr" from an execution unit (not shown) indicating the

suc;:ess{ul of syéi?@';ﬁiui(l)(?)ﬁ ] de%’j@c:fil@é’d%ﬁéﬁepreﬂlﬁéﬁﬁ?@(ijﬁéﬂ},llf |

i nstruction. ina pre i ctor recei ves con ence | eve
"Statel I n. C' fsrlbcm p‘rré%'?%‘f%‘? M2 e P iR ’u‘b‘a%f g’ranCh theRer B¥EBRS for

this predictorshdlla be gheltogic diigly allowing gebekctiwve (pdetingradi ctor

402) was sel eqi’_:_e& C n bj gct.. brangch

i nstruction. Eﬂ;ed above. pq:ﬁg%c%ﬂéér) arﬁ%%a:\[}mg lﬁéj Jﬁf #%D%I c%h%%%‘?ﬁ Fig.

4, 5 siBePE ctiorlUb 2 siapsedyenevatedgin gredutiopnunit

operatlonln Wi h 4he sipastaed IS (i.e.,
"StatelIn.C'" = 7_which, satjsfies %_{e/éi*%&?(ﬂ 4. Fﬁf@ﬂer' SEI?Fr%nt) t hen

the output of JHEFTHEIIR 1HFIERTFEL Y held W%‘Ff%l%ulfl%ﬁt: BFOgasEO%64 to be

low. In whi chaEseshidegh any conwmﬁﬂoﬁ@_ab:h@an@pm @f tﬁatehé§4 bachet
enabl ed and n te of. predictor However, shoul d

da
pr edi ct or 452%%‘%%5%6&?85%‘“%‘:%1 p?lé%ll%‘f?%il o?)‘é‘?‘é?’f‘% :fmﬁue 1s whi ch
the dft put of yradiatbe. 4Rfter n@hlmedtl(liselnf&&natlon istalebln.C' 7
whi ch does notg$afd éﬁF§3/é§béé$s40% and %%§£P$&%W§Q§ S Eggfggﬁ gut put of

gate 468 is high allown |gh In
whi ch case, the kle etbﬁua@%e%m be @ammphgnendgsgelpnapned

(dependent of the L@ﬂﬁb&f&ﬁeﬁ@t@f%h@tbﬁﬁeﬁtﬂaﬁl syapiggscribed bel ow) and

2081 1 ot he BT ARREOR: FLESmatives, and equiupbenth meyaPaoRAes:
2(7)83 Jrh'lo]t EqUﬂ.!Am:ﬂiﬂn@l&pOﬂm above deé&ﬁlpthenosm@uldoﬁoexbéuaﬁkengasgate
W e hi . ranch instructien_has, been
executed, 35 ﬂﬂmrhm tl}%cégéséséé (]SPI'I_'I§ %n T ghal ;”Ef?eh? &ﬁ%ﬂegsbé(m |

the appended claims.



- 34 - ' - Finally, 'since confidence level "Statelln.C' of predictor

402 does woboegenl 7 (in this exanple), the output of PCT/UI8M 957468 Wi | |
al so be high thereby forcing the output2of gate 464 high and
enabling the wite operation of table 5 454. Tabfe- address
"State2ln. A" associated wth the previously t.ed branch

I nstruction Mggsigg %Q-A&B&itﬁ processing is W ﬁ ﬁ&m ddr ess
i nput of Tab jugh nul tipl exer 462. FEin ﬂ@gl nal
(and, in - this exanple, incorrect) prediction "State2|n

generated by predictor 452 is inyerted by update cirguit. . . . 456 (Fig.

8) arld forwarded to daPasVﬁSGF Bhags IeRSEates, a Pred1Ct98nu§@5té t he
asso@i at ed estivgn 51tuat10n comprisinds shown in Fi'g. "8, ¢ircuit 456
consbsts of an Ever er which _s [[Ves to corre t an erroneous
predi’ction 15 pr edi BISFFLdENe P& BERN 5PES SEDET. 9 Phis corrected
valué is inppﬂumaluabl@f4@¢educmn9nuwaaMQSOﬁemathnnglven situptdended
predisct or 402 was. not 5N y I fQr vigging the
prechtlon as. descrlbegagb Tor EE%C%%EEQQ Baid pluralgE stood by one
havi g or di nQF‘?dékzltlanl Natlhlésaﬂito prgduce satlﬁlepereélsrrclm i @érter as

circyit 456 is optionak feedback 18cpSiclap1¢dl Yo Ghkieli 1u&5§1@§yoge

G L AT P LS NN SO R
ThlssteX|b|bae¢d|appnsambhetsaﬂceumnbyeaoilm@begﬁwbnlslzﬁatlon processed
- by circuiit. 456. . More- conpl-ex -processingsis .. reqU|red when mul tiple
bits are updated as required by. - predlctor 402 (i. -three-bit
Confﬂdence | evel 2nd The system of clalm ' whereln sald predlctlon '

2 indicates whether a condltlonal branch 1nstructlon 1s
3 taken or not taken o ' ' '
1 3. The system of claim 1 wherein said plurality of
2 predictors are each assigned a unique priority level and
3 - said means for processing selects one of said plurality
4 of prediction values as said prediction, said one of said
5 plurality of prediction values being generated from one
6 of said plurality'of'predictors assigned a first priority
7 level; and : '_'
g further wherein said portion of said predictors -
9 only includes predictors whose priority level meets or

10 exceeds said first priority level. '
1 4. The system of claim 1 wherein said plurality of
2 predictors are each assigned a unique priority level and
3 at least one of said plurality of predictors is operable
4 to indicate acceptability of its prediction value, and
5 further wherein said means for'processing selects one of
6 said plurality of prediction values as said prediction,
7 said one of said plurality of prediction values being
8 generated by:




one-bit prediction). In the event of a msprediction

the gl obaWOH914667 " history word contained in register 460 PETFSIHING || "be
i naccurate for that and any subsequent =prédicti on. Accordi ngly,
word " State2CQut. GH ST" output to the host processor during -
prediction of the subject branch I nstruction is returned to

regigier 460 for input via 35 £irst el Glod Wetaflq 1R RIER! B CH ST
Referring to Fig. 5,

t hi é%pdatl né’%%q% W@%oﬁﬂ%lﬁ’e’%ﬁ%f’@%@%@wr indicapesand 504. As the

cirqut in Flagzceﬁaﬁalﬂﬂﬁttryat@ its predlétflﬂbth dv@mélaén@um@rra lliLQhéQt equal

t he sten}level ﬁ% "Predlctln"c,> excl usi g 50é will

ooc g 5o AR ianad, mrig et oS HE onier atted Tarer Y5k  pht

signad " ExeBrplumaliitr caft eprtduil ctudafsecthdtr aanbso | hisdicatesnacceptabihasy

exe ed. In I scussi on, signal ExeBr
"ilt &fsﬁq{%@f}%ﬁ?{&éﬂfé %éﬂ@@?&r@gval %, |ar11?g

functions as a "va ormati on. Upon recei pt

of tiese signals, 10 gat sHunGipredicyor of | 2yid nlyrabhbll PRg the

| oadigg predR& ¥4 Ahhdt ﬁ&gé Séﬁrsé:ﬁ@ 1ura11Fy of prédlcto§¥3t em Level
Oper ati on Re errln aln t g f‘ systemlevel
descri ption omdiratas Aresptab g [Eany Yalue: sgidnch

predigti on opsEEind predie ot tmemgtaorlswast ass;gn&ﬂapeiadit?' landl.
"State20ut.P" frompredictors 402 and
1 5. The system of claim 4 wherein said prediction
indicates whether a conditional branch instruction is
taken or not-taken.

6. The system of claim 4 wherein said first
predictor indicates acceptability of its prediction value
when said first predictor generates a confidence level

o W N

that satisfies a predetermined threshold value.

7. The system of claim 6 wherein said prediction
indicates whether a conditional branch instruction is
taken or not-taken.

8. The system of claim 6 wherein said confidence
level is generated by an asymmetric saturating counter.

9. The system of claim 8 wherein said prediction
indicates whether a conditional branch instruction is
taken or not-taken and wherein said first predictor is a

W N

last-direction predictor.

10. The system of claim 9 wherein said second
2 predictor is a GSHARE predictor.

L



452, respectively, are provided to nultiplexer 482 for a gi ven
condi ti ongto nagerh i nstructi on. Concurrently, predcwt;sgs/ﬂ»@ﬁ
generates 3-bit confidence level 20 - 44 -"Statel Qut.C' which is forwarded
to AND gate 480. The output of this gate is applied to the
control input of mul ti pl exer 482 and selects the prediction from

ei ther di ctor__40 452. _1f all three hits of "Stat | Qut. C" -
are high (represer?t ng%apdfeetﬂzﬁ?%orﬂsysa\tq“b&%@thlg@?q ?‘q"f? qeed to the
sel e& or i nppregiianilan foexer gisen hmsﬂ;ylctlon compaeraatg ng " St atel Qut. P"
as systemlevel predictj %urj\énty bf Q.]ttgi.ts r%ﬁﬂt Itr% 13 wely, if the

out put of AND_.gate I's a Iogl C r 482 sel ects
predidction Pluralitysoh gmediobions emwheprediicdoss bainge pasdgmed

prediscti on 3@riority Rlefdictaad at 1Hst RirRdigid@rtcy gy Qiiiéﬁa%l%

fsﬁt)ggquent i & r’ﬁ’(‘?tllmt { e Sha\gq)llty © 1rt]"%5t rqcessorloﬁ ggglogzgrglperat i on
of gate 480 and a sulledtilosx eririfi ¢ &d@@ﬂ@d oo mad P PLural isyst em 400
- 36 X f | cC :ngl when t he
predi ctlon ofO rpe(?(:1 Z%fgiQLdDLheI)cé‘lﬁ\}:e%%gon J’tng 1:%I ge(ylr%&/branch '

i nst ruct i on lPé?§da~CGG-rﬂﬂ daeme d deginaghprsstiofiorgs wherein sajist dasigedPTV

(i.9.0 a.derE@dfﬁﬂd#3ﬂ§.7), then the 5 - predicti-on-*Statel Qut.P" from
this predictor is used as - the system| evel prediction. However,
whertdt hi s predi cti ot ifd Gt PE Qe @Enise & R lditeh Ay hi gh
confiizdence | exeldiddegspredircigadd ffiast mdidilcord3Aadicates

13 acceptability of its prediction and has a highest

14 assigned priority level among any other predictor of said

15 plurality of predictors that also indicates acceptability

16 of its respectlve predlctlon,_and T -

17 . _ a second predlctor of sald p]urallty of

18 predlctors when none of said plurallty of predlctors

19 indicates acceptability of its prediction, said second

20 predictor having a lowest assigned priority level.

1 12. The branch predlctor system of clalm 11 further

2 comprising a feedback loop coupled to said plurallty of

3 predictors for updating only a portion of said plurality

4 of predictors with actual outcome information provided

5 from execution of said given instruction.

13. The branch predictor system of claim 11 wherein
said selection circuit comprises:
a priority encoder coupled to said plurality of
predictors; and
a multiplexer coupled to said priority encoder

O U W

and said plurality of predictors.

LT



which in hIS nbodi ment i s the final predictor, s 10 L as the
system | eW(Q B?@al ction "PredictQut"._ 45 _  Accordingly, Pﬁ@gﬁégﬁ%

det ermi nes whet her the confidence | evel generated in predictor 402
satisfies system 400 PTV and, if so, outputs a logic high to

I ndi cat e acceptability. 15 Upon execution of the

gi veniconditional baancithe branchi p&teﬂue:u:b@ﬂ sPptam oftadlidian 1nivhdreimhe
host processor

ctual..out .val.ue, 110 It|n from.suc
executi on said ?ssérea P§FﬁéF§1§ Fﬁ& &N Eﬁ%%% er fﬁgl R
t aken3or not -bzksah ivsprociden by thke@x@aumpanUWMGnt() 20 the |nputs
of branch prediction system 400 through a f eedback loop. If the
confi dence IeveI "Statelln.C" of stage 402 did not satisfy system

400 P}V (i.e., 15. The,pgrRshcPresdstes system PE WHEH® Hid %}%@ﬁ!@%. on

was 2. rraae_d EQQ&upp&éahet&zl 1‘f@‘-ic%@:|e%0ta%efﬁ%rakﬁ.lﬁftﬁﬂl&ﬁ s If 25

this prediction a@s corre% 6&5‘% e i.s nmade to Tabl e 454, | f,

howev@r, predPEEFIFEBPR 2 F&F et RS icter’ 9ﬁﬂﬁ¥?§ﬁ§l?s i ncorrect

(i.e. 4 this predfitieareddeselothat satisfdgsala aotadetermicond tlatemshdlid

genergted forvéggegiven branch instruction), then a conpl enented
) (equal

"Stat e20ut . P" to correct value 110) is witten into | ookup
Tabl e 454 to replace the previously stored prediction for this

entrys 16. THEULRSch M icdy dRpGe ed'ff;el agfrﬁltﬂ |Wh£‘e1n

does not satisfy system 400 PIV whén a prediction is and if
the agsoci at e§?36t GoPEdGEaGHe LeNede 16 @enerated by an aSYmmetrlc

- 37 3 saturating counter.

17. A method for generating a prediction for a

given instruction comprising the steps of:

providing a plurality of predictors for
receiving address information of the instruction;

producing a prediction value by at least one
predictor of said plurality of predictors;

processing said prediction value to generate
said prediction; and

W o J o0 B W

updating only a portion of said predictors with
actual outcome information provided from execution of
said given instruction.

e
= O

18. The method of claim 17 further comprising the
step of assigning a priority level to each of said
plurality of predictors wherein said at least one
predictor has a first priority level and said portion of
said predictors only includes predictors whose priority
level meets or exceeds said first priority level.

A U & W NP

19. The method of claim 17 further comprising the
steps of:

L



equal s the associated prediction "Statel Qut.P" of Table . 404, then

confi denggobeygk7 "Statel In.C' is increnented (but POITUS9RYWIH 7) in
accordance with the pseudocode and - 46 - truth table of Tables 5 and 6,
respectively. The 5 predi ction associated with this confidence |evel
remai ns unchanged However, if actual outcone value 110 differs
from_prediction "Statel Qut,. P", for the Is enlbra ch ch g%tlructlon

t hen3confidence | evel 'S8E4ERiAg @ prdority levgl re.eack,of fibut not
bel ow 0) agaipluraldtgodfapredid¢tors; wrdh t he pseudocode of TabI e 5.

Addi i onal ly, the S I i epl aced
W t htSI val ue 110 agsl(;%% g'?gata%ewt%%ﬂtlt&gr?fbtrsg%?h i ng'tircl}ét%lr%n

Finaldly, if ™Maducoby davice dteleastsoneepredector wheredgy sgid Gtyen

pr ediction Oﬁ%ra%tt' %ed‘iﬁ%ﬁ@tﬂo? Yla%y%t Qﬁ]gih'ést ass‘l@)@xea-rﬁr(lloxﬁty level
"StatelIn.C" equals 7) hen any cp 12 eralonér ug{l%q:oq:%olles

excl &ivel y ta@cln@olé\!i‘;y Pé’&eéf Predl totfoi?f &g A L‘i%(?

perf ey med on thalt @14k¥ indicatesartceapteisfldty, dfhiis s aldspectismved from

havi_ng space unnecessarily consunmed by a branch instruction that 20
reli on a dPFrent predi ctor stage for its prediction. (As
descri bed above, gate 468 of stage 452 prevents any update to

Tabl g 454 when confy d l&M8lod Sataldit G'o whereln fRe\dlstep E t hereby
satisfies system 00 P . However, gl obal, hi st i S 460
will 2l ways Badiswdviay jdpeeptabilitys drwther AP RE J&l%(ﬁtﬁ%’sdeg:rl ption
in the event of eribﬁtfaﬂ{g?ch addrifiiidence level by said &% dleast
illustrates state ou put ganaé : gener at ed by branch predictor

syst ém 400. TH¥ state output signals that make up the
conpasite StateQut 30 deteﬁﬂﬁnfr[g WBystttean 460l dreprdoitenasatastet oget her and

mai nt ai ned b?/%tthies 031 gr%a%%%% ﬁmﬂ?rvalue ~ updating

- . operations. SUCH Case, o returned to processor
400 as Stateln 1000 of Fig. 10. Referring to Fig. 10, Stateln 1000
contains the 35 | ‘individual state signals required by various

conmponent s

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
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The output and input signals shown in Figs.
bear a one-to-one correspondence.
they are sinply 5

val ues. Rather,
whil e a branch

information should updating be requifr
mai nt ai ned through a series of

tenporary storage. 10

9 and 10,
No

instructionl ﬁpec
e These val ues

| at ches, cache

I n sinulated operation,

wo 99/14667Cf Predictor system 400 to carry out updat| n

erations.
§ B4 vel y,

change is nmade to their
mai nt ai ned by the host processor
uted to provide the necessary

may be

menories or any other

predi ctor 402

of branch pr edi
that nearly al ways go f
confidence | evel ("Stat
wor ks wel | and no ot he
benchmark (i.e., th

P6. gcc progra

ctor system 400 catchnes att——Ton
he sanme directiggn every tine.

elln.C') indicdes that |ast-
prediction ifwequired. 15

SPEC nt

branches were prediftefl by predictor—Q
final predictor 452 The m gpredict rate on tHh
predi cted by first predi ctor 402 was only 2.1%
passed on were 20 of—a Tofeyart+et—behav-e+—aR
| ow confidence | evel sjto] these branchey.
| oaded onto predictjor 452 which, ps descri bed ahovg,
gl obal history in ijts predictipn.| Because
branches of first predictgr 40P dyd 25 = not [con
final predictor 452, thisg final p I ctlor
there is |ess rigk of[fal se share&Sg
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tional
The

br anches

direction

Oh @& sanple

95y~ 63% of
402 and orjly 37% passed on.to

e branches
The 37% t hat

d—prddi ctor 402 assi gned
Such branches

|ncorporates

the easily predicted
sune table space in
is nore effective since

FIG. 1
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The m ss rate .on branch instructions serviced by final predictor.
452 was wb.odffa¢eti ch resulted in a 30 conmbi ned over al *RCHAISHS/1PARe Of
7.3% Fig. 11 illustrates trace-driven sinulation
results from21 different predictors and predictor systens agai nst
t he branch stream of the benchmark program SPECI nt 95 126. gcc on

one of its many inputs 35 (i 20 anptjp). Instruction and address
traces were - 39 - gener at ed

usi ng conventional nmethods apd fed intp a branch prediction

si mul at or program whi ch decofled & iZstructions, predicted branches
and verified the predli ctigns w-h—the branch resul ts to coI | ect
statistics 5 for br§gzh pregi ctipn accuyracy. -

Referring again to Fig. he t%pes Je predictors simulated are
listed in the first colum apd g i ncl ude three binodal predictors
("bi nmodal "), ni®e | ocal history predictors ("local”), three GSHARE
predictors 10 N> ("gshare™), Ehree combined predictors as defined in
McFarling ("pair"), and three br&pch predictor systens _ utilizing
filtering in accordance w thfThe esenpt - - invention ("filter").
Colums 2 through 5 of Fig. 11 ": re ort—table size in bytes ("MEM),
nunber of m spredicts 15 expgrieng by & he predictor or predictor
system ("M), nunber | of bganchﬁ's_s—efr‘&i ced by each predictor or
predi ctor system ("B"), a@d/ fhe retio pf migpredicts to branches
("MB"). N Ffg. 1@illstrates the placement of branch 20
predi ctor system 400 within & hosn_-prO‘essor‘-)lZOO Thi s

N-N1-N2...
-Nn-2

> sae

FIG. 2

N-N1-N2

..+ Nn

BN
PREDICTOR 2

N — N1

PREDICTOR 1

NUMBER CF BRANCHES PREDICTED BY STAGE i=Ni -

TOTAL NUMBER OF BRANCHES N =N1 + N2 +.

NS
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processor is pipelined with each stage bei ng separated by ches
1250. As WOAR4¢61 Fig. 12, branch predictor systempﬁwsf%@&e@%/es
program counter val ues (PC val ues) from program counter register

1202. System 400 processes 25

every PC val ue received and generates a

predi ction val ue (i.e., Pr eéj/ chOJt) whet her or not such value is
actual ly necessary. Control s'!i nal s generated by host gypcessor
1200, namely "FetchBr" and "ExeBr," determ ne the use of a
particul ar PredictQut value 30 Referring to Fig‘f 12, an
i nstruct il ap,REPECIGAL €d with a particular PC value wl|ll be
retrieved, P?or exanpl e, frominstruction cache 1206 fand decoded by
decoder 12¢2-concurrentlysod th branch-prediction prqcessi ng of
system 400{ The decoder wi\l determ ne 35 i nstruction tiype and feed
thi s inforpatj em - 40
- 400 as si gnaP1FetchBr*—Ttis—signmaty as descrli bed
above, contrdl s _the shi ft-&gﬂ operation of global hfstory register
460. AccofarinGREPIQTAB yYdgrputed Predi ct ut value is
specul atively shifted intog ¢gi ster 460 only if 5 t he |correspondi ng
instruction (iathe-PC valdé)l ifs|a condi i onal branch.
| As shown in Fijg. 12, both systém 400 and
decoder 1212 are cdupled 84 a fef¢h control unit 1210. This unit
receives ajPredictCut value  fron gystem 400 and 10 an ipstruction-type
signal from choder 1212 US ., R signal ihdicating,} at |east,
whet her the¢ ijnstruction 2
PREDICTOR 2 Cla | 310
P2 o
L L X
. 306 PRIORITY
. \ Dz ENCODE
Sp_1 ~1Pn-1 0400
103
PREDICTOR ¢ . 317
n—1 n-111 \
| _-309 3
Pn-1
1 PROGRAM
L L COUNTER
308 ik,
[}
N YY) ShateOut 316
Sn : ':
B 315
PREDICTOR n Lo »| PredictOut 313
. TN _-312
il g
A -1
__l _I 350 Statein 316 110 ACTUAL
\ . OUTCOME
L VALVE
\ ‘\,'
319
B2 354 \
S = STATE FOR UPDATE EXECUTION
gl =PCONFIDECI)\ICE INDICATOR UNIT
= PREDICTION HOST
PROCESSOR

FIG. 3A
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associated with the |latest PredictQut

t he assowiabggkey Nstruction i s sonething

br anch,

predi ction.
uni t

provi ded by an execution unit 1214, decoder
The address selected via multipl exer
program count er
address to system 400 and

1204.

process again
by e
infornmation a
system 400 to
di scussi on of
associ ated wi
br anch

unit 1214) w
- 41 -

such i nstruct
| ogi ¢ high al

20

the Predi ctQut val ue can 15
t he associ at ed

regi ster 1202 which, 25

is a conditional

instruction i's a conditional
utilize the correspondi ng PredictQut val ue generated by
to fetch subsequent instructions i 4/46cordance
Referring again to Fig. 12, fetch control
1210 may select (via a nultiplexer

branch). If

ot her t hart:'HU"éﬁdemi onal

be safely ignored. However, if
branch, unit 1210 will
system 400
with the

1208) addresses
1212 or an i ncrenent or
1208 is forwarded to
inturn, will forward the new

instruction cache 1206 to begin the

ce

ol TOURE ALY Lo | o

he %r anch instgygti on i s executed
LRCOHE val ue, (state

nl "ExeBr" are B0 returned to

update predrgrors in acco
Fig. 4. Nbr e

specifically,

rdance with the foregoing
if the instruction

"aBsignimG PRICAMYIEYER

}%hxzcht value is not a conditiona
"ExeBr" (generated by execution 35

1 Lol e
I pProurfrort a

Ty Updat Ty ot ;
of system 400, as described above. Alternatively, if

the predictors

oarlsvg Fond!tionﬁl brgnc1, é%fn "ExeBr" ~shall- be a
o AR Aotead ho ¢ - |
GENERATING BRANCH a7
PREDICTORS AND CONFIDENCE |~
LEVELS
-376
ANY
CONFIDENCE LEVEL ™, YES
SATISFYING
PTV?
NO _
SELECT PREDITOR WITH
| HIGHEST PRIORITY LEVEL
378 SATISFYING PTV
SELECT FINAL PREDICTOR | 380
SELECTIVELY UPDATE 382
PREDICTORS
FIG. 3B
SUBSTITUTE SHEET (RULE 26)



descri bed, above, Like the enbodi nent of Fig. 3, actual 5 ut val ue
110 is al ?&’b"éﬁ‘?ﬁ‘?’at ed in execution unit ' 1214 and f%?%&?%éﬁo
system 400. Further, state information is tenmporarily held within
host processor 1200 t hrough any conventional neans (i.e., |atches,
cache menory, etc.), until 5/160act ual outcone value is 10

avai l able. After which, this information is al so forwarded to
system 400 and updati ng rmay be perforned. Wil e the
foregoing is a conplete description of the épbodinents of the

I nventi onQvari ous. Q. < nodi fi cation®, alternat vEs, and equival ents
may be us@. 15 8 A&@rdi ngly, the abde descrip ign shoul d not be taken
t

P

as — limti@ag e=scope of the inwntion whichai s defi ned by
the appendgd claind. F§F B g 8 - 42-
VWHAT | S ClvAl VED | & 287 1. A®ystemth&t @enerates a prediction
for a 2 gi vert sithation conprising: (O a plurality of
pr edi ctorsugene@ ' é\AN plurality jof predicfgon values for the given
si tuation; - '~ nmeans for progcessing s@rd|plurality of 6
predi ction| val ue pfoduce said predictjion; and ¢ - a
f eedback |p [of said plurality of 8 predi ctors for updating
only a port 11 d| predictors 9 ased upolh anp actual outcone of
the given Bi (. 2. The system of d¢laim1l wBerein said
predi ction —
g y
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2 i ndi cates whether a conditional branch instructionis 3, - . taken or

not - t akernwo 9914667 3. The system of claim1 wherei rrcgaiS#sideid al ity
~of 2 predi ctors are each assigned a unique priority |level and 3

said neans for processing selects one of said plurality 4 - of | .
predi ction values as said prediction, sai.d one of said 5 plurality of
predi ction val ues being generated fﬁ/dr_Q one 6 of said plurality of
predi ctors assigned a first priority 7 | evel ; and 8

further wherein said portion of said predictors 9 only includes

predi ctors whose priority level neets or 10 exceeds said first

priority |evel. 1 4. The system of clg;'% \% ip said
plurality of 2 pr edggg or s ar4§3each assi gned a]h Q ﬁiﬁfty:_l evel -
and 3 at least one of said plbraljity of predictors is operable 4
to indicate acceptabilit f itjs predP&ion vglue, and 5 further

wher ei n sai ¢sRAOHE F-OL—P+ g sel ects ongdf 6., ~ said plurality of

predi ction val ues as said idqtion. 7 sdid one of said. plurality of
predi ction val ues being 8 dSHIFR: ) p{OAD |

- 43 - 9 FetchBr > horirkt predictor of said plurality of 10
predictors when said first predictor i n&i ca 11 acceptability of its

predi ct i omtesm.GRISNE—has—a—hi-ghest—32—

any other predictor of said
ExeBr >-

110 ACTUAL > .

OUTCOME —) S04
VALUE

Predictin >

289 priority | evel anong

1

' 602 BranchPC2
: \ PC [16:3]
{

> State20ut.A
14
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- 13 pl i f predictors that also indicates acceptability 14

- of its resg{a(g%d{l}/‘gﬂgr edi ction value; and 15 PCT/U%984067and
predi ctor of said plurality of 16 predi ctors when none of said
plurality of predictors 17 i ndi cates acceptability of its prediction
val ue, said 18 second predi ct orzjtﬁxi ng a | owest assigned priority
| evel . 1 5. The system/df*™laim4 wherein said prediction 2
i ndi cates whether a conditional branch instruction is 3 t aken or

not - t aken. 1 6. The system of claim4 wherein said first 2
predi ctor indicates acceptability of its prediction value 3 when said
first predictor generates a confidence |evel 4 that satisfies a
predet erm ned threshol d val ue. 1 7. The system of claim®6
wherein said prediction 2 i ndi cates whet her a conditional branch
instruction is 3 taken or not-takemd06 1 8. The system
of claim®6 wherein said confidence 2 | evel is generated by an
asynmetric saturating counter. ."1'":,.6“‘ "9~ ~-~The systemof claim38
wherein said prediction 2 iIndi cat s whet her a conditional branch
instruction is 3 Statb#eR,-0r_not - L-a-ke\h_a.n.d_.v\her ein gaid first predictor
110. The system of

isad | ast-direction pregicth
claim9 wherein said sMisbnt T ng)lAJEEO(P iga HARE predi ctor.
! 1
110 ACTUAL >———; v 4
! L

OUTCOME 1 ' __
VALUE ~ ~7TTTTTmmmmeeeeeeee

]

]

]
State2In P >— : {>c

1

]
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- 44 - 1 11. A predictor systemthat generates, a de5|red 2
predi cti owd®n4és7gi ven instruction conprising: 3 PCT/US98/196174
plurality of predictors generating a 4 plurality of predictions, each
predi ctor being assigned a 5 priority level and at |east one

predi ctor being operable 6 to indicate acceptability of its
prediction; 7 a se8fpbDion circuit coupled to said
plurality 8 of predictors, said circuit selecting the desired 9
prediction froma desired predictor, wherein said desired 10 predi ct or
is: 11 a first predictor of said plurality of 12

predi ctors when said first predictor indicates 13 acceptability of its
predi ction and has a hi ghest 14 _ assigned priority |evel anong any

ot her predi StatiOut.Asaid 15 ~plurality of predictors that also indicates
acceptabifity 16 , pective prediction; and 17

a second pr8tted State \OWf 18 predi ctors ghen none of
said plural it 19 i ndi cates acceptabilitly of its

predi cti oR SEgIQULE g, predi ctor having a | owest a#signed priority
| evel . 1 12. The branch predictor systemof  claim 11 further

2 conpiicdbinfaa feedback | oop coupled to said plubh 3
predi ct or a portion of said p dlity 4 of
predi ctors SkfehOagpual outc iStteFO®mt | on pre d :

R State20ut.GHIST
N PredictOut

FiG. 9 -
State1In.A .
State1in.P _
Stateln State2in.A

State2in / State2in.P R
\ State2In.GHIST

Predictin

FiG. 10
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5 from execution-of said given instruction. 1 The
branch pMERPY¥IEST system of claim 11 wherein 2 sai d s%%??sé‘g?%m rcuit
conprises: 3 a priority encoder coupled to said plurality
of 4 predictors; and 5 a mul tipl exer coupled to said
priority encoder 6 and said pl ﬁﬁlty of predictors.

- 45 - 1 14. The br predi ct or system of cIa|n113 wher ei n
2 said desired prediction indicates whether a conditional 3

branch instruction is taken or not taken. 1 15. The branch
predi ctor systemof claim 14 wherein 2. said first predictor indicates
acceptability of its 3 prediction after said first predictor generates

a4 confidence level that satisfies a predeterm ned threshold 5
vaI ue.

sat ur at igEOURYNSTRUCTIONS:
predi ct iICOUNPEDBRANCHES:

A met hod f or

%ﬁﬁg&g@ég ev ﬂgg?%%&ﬁ[ gg' E;o;nsg:;%\eﬂl gl 631I m 15 wherein

generating a

PREDICTOR TYPE MEM M B M/B
bimodai{'12] 1024 26542357 207515782 0.1279
bimodal['13] 2048 25429690 207515782 0.1225
bimodal['14] 4096 24740522 207515782 0.1192
local['9x11_'11] 1216 33353800 207515782 0.1607
local['10x11_'11] 1920 27249892 207515782 0.1313.
local['11x12_'12}] 4096 22587992 207515782 0.1088
local('10x8_'8] 1088 30706368 207515782 0.1480
local{'11x8_'8] 2112 26618998 207515782 0.1283
local['12x8_'8] 4160 23457556 207515782 0.1130
local['11x4_'4] 1028 31127832 207515782 0.1500
local'12x4_'4] 2052 27950198 207515782 0.1347
local['13x4_'4}) 4100 26534407 207515782 0.1279
gshare[8(<<4)_'12] 1025 25201755 207515782 0.1214
gshare[9(<<4)_'13] 2050 20877237 207515782 0.1006
gshare[10(<<4)_'14] 4098 17688778 207515782 0.0852
pair['t 0][b|modal( 10),gshare(11_'11)] 1026 22780786 207515782 0.1098
bimodal['10] 256 32693264 207515782 0.1575
gshare[11_"11] . 514 36483651 207515782 0.1758
pair['11]jbimodal('11),gshare(12_"12)] 2050 18316187 207515782 0.0883
bimodal['11} 512 29083070 207515782 0.1401
gshare[12_ '1 2} 1026 29094774 207515782 0.1402
pair['12][bimodal('12),gshare(13_'13)] 4098 15127601 207515782 0.0729
bimodal['12] 1024 26542357 207515782 0.1279
gshare[13_"13] 2050 23695094 207515782 0.1142
filter[last('1 0):3—4,gshare(1 2_"12x1)] 1026 21551376 207515782 0.1039
last['10] 512 40793795 207515782 0.1966
gshare[1 2_"12x1] 514 17571673 94533972 0.1859
filter[last(11):3-4,gshare(13_13x1)] 2050 17138826 207515782 0.0826
last['11 1024 36685637 207515782 0.1768
gshare[13_'13x1] 1026 13514386 84998341 0.1590
filter[last('12):3-4,gshare(14_'14x1)] 4098 14553073 207515782 0.0701
jast{'12] 2048 = 34283339 207515782 0.1652
gshare(14_'14x1] 2050 11202582 78688336 0.1424
FIG. 11
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2 gi ven instruction cdhprising the steps of: 3

provi di nowe ophses! ity of predictors for 4 : recei vi ng modoSBATS

i nformati on of the instruction; 5 produci ng a prediction
val ue by at | east one 6 predictor of said plurality of predictors; 7
processing said prediction value to generate 8 said prediction; and 9
updating only a portion of said prd@drs with 10 actual outcone

i nformat@on provided from execution of 11 said given instruction. 1
18. Th&¥rethod of claim 17 further conprising the 2 step of
assigning a priority level to each of said 3 plurality of predictors
wherein saild at | east one 4 ] predictor Has a first prigrity level and
said portign of 5 sai d piedictors only |i ncl udes erdi tors whose
priority 6 | evel nmeets off exceeds sqidfifst priority(level. 1

19. The n@thod of claim 17 fufther conpriisi @ tlthe<? - gteps of ;-

- 46 - 3 asgi gning a prliogty tével to eadd of said 4
plurality of predictors; and 5 O ilndicating ag¢ceptabitlity of
said predigqtion 6 val ue by said at Ieas?ué orje predi cfor erein said at
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levels. A filtering effect is achieved by providing a plurality Emnchl’c 104
of predictors (302, 304, 306, 308) having 1) a confidence level N 302
satisfying a predetermined threshold value and 2) the highest
priority level among the plurality of predictors (302, 304, 306, 8
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