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(57) Abstract

An instruction pipeline (900) in a microprocessor is provided. The instruction pipeline (900) includes a plurality of pipeline units
(910, 920, 930 and 940), each of the pipeline units processing a plurality of instructions including branch instructions. The instruction
pipeline further includes a plurality of storage devices (911, 921, 931 and 941) which store a respective branch information data. Each of
the storage devices (911, 921, 931 or 941) are associated with at least one of the pipeline units (910, 920, 930 or 940). Each respective
branch information data is determined as a function of at least one of the branch instructions processed. Two of the pipeline units include
branch prediction circuitry for predicting branch direction as a function of the stored branch information data.




To alleviate this problem sone nicroprocessors, such as Intel's

Pent i unf err Jwadshagt i um Pro m croprocessors, utilizepdrasminsett
prediction logic to predict the outconme of a branch condi tion, -
and, accordingly, the branch direction (i.e., "taken" or "not taken"). The
fetch 30 unit then uses the branch prediction to determ ne which

I nstruction to fetch next. If the branch prediction logic predicts
that the branch will be taken, the fetch unit fetches the

I nst ruct i ongyisTEN ARDWETRODFORINLANTAINING BIARCH INFORMATION 00i
predicts that the branch will not be taken, the fetch
unit continues to fetch instruction is sequential order. I n

Intel's Pentium E‘r m ¢y oprocessor, branch prediction is based, at least in
part, on Of The Invenfton; ory of each branch. In particul ar, the menory
address g}r{ga i AliedtBPid it to an iNGtPuckidh pARFink $n W e6fird O
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| 00K- asi grocessihgunik.f It peetidulan the presentinventiantis diected to thampdutehariceef, i.e., a
cache m ss branch is, predicted as not taken and the fetch

th
unit co ntil"f‘?ﬁ%t?%r elated fo braagh mstrychg

sequential ly. 10 If the
branch is in the branch target buffer, i.e., a cache hit, the state of the
branch t arget buffer entry's "history bits" is used to determ ne
whet her tHhekgienndhefopmatiobe predicted as taken or not taken. |f

the branch is predicted gs take e fefch unit fetches, ingtructions
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for instructions. Ideally, when the execution unit completes execution of one instruction,

15 another instruction has been fetched and decoded, and is ready to be executed. One
exemplary pipelined microprocessor is Intel's Pentium® Pro. In order for a pipelined
microprocessor to operate efficiently, instructions are continuously fetched and fed into
the pipeline. In most cases, the fetch unit knows in advance the address of the next
instruction to be fetched - typically the next sequential address. When a conditional

20 branch instruction is fetched, however, the fetch unit is prevented from fetching

- subsequent instructions until the branch condition is fully resolved. In a pipelined
microprocessor, the branch condition may not be fully resolved until the branch .
instruction reaches nearly the end of the pipeline and is executed. Accordingly, the fetch
unit stalls because the unresolved branch condition prevents the fetch unit from knowing

25 which instructions to fetch next.

To alleviate this problem, some microprocessors, such as Intel's Pentium® and Pentium®
Pro microprocessors, utilize branch prediction logic to predict the outcome of a branch
condition, and, accordingly, the branch direction (i.e., "taken" or "not taken"). The fetch
30 unit then uses the branch prediction to determine which instruction to fetch next. If the
branch prediction logic predicts that the branch will be taken, the fetch unit fetches the
instruction at the branch target address. If the branch prediction logic predicts that the
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I n deeply pipelined systens, such as.Intel's Pentium Pro m croprocessor,
branch gpredictions are quite costly. If a branch
nlspredlctég ?he I nstructions in the pipeline fo||0€ﬁﬁ5”?ﬁ“ll
branch instruction (i.e., upstreamin the pipeline) are incorrect. 25
Accordingly, the pipeline nust be flushed, and the pipeline nust be
restarted. It _is t herefore extrenel I mpor.tant that the branch
predi ct Pranch will not b takengthe fetch prik continues to fetch instructiom is seausniiakiorder. i bed
branch prediction mechani smworks reasonably well in a system

having a single instruction source and a single restart point. However,
such a henteisPaniudi® Pro midopotessols btantie plediction $y/bdsed)ab Raabt i@ patt] ¢ e

i nstruction sources, and formjgfﬁﬁgten1ln whi ch the instruction

pl pel i nisteryofisach brangh.i Inpaghi memary addresadzem whigh-a branch m@nl
enbodi n‘gﬁfe})cfhe?hseuseres é%en | an |ﬁ‘g{éreg§'ff‘lfo e#mﬁﬁlgPeﬁe)a:nE Y

m cr oprlookaside cadxepdmwmhchﬁrmtnmmbrbmichmgaluﬂﬂer rie lamaéhaiﬁissahel urality
of pipeline units ach of the pipeline uni t.s processing a

pl ural j pronely is Pﬁéiﬁ?t%ﬁ Qﬂ?éalﬁeﬁépﬁg}erfﬁtcbr“ﬁ%ﬁmn“es to fetghyigstry@dionsns. The

i nstruc 0k t{él eline further includes a plurality of storage device which
store respective branch information data (e.g., branch history information,
i nformation regar di ng br anch addresses, information regarding

RIS N N I AN e Rl
br anch §toLiRY s i’ el F daBn@nabHRE bhddln Sl oh GRRNg O the

branch I'ons processed
taken or not taken. If the branch is predicted as taken, the fetch unit fetches instructions

starting at the branch target address. If the branch is predicted as not taken, the fetch unit
continues to fetch instruction sequentially.
15
When the branch is fully resolved, for example, at instruction retirement, the results (i.e.,.
whether the branch was taken or not, and if taken, the branch target address) are used to
update the branch target buffer. Exemplary embodiments of the branch target buffer are
described in detail in U.S. Patent Nos. 5,574,871 to Hoyt et al., 5,577,217 to Hoyt ét al.,
20 5,584,001 to Hoyt et al.

In deeply pipelined systems, such as Intel's Pentium® Pro microprocessor, branch
mispredictions are quite costly. If a branch is mispredicted, the instructions in the pipeline
following the branch instruction (i.e., upstream in the pipeline) are incorrect.

25 Acc:,ordin'g_ly, the pipeline must be flushed, and the pipeline must be restarted. It is

therefore extremely important that the branch predictions be as accurate as possible.

The above-described branch prediction mechanism works reasonably well in a system
. having a single instruction source and a single restart point. However, such a mechanism
30 is not adequate for a system having multiple instruction sources, and for a system in which.
the instruction pipeline may be restarted at any one of a number of restart points.
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I n accordance with the exenplary enbodi nent, two of t he pi peline units
I ncl ude braneo dd754810 prediction circuitry for predicting bran®eTais9%0861bn

as a function of the stored branch i nf ormati on dat a. -
Brief Description OF The Draw ngs Fig. la illustrates a bl ock
di;agram of the overall architecture of an exenplary enbodi nent 20 of
the present invention. Fig. 1b illustrates a bl ock diagram of
the overall architecture of an additional exenplary enbodi ment of
the present invention. 25 Fig. 2 is a flowhart of branch information
mai nt enance at an_ instruction decoder unit in t he exenpl ary

enbodi merSummary Of TheInvention cnt i on. Fig. 3is a flowhart of

branch i B ' ach ' - sk

oo ar 3R TR B BBO ARARE Gt Bl pfesbitdfifentiBh G iHliductich piEline ina, |

fl owlc har tmicedprogdssdrds provididdl dhelindtrustion pipeliti¢ inchudds s phirality i pipefihe units,on -
pi pel i ne

3
havi ng arfaghef Se.pipaline uBits E{RCFW%P]P‘QJW aﬁm inglyding hrangh el ary
enbodi me r}imstmctions. The insfrﬂ&idﬁrpqﬁaﬂite A& théi08es a plurality of storage device which

store respective branch information data (e.g., branch history information, information

| regarding branch addresses, information regarding branch target address, etc.). Each of
10 the storage devices are associated with at least one of pipeline units. Each respective
branch information data is determined as a function of at least one of the branch

instructions processed.

In accordance with the exemplary embodiment, two of the pipeline units include branch
15 prediction circuitry for predicting branch direction as a function of the stored branch

information data.

Brief Description Of The Drawings
Fig. laillustrates a block diagram of the overall architecture of an exemplary embodiment

20 of the present invention.

Fig. 1b illustrates a block diagram of the overall architecture of an additional exemplary

embodiment of the present invention.

25 Fig. 2 is a flowchart of branch information maintenance at an instruction decoder unit in

the exemplary embodiment of the present invention.

Fig. 3 is a flowchart of branch information maintenance at a trace cache unit in the
exemplary embodiment of the present invention.
30

Fig. 4a is a flowchart for maintaining branch histories "in order" for an instruction pipeline
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Fig. 4b is a flowhart for recovering from macro-branch m spredictions in
accor dancewcpogsagigh t h the exenpl ary enbodi ment of the presepdri§heRBéion-
Fig. ba is a flowhart of branch information mai ntenance at a wite back_
unit in the exenpl ary enbodi nent of the present invention. 10

Fig. 5b is a flowhart for recovering from EVENTs and traps in accordance

with the, exenpl ary enhadi nent, of the present invenfion. ;
Dot ai | Bivipg 8% Py ST Gredttlon ihi o, adeArdase ith (e CReRBIDL AP Of ng now 1 o
the dr gy meent miehtig.tially to Fig. 1 a, 15 there is illustrated th.e

overall systemarchitecture of the present invention. As shown,
I nstruction pipeline 900 includes a plurality of pipeline units, i.e.,

i peli Ltl .91Q, . pi pel i it2 920, pipeli, | t3 930 d
b1 pol 1 Rz 4 3 feelartfor rspypise m gpager Piaach mispredicihasf Gocgranee [ ust 1 at ed,
- the i ngfhRé bRSRiyRbbaINAR ofthe reRhiiEgedRpe Or |ess units. -

il
- Additionally, althbugh the pipeline units of pipeline 900 are illustrated
as coupled in 20 series, alternative connections are possible. For

| i | | i 930. b ) . i | el i th
o it 38 B Qe o brageh it meton maigtepene AL A s ostk uhitinthe *  "Bi el i ne

uni tl  SldnpTRY difbodimént®f BB UrEsentihveiitidn, UCt i on source for pipeline 900. That
IS, pipeline unitl 910 may fetch instructions from for exanple,

mai n menory, cache 25 menory, etc., and provide the fetched
' t fi tgt ' t ti [ | 900 for [ i ] th
W0 Bish b 34 bt BF teonteroy iBn BYENS: i dans bn acsordanes Pifbitfens © |

recei vegdnhfig etbodBatit oA MeProfht MOestitnt . and then passes the processed
i nstructions“to the next downstreamunit. For exanple, pipeline

unit2 920 may receive instructions from pi peline unitl 910, and may
decodet he, rrecei ved i nstructions. The decoded instructions 30 may t hen
be pas 1 S unit3 930. (OF course, in some processors,

| NSt UghioiIPSftem ArchitectuR! RERSHG v RARE iAinds) aid EiliAADIEEIA0 . the

i nstruction pipeline 900 would not” need
. there is illustrated the overall system architecture of the present invention. As shown,

instruction pipeline 900 includes a plurality of pipeline units, i.e., pipeline unitl 910,
pipeline unit2 920, pipeline unit3 930 and pipeline unitn 940. Although four pipeline
units are illustrated, the instruction pipeline 900 may include more or less units.
Additionally, although the pipeline units of pipeline 900 are illustrated as coupled in
20 series, alternative connections are possible. For example, pipeline unit3 930 may be

connected in parallel with another unit, such as, for example, pipeline unit2 920.

Pipeline unit] 910 may be, for example, an instruction source for pipeline 900. That is,
pipeline unitl 910 may fetch instructions from, for example, main memory, cache

25 memory, etc., and provide the fetched instructions to the instruction pipeline 900 for
processing. In the embodiment illustrated, each pipeline unit processes instructions
received from an upstream pipeline unit, and then passes the processed instructions to the
next downstream unit. For example, pipeline unit2 920 may receive instructions from
pipeline unit1 910, and may decode the received instructions. The decoded instructions

30 may then be passed to pipeline unit3 930. (Of course, in some processors, instructions do

not require decoding. In such a processdr, the instruction pipeline 900 would not need a

4
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decode unit.) I n accordance with the present invention, a second
I nstructi on wowossssigny be included in pi pel i ne 900. FACRAUSANIIBELL
pipeline unit3 930 may fetch instructions from for exanple, 5 mai n -
menory, cache nenory, etc., and provide instructions to pipeline 900. In
such a system pipeline unit3 930 may provide instructions to

pi pel i ne 90? during a tine that pi peline unitl 910 is not providing
i nstruct %ﬁ’e"’“gipeline 900. That is, typically, only one pi peline
unit provides instructions to pipeline 900 at any given tine (although in
~particular architectures, it may be possible that nultiple units provide

i nst r uct Inoarsordangewith the;prgesnt inventien, §isgeAndinstigsiop source may be includedsing yct i on

pi peline_l00 a Lncludes an _j.nsir.uckd L] i e,
PP e gt £, Bhel e YA B KA et e ORI
Pi pel i nepiaf fnemdif! cBURGHEMO) €tc., and provide isthictioht &sipelid 908, Thisudlie or der
recei ved, or out-of-order sequence (depending on, for 15 exanpl e, the

parti cul system,gipelinermitd 930 nodyeprpyide enstrmetions to pipeline 900 gnpag a tisedbat i ncl udes

branch predj.ction cifcuitry. . lL.n particul ar,.anp i racti.on soufce

such as. DirslineyaitpPLd fsionrevidine fbfrhedsns W aipehns 290, HiatiSdmeil Saty
sequent i ghl ineliRUENEprovides instructiGHs!ts birR1iRE 906 b ddySdivetChe falltbupR g hed, the
next seqﬁiel%l rlpgl ms?PYl?(‘:’Hegrll mafl nost E’gﬁt Ee 20 |nstruc!t&iﬂonu hat shoul d
be f et chedrticabat architecttues, ibmap b possitle that muitiple units proyidedinstiustiahs to

branch, for ,exgns)l,e, It would be desirable to instead fetch the instruction
at 1he t fmglipe 900 simultaneQlishdss of the branch instruction. Thus, pipeline
unitl 910 may include branch prediction circuitry so that after a
branch instruction is fetched, pipeline unitl 910 rmay determ ne

whi ch i ndtstuctioropipsling 10 diso inehudesan imstructidnrexebutionasst. dforeramplti, pipehing
branch instructions, 25, stati.c predictions be de. For, exanpl e,
the br an®Bith P40 mayiressivs instaagtiops frgin an upstream pﬂﬁﬁr‘gg Hpﬁeﬁ{'rg‘rfé?c‘l‘fﬁ&?ndi ti onal
branches ;i |4 M\E Eor htkER: @ggﬁ k& PR pb i fi the
branch targe%u%g?iézeg%gﬁﬁ%ﬁégtréta ghqr&rrgg%s%r?%%g tnjg ﬁ%g ne§<1 Og’egfjential

i Nn45r uct iegample, the particular architecture of the processor.)

U

Pipeline 900 includes branch prediction circuitry. In particular, an instruction source,
such as, for example, pipeline unitl 910 may fetch instructions sequentially. However,
after a branch instruction is fetched, the next sequential instruction may not be the

20 instruction that should be fetched next. If, the branch instruction is an unconditional
branch, for example, it would be desirable to instead fetch the instruction at the target
address of the branch instruction. Thus, pipeline unitl 910 may include branch prediction
circuitry so that after a branch instruction is fetched, pipeline unitl 910 may determine
which instruction should be fetched next. In the case of unconditional branch instructions,

25 static predictions may be made. For example, the branch prediction circuitry may
determine that unconditional branches will always be taken (where "taken" means jump to
the branch target address and "not taken" means to go to the next sequential instruction).
However, the branch prediction circuitry may also make dynamic predictions. In the case
of a conditional branch instruction, it is not known in advance of execution whether the

30 branch will be taken or not taken. Thus, branch prediction circuitry may predict branch

direction (i.e., taken or not taken) based on, for example, the "history" of branch
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However, the branch prediction circuitry may also nake dynam ¢ predictions.
In the casgygogsegie ©f a conditional branch instruction, itpdsSydfdfesdgho\n

i n advance of execution whether the 30 branch will be taken or not
taken. Thus, branch prediction circuitry may predict branch

di rection (i. ., taken or not taken) based on, for exanple, the "hi story"
of branch

i nst r udnstectionsyThus, branch-nformatipnmay bs Wmaednﬁhﬁbannwfonmxonm;th
| nf or MgfbAg e B fndication as to HAGH e&&%n%&a&m&&&%@ﬁg@@ﬁaa& (g Iast N

br anch nstructlon wer e cted as €n or not

t aken( acglally)wahen:dsr ot ﬁl«ence) g (bramuumnyy ormap provids adihdieatiod ofcvmylet e
or partial pranch [nstruction addresses or branch target addresses. The
br anch qrmairﬁ msg'uctlon S§R$ OF BEanch tareqt gddngasesy) T he branch mfo@?@élﬁﬂl e, a

tapbl e ltkesp’%@: -
|nstrucr}tﬁ%s'ons an g’cat gﬁ%g%ﬂa% elrergerly?leo'tlﬁﬂhe é:)cgr f”', g‘rﬂlbranch

mstrucﬂdﬂms mMommdakmdkau@ofWMhémﬁmhﬁk@hﬁfmibmmHBy be in a
"gl obal" form exanpl e, the branch informatiaon i ndi cate
for eadPstBictionwas %‘Fnﬂrﬁﬁ"éﬁ]&fﬁl) Or, the bran?hﬁlf@f&@@lpam,ay bR globaF foran. ¢ he

br anch fgaSiilel AP Srafeh oeBfih Al AlickRToPGEH A0 abe A Bhn or_not
%dd? %E¥lor @ 1I’a'lé(ﬁ"l I NStr

t aken, tegar e spe uct1 on. her forns of
br anch mstructions, whétbasrlmhbmhe dranch ﬁsmmaver@pmdidoé@s (or.actually) takeh n t he

exenpl ary enpodi nent of th esen ntion, each of the pipeline units

g~ or not %tvgﬁm Egatg, fgéﬂqeﬁaeﬁa%m girpctione (fher forras of bikagh

infor H&E}, c% cBRAGR6R. N storyl 15 911 branch history2 921,
I sto an

branch anch historyn 941 (in an alternative

enbodi nent, not aII of the pi peline units maintain a branch history). For
at | east sone of branch .instructiong processed and recogni zed
by eacﬁ“&%mﬁm"dﬂfé‘t Bﬁbémémdﬂﬁmm’ each °§ %@gqngtgof espective

branch hahRfiBR bifeind96G maintains respective branch information data, i.e., branch history]
15 . 911, branch history2 921, branch history3 931 and branch historyn 941 (in an alternative
embodiment, not all of the pipeline units maintain a branch history). For at least some of
the branch instructions processed and recognized by each pipeline unit, the pipeline unit

updates its respective branch information data.

20 - Each respective branch information data is maintained by each pipeline unit in
cooperation with other pipeline units. In particular, if a pipeline unit detects that a branch
direction was incorrectly predicted by an upstream pipeline unit, the unit that detected the
misprediction "back-propagates” its respective branch information data. For example, if
pipeline unitn 940 detects that a branch direction was mispredicted by, for example,

25 branch prediction circuitry of pipeline unitl 910, pipeline unitn 940 transmits its
respective branch historyn 940 to the upstream pipeline units, i.e., pipeline unit3 930,
pipeline unit2 920 and pipeline unitl 910. Each of these upstream pipeline units may then
use the received branch information data to update its own respective branch information
data. Alternatively, pipeline unitn 940 may simply copy branch historyn 941 to each

30 upstream branch history, i.e., branch history3 931, branch history2 921 and branch
historyl 911. Or, pipeline unitn 940 may cause another unit in the pipeline to perform the
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20 Each respective branch i.nformation data is naintained by each

pi peI i ne uni WO§9/54810 cooperation with other pipeline unitBCT/USI9/08611
particular, if a pipeline unit detects that a branch di rection was
|ncorrectly predi cted by an upstream pipeline unit, the unit that detected
t he m spredi ction "back-propagates” its _respect I ve branch

I nformati ony@g exanple, if pi peline unitn 940 detects that
a branch 4GP OF 8R “m spredicted by, for example, 25 branch
prediction circuitry of pipeline unitl 910, pipeline unitn 940 transmts
its respective branch historyn 940 to the upstream pipeline units,
i.e., pi p‘bddlh & ingargigstruction pipeline payiag mnse thanone dogrugHan SoYses,ibaenchini ¢ |

910. Each a e the
recei ved ﬁ ﬁ?tg%?é{bl oﬁ‘;’%{’ enﬁacﬂgﬂr@angésﬂ etav\t:'ll/}ir‘hrnespec?| vé branch

i nf gr mat iifigtructions switchés fidm me@bﬂlnemm%lmmwmm pibelineayitsFemp! y
copy branch historyn 941 to each 30 upstream branch history, i.e.

br anch h.gqam_v@mpmﬁhaﬁ@mt% P39 proyides mst@istionsyta pipeline 900, smcwn@lmew 911.
O, PipeliBG o1/ and pipetind Shits 926 Sre PRrlith 60 bipkiind MiGePo3t nbfier ppedGe’ O M

t he

Copyi Ng QinitiFAdHoR Pipeline unit2 920 L9 (dr ROGsseK) th'efinﬁﬁxctxaﬁsi ﬁfé@ideﬁ byifgink ne
havi ng nore than one instruction source, branch i nformation data

may be, fumit393@nIlhas, heitter branpla historyl 8Lk hort bramcht Histo@ i2daeécts the
I nstructiops switches fro ado st.ream ine unit t. stream
pi o i ne @%]@au%poncenungg} ct Rmé’ﬁg‘ﬂ&‘;de‘?x mnge &9%) ptbvi des

i nstruct i QRS dhRcPWitR kﬁé@wﬂ%@ary %MBB@inEHnPSf 1h@g)resent 1nventiH?1' tdch3ifle aRRdoRécRe! | ne
unit2 920 are upstreamf I peline unit3 , neither pipeline

uni t| 91Cofiinstrystipes switches fiom anmwsam(mnt (forcxemples plnehae unis3 3@ toans

provi ded b el | t3 9 0 h nei t her ch hIS 911
nor branc‘ﬂ}/sﬂ'g 92&5??’?8?? ign ]&¥$WFMW &ﬁa%‘r anch

i nstructi d éu@ﬁmlﬂ?éﬁcﬁ tidh da (ﬁlcéa%ﬁ@@%ﬂeﬁ th the
exenpl arywe&m&%ga g?ﬁ?’ﬁtéé)g‘éesent |nvelnt ?fgﬁ, eactﬁmur?e { he source

. of ¥onst r vuinfornratioswi t ches from a downstreamunit (for exarrpl e, pipeline
unit3 930) to an upstreamunit (for exanple, pipeline unit 1 910),
downstream branch information data is

Overview Of An Additional Exemplary Embodiment: Fig. 1b illustrates an additional .

exemplary embodiment of the present invention. This embodiment illustrates the present
invention as applied to, for example, an instruction pipeline for processing Intel

20 Architecture (i.e., x86) instructions (e.g., IA-32). As a person of ordinary skill in the art.
will understand, however, the present invention may be applied to instruction pipelines of
other processor architectures, such as, for example, RISC and CISC architectures, or any

processor architecture that includes the use of an instruction pipeline.

25 Referring now to Fig. 1b, there is illustrated an exemplary instruction pipeline 100 in
accordance with the present invention. Instruction pipeline 100 may include, for example,
six major stages or units (each of the pipeline stages or units may actually be comprised of
a number sub-stages), including an instruction fetch unit (IFU) 110, an instruction decode
unit (ID) 120, a trace cache unit(trace cache unit) 130, an allocation unit (ALLOC) 140, an

30 execution unit (EX) 150, and a write-back unit (WB) 160.
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bacﬁ-propagat ed. Thus, the upstream branch informtion data are updated
with curr ;7 I nformati on. Overview O An bkl

99734810 ! : | € APETUSSIARb11
Exenpl ary%gér'rbo Iment: Fig. Ib illustrates an additional exenpl ary
enbodi ment of the present invention. This enbodinment illustrates the
present |nvent|on as applied to, for exanple an instruction :
pi pel ine for processi Intel 20 Architecture (i.e., .x86), instructions

(e. -9 I‘“h:l szymplary embosiment of thepraseninyeation, !nSFrnctf%fesﬁhumt 110isa | |
under st an
3105 o A insth OB B3 Bk BURDLIR 100 1R BardBRlal Stbcub Ry oL | O

pi pel i T2 processor 1901 u suc or exanpl e,

RI SC afigit £ ¢ofetctes, ot @&hﬁl@&nac%-c@dhyinsnuctwns ﬁomrmmsmnorgrmmm gieicur e that -
i ncludes the use of an instructi Onﬂaf@ pel i ne. Ref er.r.i ng now to Fig.

1b, t hprogramsotdef usqrdente@rmd%mﬁbm Wit 8 stgeam Qﬁmﬁ%qnﬁem

et ugBan ekl s BoEHE bradd f@%ﬁ?ﬂg#’é‘%taé&%@%%@@?&éﬁ%Fatyhe

pi pel i Eﬁlﬁﬂ %%reﬁ{chl{ﬂ‘gét%dﬁy (BEBYHY Malfs ayiihicysediefion as to whethek opunber

sub-stages), including an instruction fetch unit (IFU) 110, an instruction
dﬁ: odenot the branch wmll be taken o1 2@, takenwhendhe braneh ummmnléx@cegu@ﬁe (jramely 130, an
a t 1

Wi ? 2?5%% oé cnl. @cp%'slnoch p"%edxc’uon for e\(?e)ﬁ?ﬁx%r'o%]odé% cﬁ%tm%égn 1tand a

7 recogn s; If br get buffer 113 predicts thathBErahdb Wil BbiHeltakddLE 26)

In the ex ry nt of the present invention, instruction fetch

Lo t 1i1ﬁstrust1cm fetch umt llocmnnmes fto fetcipinstmdtions sequentially. {brancistarastt i on
BRSO AT TG M0 O
instruction fetch unit 110 to fetch instructions starting from the branch target address. In
this manner, instruction fetch unit 110 does not have to wait for any conditions on the
branch to be fully resolved before it fetches further instructio'ni In the exemplary
15 embodiment, if branch target buffer 113 does not recognize that a particular instruction is
a branch instruction (even though it is, in fact, a branch instruction), it will not make a
branch prediction, and instruction fetch unit 110 continues fetching instructions -

sequentially.

20 Instruction fetch unit 110'pushes each fetched instruction into pipeline 100. If the fetched
instruction is a branch instruction (and branch target buffer 113 recognizes the instruction
as such), instruction fetch unit 110 also pushes into pipeline 100 a branch prediction bit
(not shown) indicating whether the branch was taken or not taken by instruction fetch unit

110.

25
The instructions and data pushed into pipeline 100 may be optionally stored in a series of
latches 112 between instruction fetch unit 110 and the next pipeline unit. The number of
latches 112 corresponds to the depth of pipeline 100 between mstmctlon fetch unit 110
and the next downstream unit in plpehne 100.

30

In the exemplary embodiment, instruction decode unit 120 receives the fetched macro-
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programorder in order to provide pipeline 100 with a stream of

i Astructi 0”%033)?431@ 5 branch instruction is detected, braagusesossii
prediction logic at instruction fetch unit 110, in particular, a -
branch target buffer (BTB) 113 nakes a dynamic prediction as to whether or
not the branch will be taken or not taken when the branch is eventually

. executed. (branch . targe uffer 113 es branch prediction for
every meRdsinsmstioRsfem Wﬂ%&?‘@h“?‘f 10Via 1afeh o AR E‘é’f?ﬁ?‘? MRATER

target b ?!F“'fﬂ%ﬁ chr%t_ I\‘Wﬁ‘ll 1kt
[ nstruct#%ifﬁ etc o{ij%\ilﬁt 1@’%@%%@&@@%& %%él?gﬁégta?gﬁgqgggé%rﬁelsal ly. If
branch tthegeicro-code instrudtiohs aito, fdBexangile dikeg+lentith RISC mstruationscatled wi | | be

taken, branch target huffer 113 jnstructs instructiqn fetch unit
110 to fRICTP-OPH S RORS: %@ﬁg macEt-£odegnstruction mayislegoda foone oL g oysthes oEmiqro;

thig man T t] | ( At any
conSZi ti oﬁg (;[r.%'E e?#éﬁ&&olpgMﬁ%@%ﬁ%ﬁ%“%ﬁy@%&%ﬁ%@g or’eanlﬁ'?f?‘ et ches
further {effijobaHly stofsd inlan ihdituctss ppolaal. 15 enbodi ment, if branch target

buffer 113 does not recognize that a particular instruction is a
branch instruction (even though it is, in fact, a branch instruction), it

Sont | nuels PEEEARR™ sbrdie R ne iéSeak igiof R b pibtE 108 ol 10
fetch unideodd SouresoBsrogaalink@actons. - Inirficidar ficed diiche hip@B0 BRrek00. | the

fetched . instruction is a branch instruction (and branch_ target
but@ er 1imBtructiongenuenses, e theform of miesp-ops, in high speed sadhig)memenytip gederéh f et ch

(ot ol trnite e e ins o plkearibinin TG RSBty FRcidnupi 0.
instruction fetch unit 110. 25 The instructions and data

pushed into pipeline 100 may be optionally stored in a series of )
| at ches h@cbeign@mthrﬂmq:mnlw embpdimant pt the presgntinyertione Rece¢ashe upié uni t .

The nunb f. latches 112 gorresponds to-{he. | peline 100
bet ween ﬁ%g‘r‘%%ﬁtﬁﬁ@ﬁ o %i‘ $'1n cacﬁgmeg}?d'y t esﬁéﬁ%@ﬂﬁ&?%’aﬁ unit in
pi pel i nepdGyhiRDinstruction fetchRnit2 0 §XAHAL A5 theSHROKHLERRburck (1. Whilé @icedecode
unit 120 receives the fetched nacro- _

8 cache unit 130 is in "build" mode). In particular, for certain instruction sequences, trace

cache unit 130 builds and stores (as micro-ops) sequences of macro-code instructions
which may be accessed as a block of code, i.e., a "trace segment". If the sequence
includes a branch instruction, instructions along only the predicted instruction path (as

20 predicted by branch target buffer 113) are stored. Additionally, trace cache unit 130 stores
the branch prediction (as identified by the prediction bit accompanying the branch
instruction). The structure and operation. of trace cache unit 130 is described in further
detail in U.S. Patent No. 5,381,533 to Peleg et al.

25 Trace cache unit 130 controls whether the source for instructions entering instruction pool
141 is instruction fetch unit 110 (via instruction decode unit 120) or trace cache unit 130.
In particular, trace cache unit 130 snoops the instruction path 122 (between allocation unit
140 and instruction pool 141). If trace cache unit 130 recognizes that an instruction
originating from IFU 110 corresponds to the first instruction in an instruction trace

30 segment (a "trace head"), i.e., a trace cache hit, trace cache unit 130 signals instruction
fetch unit 110 to discontinue fetching instructions. trace cache unit 130 then provides the

9
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code instructions frominstruction fetch unit 110 via | atches 112, and
processes code instructions in first-in,

(FI-FO ordee‘Jr6 ﬁ@ ructi on decode unit 120 decodes HH{}&(B: gode
instructions into, for exanple, fixed-length RI SC instructions cal I ed

m cr o- ops or uops. Each macr o- code instruction may decode to one or a
nunmber of mcro- These m cro-ops are assigned sequence nunbers
by al | éppropuigte unﬂtmct_;m to aﬁqcaalpe unit 140 from itsgashe memory,ticr, dxace cachn unit

instru on._poal . 141. n the,exe e nt of the present
| nvent igh SReRO srgetting” Rogde: Phen i6e PiRbF BAET-T heS Wl FE niestil oo of
prOgra'iﬂshﬁéﬁéﬂ%&éﬁ’éﬁnckdheqﬂéta&bﬂefifaché:h?sﬁ)?uﬁ@é?é&hb'ﬁhft 13¢hstrhoses 10
instruction sequences, in the formof mcro-ops, in high speed cache menory

in or dénstmetion fetch unit 114tte reqonnmme thdusglnStmctmnst(amdﬂmsapmmdsdlbgn uni t

cXompl 5 BRI, S0 iR AP 10 ssomimpes rrovicipatagretom e

130 buigligdstidAdnitt10es i nstruction "traces" in cache nenory. These
instruction traces are 15 built while instruction fetch unit 110 is
acting as the instruction source (i.e., while trace cache unit 130
Is in “build" node articular, for certalnl tructio nces,
trace lracecache ‘E’éd?é’ l{}&?&“ﬂg@%‘?@gﬂ%r@{% bracq ?h tergst gﬁéﬁ’%ﬁq uences of
macr O- gfifade itk cfibfl! €Re Bhahch Gar B HREL IS Pdynfibatgh Of code.
.e., a traeg]z&tsegrren?q‘sbra'?c#1 e sequenc?enaa)ﬁc fargét ?{Id S a M '
mst ‘ uptedmts "trage feave't comditioms 0 hrppartitulart, Aetrgveedchot mﬂt 131B1brbu1ﬂbs frcepat h (as 20
predi cted by branch target buffer 113% are stored. m&jdltlonal ly, trace
cache ipstructens tg allocation Unit 140, tracg b F?éﬁPtﬁPgeﬁ'e’t]i US@¥Rified by the
predic tg;ée he structure
and opttcal ati orY} é?& @%gmé}gc g}{l}glb? ngtrgct ensscnrll%é y %ﬁ*%}l b
-det ai | takenlor ot tRladrent No. 5,381,533 to Peleg et al. 25 Trace cache
unit 130 controls whether the source for instructions entering instruction
pool 141 is instruction fetch unit 110 (via instruction decode
yeit 1 fith , h lsobtdin2CE Cache unit .
130 sng‘gg‘ﬁ‘ ﬁig@ﬁ@ﬁlgﬂ%at%ﬁ%ﬁt yention, ckBnfiRh unft 150 obtd 140
and i nimstmchmnsrﬁ'qmdie mstﬂ:)cnohpomlrbﬂe ExamhmnumﬁlSD&iecMeﬂba nrie®-dgsah an

nstructi.on or U 110 correspands to t e fjrst
:nst r ﬂé!aq' em%oawmlﬂh%e ﬁierg mgdeeseﬁmoq@“tsﬁ%e ewc#, i e.,
a_traceyeacheudiohres hiAGS]e e?ﬁ%ﬁr&ﬁ%l% e%@&tﬁh%ﬂﬁ'l%ﬂ'ﬁ'&ﬁ& e ller (00 fetch

unit 1 t o "di scont I nue istructl ons trace cache uni 130 then
provi desrtiohef the pipeline. o

20
Finally, write-back unit 160 "retires" each executed micro-op. That is, write-back unit
160 commits the result of each micro-op execution to the processor's register set in the -
order of original program flow. Thus, write-back unit 160 is an in-order rear end of the
pipeline.

25

Dynamic Branch Prediction: In the exemplary embodiment of the present invention,
two units in pipeline 100 perform dynamic branch direction predictions, branch target
buffer 113 and trace branch target buffer 131. In particular, for each branch instruction
the respective unit detects, branch target buffer 113 and trace branch target buffer 131
30 make predictions as to whether or not the branch instruction will be taken or not taken
when it is eventually executed. Both branch target buffer 113 and trace branch target

10

SUBSTITUTE SHEET (RULE 26)



9 appropriate instructions to all ocation unit 140 from
it's cache MEWOI9¢9/54810€. , trace cache unit 130 enters apdHUsSRALEIY"
mode. When trace cache unit 130 detects that further necessary -
i nstructions are not in cache (i.e., a trace cache mss), trace cache unit
130 instructs i nstruction fetch unit 110 to recomence fetching

trace. oa REE Y b8 RGP eSRGTR BiSalelions iehy in pat, LSRGt “Elobel braden 2"
al | ocat i Gistéryi"t Altébal branch history deq&swaeq‘eﬁexamﬁle,lﬁQnaxe&ﬁdmé aﬁé’&tbn

- predi ctlon circuitry, trace branch targm; buf fer a trace
uni t i ncl(ielckranchiakenor motsalceuhofmkus clbmtmmcmar got emple,rmsmnon

| di ¢ |
Y nee cadhn bita10 iRz plabal R, TUhisto B {17, RS b blebch bbb Bame
uni § 140,113&@&&&1@;5}6&&%9%&&3& 119%s RRARHtALES ldctaPto%@nchtar et bufféily“am c

prediction as to whether the branch instructions In the trace segrrent w | |
be 113. C@h@spondmgby tmdee:ache unit130 mmhtmmmglebzﬂdpktenyT%aﬂrymlm of the
pr esent irfnven Sxec ti on 5#5 t.ai ns jnstructions from

t he i nst rOEY¥e ing Hs E@E}&P@‘WS nteriystep i n
the instry pgtlé gauﬁaﬂéd o1 fofira@é'}sra%ﬂfag%&%ﬁ&abiﬁ ft?acg%tf%r@ggéﬁg H&ﬁ#ef"hé‘”' ts

I’eCIUI red for mcro-o cones ava

execut i orand nmat:e biafich mr@l baffer Iﬁl}expdwthé histdries to be in a diffefent ﬁﬁ-rrgihdshe
[ te-back unit 160 "retires" each executed

|
Ir?1! 350' QS msm’&fmil fetchypnit él‘b&@i ,qache unit 130 use@litferent msthod do determineof each

M cro-op execht r TQEE rder of
ori gi nal progr am‘?ﬁﬁ)\%}ﬁ uegj ?x\?\?i L e- @&%%%%&%Acgﬁ%% %‘%%ru?ggg end of
t he trace bpinpk target buBfer 130 may expect the h1stones to be in the same form, thus it is

possible that only one global history be utilized by both branch target buffer 113 and trace
branch target buffer 130.
15
-In the exemplary embodiment of the present invention, for each conditional branch
instruction it detects and predicts as "taken,” instruction fetch unit 110 determines a new
value to store into IFU-historyl 117 as a function of the old value of IFU-historyl 117 and
the address of the branch instruction, e.g., "new" value = ("old" value XOR addr[3:0])<<4
20 (new value equals old value XORed with the lower four bits of the address of the branch
instruction, and then left shift by four bits). Accordingly, the lower four bits of the
addresses of several prior "taken" branches are maintained in IFU-historyl 117. The
history of the branch instructions may be calculated or represented using other methods.
For example, it is possible that a different function be utilized to determine a new history.
25 Or, IFU-historyl 117 may simply include a stack, list, or table of branch predictions (e.g.,
"TNTTNNT" or "1011001," where "T" or "1" represents branch "taken" condition, and
"N" or "0" represents a branch "not taken" condition"), possibly corresponding to stored

branch addresses. Other methods for reflecting branch history are of course possible.

30 In the exemplary embodiment, trace cache unit 130 utilizes a different function for
calculating a new history than does instruction fetch unit 110. In particular, for each

11
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Dynam ¢ Branch Prediction: In the exenplary enbodi ment of the present

I nventi on, two units in pipeline 100 perform dynam 1%55?(@
. . WO 99/54810 ﬁf
di rection pred?’ct |lons, branch t ar get buffer 113 and frace ?le{nc_h

target buffer 131. In particular, for each branch instruction t he
respective unit detects, branch target buffer 113 and trace branch target
buffer 131 30 redi ctions %s to whether or_not the branch

i nst r ucPragsh ygstmction taken gf ng ) 1t detects (snogpslalpRg instractionnath | v

eXecut o7 FkD @Gl 150 Rimibis b VAW BRFTEOARGRD A

buf f er ﬁm‘ctibnisﬁtéieﬂ historg ithe braneh addeels ahd ﬂqureAcﬁt:tlidrﬁ@.leI, tt)dk&nl@ﬁhﬁt talkgh),2
respective "glo branc¢ o L.story." A global branch history may
provi de&8 oPe‘ﬁx!!éﬂ? §,(a°3ﬁi thln'éﬁ XOR @ﬁ#@fmf niredictien (neyyvalue equals old valge | pranch
taken Okditdd - ] : r |

i3t T uct i Wit B lofp RF b YRR sd el e e PR Bl

| FU- hi siAeeondinkly] the lower four bits bf the alidressegiof seberfaf prior Branches, hé Svellass thy anch
predictions. ] EU hist 117 i i ntained |l gcal to branch target buffer

113. CoP FesHey 9? gcléé%a'tcac( Shior "nofdaken;” wheredorexgmple, "taker’t or y

TG hi st nan 1] (] il s in

maki ng ?{ag%grﬁgﬁmperde iactli (t)‘;riliglf3 q%ﬂl stgfdg%e%ﬁg&ﬂtédaarf&bi)g&én%ﬁﬂ%ﬁ%%d | ocal
to traci IfkhistoryblbRt Axsvitk IFU-istorirh ¢ 17, @kthd hesidds] mclnding) Eirfekample3

and trace branch target buffer 130 expect the histories to be in a

dit®f er eHhose Bieationgd above,gould beysed fogeflecibranch istomyi t 110 and trace cache
unit 130 use a different nethod to determ ne new val ues for the
histories. In a alternative enbodi ment, branch target buffer 113 and

trace biFUbistérsl 327 abd TCehistdBQ 138 \mapdecstired fitrebpettios sldft registess, fon t he sane
form thus it IS ggassible that. only one global history be utilized

by bot he¥apleplthepganaiherstoragedeviceanay; becised. (The termsJFEstoridrand(TGuf f er
L LSy o et R SR 0, [
"f8ken, the vadues) ciFlUchistoey IcH 7.amdi TO-hidtody2 E33veflest the histury of the branchal ue to --
store [otg LEu e o T e &S e Sl Y% Dl i stor ¥
As illustrated in Fig. 1b, instruction fetch unit 110 maintains IFU-history1 117 at branch
target buffer 113, and trace cache unit 130 maintains TC-history2 133 at trace branch
target buffer 131.
20
Maintenance Of Branch Histories: Instruction fetch unit 110 and trace cache unit 130
maintain IFU-historyl 117 and TC-history2 133 (respectively) in cooperation and -
synchronization with other units in pipeline 110. Instruction decode unit 120, trace cache
unit 130 and write-back unit 161 control updates of respective global histories, i.e., ID-
25 historyl 121, TC-historyl 132, and WB-historyl 161 in order to, for example, help
| maintain IFU-historyl 117 with current and accurate information obtained downstream
(relative to instruction fetch unit 110) in pipeline 100. Write-back unit 160 also controls
an additional global history (maintained at trace branch target buffer 131), WB-history2
162 in order to, for example, help maintain TC-history2 133 with current and accurate
30 information obtained downstream (relative to trace cache unit 130) in pipeline 100.

Moreover, since execution unit 150 executes instructions in an out-of-order sequence,

12
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t he address of the branch instruction, e.g., "new' value = ("old" value XOR
addr[ 3: 0] ) <<woX®/54810 (new val ue equal s ol d val ue XORed with thectassswessour
bits of the address of the branch instruction, and then left shift
by four bits). Accordingly, the lower four bits of the addr esses
of- several prior "taken" branches are maintained in I FU-historyl 117. The
hi story of the branch instructions may be cal cul ated or represented using
ot her net tramshranch informatiﬁmabbdéﬁphaimains in 8 table svdglobalastoties) TBI Ehistaryl

117 oy <P T tong Bt eat eeton i destee. PIRBIMOV LA (L. o
" TNTTNNT" 18T 81590992 5Pt ml\?lm%ﬁ 10 enabR! pi gelihe lOi)Qg bécovérthe Qéﬁ&‘f Qtatettf'rf‘iﬁ@

condi ti on, represents a branch "not tak
conditio ngl))balpbmamhﬂhgtomsrmebqoemdt that & braschoinstection is m1sprd:1haa¢hh5pinmaﬂare S.

O he rret for ect branch hystory are rse si hl 30
" the " xbAH-eipr ke Tor Fcaveagdhn pnky ot 58 0 st 149 cpod B,
funct i on HiBlory2 152 is used’fok kb ArirdGndiprRBut hhie bPTY-HiliBR2933S TaBRA el fetch

unit 110. partl c
11 summarizes the exemplary branch histories: SUBSTI TUTE SHEET (RULE 26)

branch i struction (whet her taken .or not taken It detects (snoops) al ong
i nst ruct r@% M‘m lin e cache ! nm nes a new val ue
to store Fh-BistpohER or yinstragtiondetsh unit 110 bmeh tasgetduffen bl Hprgdistionsor v,

t helCor anch-thwryethIand t instrpetisa decodeunit 120, | maitain IFU-historytlalddn) |

e.g., "nelC-histdryd 132( " ol dace\/c&bh&auﬁ(ﬁsmddrw @lainthiar IFU-lstediicti7on (new val ue
equal s ol TC hadtory2 133 tadRasichid ddit 1322 | ower whedbrahtl @rget biffer 131anch

addr ess, corrcatenat ed with the prediction). predlctlons Accordi ngly, the | ower

b g'tff ﬁmy;{%ofe v J%qmg &QL'eﬁr S ﬁ"Egﬁ*‘ﬁ'i efet K or
ted t ake
ﬁé? be 16 @{P 5 1 5 ACERG propqrﬁtamfw ot 117,

As with | FU historyl 1171abm¢113§r met hods, i nctbdi ng, for exanpl e 10
t hose nentioned above, could be used to reflect branch history. .
TBIT-history2 152  trace branch information recover proper state of TC-history2

20 table 135 132

Table 1

The flowcharts of Figs. 2-5b illustrate exemplary processes performed by units in pipeline
25 100 for maintaining and synchronizing branch histories. (In the following description,

each element identified with a 100-series number is illustrated in Fig,. 1b).

Referring now to the flowchart of Fig. 2, there is illustrated an exemplary process
performed by instruction decode unit 120 in connection with maintaining branch histories.
30 Instruction decode unit 120 continuously processes macro-code instructions from latches
112 in strict FIFO order (step 210). More specifically, instruction decode unit 120
decodes each macro-code instruction into one or a plurality of micro-ops (step 220). Each

micro-op is then transmitted to allocation unit 140 (step 230).

35 Instruction decode unit 120 next tests the macro-code instruction to determine whether or

not the instruction is a branch instruction (step 240). If the macro-code instruction is not a

13
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| FU-hi storyl 117 and TC-history2 133 nay be stored in respective shift

regi sters, yw@bosss10 exanpl e, al though anot her storage deyj /@15597%6 e
used. (The terns |IFU-historyl and TC hi story2 wi ||*‘€§ use 90 -

refer to the values and additionally to the storage devices storing 15
the values). IFU-historyl 117 and TG history2 133 reflect the history of

the branch . . . Jnstructjons detected by instruction fetch unit 110 and
{race cH@RGh mwmmwsvméep ypit 120 processes e peAtacroreede ipsfryctign | p,
instruc{?{egplbitch unit 110 maintains | FU-historyl 117 at branch

target burfer”113, and trace cache unit 130 maintains TC history2 133 at

trace branch target buffer 131. 20 Mai nt enance O Branch

H stories: Instruction fetch ynit_ 110 and trace _cache unif 130
mai nt ai ¥ themaerpods {nstrugtionsis @ branchingteyctjon, instruction decode waitd20i n cooperati on

a . ' ' ' M3 A4 ' ' | ruction
G5 ode SeterminSY B A Bucth pRedibib it Whiii of it i Byt ot 1S) (0
cont r ol mugelabaanclyfirectivopgeédistionpdrotha linsdtiuetion (s&p,250).€As dédoribedabove, diyst or y|
121, TC-historyl, 132, and WB-historyl 161 in order tqg, faor. exanple, help
mai nt ai braneh diggetion pradiction (fakem ornetiteken) By, branek targat buffer Hi3-s trapsmitted aj ned

downst r 1 r ' ) 1 RS 4 on ni -' i peline
100, vy itabeline 08 slorg e act s chdlSnblekof i e Eteitfieky eftdgige O
hi st or yinktfadtidhaieoedt it 120eduRs RoERetondBues! aprdditionltd BrandiRatbes bigffar 2
162 in order to, for exanple, help maintain TC history2 133 with current

aHYy hac cli3a tAccaadingly, iifhrafm gesbufipr bl3had raderashrenchnpredistion,iipgraction r ace
' 130) .40 .Di. . 100. .. . i . '
2008 U d 5 110 R i V8 A0 O

12 necessary. ~ trace branch information table 135 maintains in a
table two gl obal histories, TBIT-historyl - 151 and TBI T-hi story2 152
for each instruction it processes. TBIT-historyl 151 and

TBI T i 1 Q421 A5 & WL 0YRRP 13 BaB0F BBPHRAICAR, AR n BEGUShid N
15 120 determines whether or not the branch instruction was taken or not taken by testing the
prediction bit (step 255). If the branch was taken, instruction decode unit 120 signals
instruction fetch unit 110 to update ID-historyl 121 (step 258). In particular, instruction

decode unit 120 transmits the branch address to instruction fetch unit 110. Instruction

-

fetch unit 110 then determines the new value for ID-historyl 121 in the same manner that
20 anew value is determined for IFU-historyl 117, i.e., new value = (old value XOR
addr{3:0])<<4.

If branch target buffer 113 did not make a branch direction prediction (step 250),
instruction fetch unit 110 then determines whether or not the branch instruction is an

25 unconditional branch instruction (step 260). If the instruction is an unconditional branch,
instruction decode unit 120 predicts (e.g., a static prediction) the branch will be taken
when executed. Accordingly, instruction decode unit 120 signals instruction fetch unit
110 to update ID-historyl 121 (step 275) in the manner described above (in reference to
step 258).

30

Moreover, if the branch instruction is an unconditional branch instruction, branch target
14

SUBSTITUTE SHEET (RULE 26)



gl obal branch histories in the event that a branch instruction is

m spredi ct edvolowsggaoti cular, 5 TBI T- hi storyl 151 i s used KQIVUS99/08611
recovering the proper state of IFU-historyl 117, and TBI T- -
hi story2 152 is used for recovering the proper state of TC-history2 133.
Table 1 (bel ow) sumari zes the exenplary branch histories:

hi story . | it & .

'EO i o DGR 113 id not reE bt fihucilnt s such (oS8 SEBAAOKnBLIBRRRS (o )5
pr edi ct i prafich firget buffét 1i3sdid hyt makela predictioh), uad thefefof; dilnotstru¢0  mai nt ai n
| FU-historyl 11 . TC- hi storyl 132 trace cache unit 132

mai nt ai ninstustigngetshynit 139 to fetch instryctions gt the pranch target addrass. Thunhthanext 132
trace branch .tar.get ffer.13 . . . . .

or odi ct | BEuctiod i ipcfe 80 i€k the goprestingryetion, Aseorfipelyjagruction degadg, o

| F§ hi st gkiy 120 digndl® instructidr fetchiuitid 016 éopy Mishﬁgbmhmmh&ﬁﬁyl 117

mai ntain TG history2 133 TBI T- hi storyl 151 trace branch

i nf or mat (sinee ID-histongrl 2 1mosphas the eereech brancluhistosy,angd(IFU-history1 117 is not

table 135 T 117 ... IB[T-history2.152. trace branch
i nf or mat PIFeCt sinpeit didpot sake the cutet ampqnditionl biagr} B gonsideration) (Sep

table 13 : 3 3 : : " "
§75). Accord11%gely,ftfle value in ﬁﬁ-gn}sto'glggl g_egfb?cﬁxﬁl{lg{orpg%ated %pstr am" in

Table 1 owcharts e exenplary

pr ocessepippind bdhed by units in pipeline 25 100 for maintaining and

sy (ﬁgroni zing branch histories. (In the follow ng description, each
el nt identified wwth a 100-series nunber is illustrated in Fig. 1 b).

Referri “Qdﬂﬁi@n&ﬂyp,?}?rg&ﬁ%ﬁﬁb}f E uflit 120 Signals iddhtGod ot &g?ii@foex‘éstﬁﬂ, gxenpl ary

process I nstruction decode unit 120 1 n connection with
mai nt ai npaxtjchlag e howifetch instracti@(s beginningsdt thechranch telegeo address, andlaleo to

trict ugﬂ%y@%&e%ef}@ %ﬁbﬁ%ﬁ@eg“ o q%@{ L Lehes  ion desodinl,
120 . ! PR T oggeodsni
it 186 EBEERCRAL by TRGHA A Tl S 1P RR 0, one or & plurality o

m cr o- ops m Cro-o ntransmtted to

al I®cation unit 140 (step 230). 35 I nstruction decode unit 120 next
tests th cro-code instructiqQn to determ ne whether gqr, . not the
| nst r uct [Ehe IstRctinLs Rt aneaconditiopsl brapchingimgfion (step $e0)ninstractianfecode

ilgs_t ruct L 156 dS@fmifes whether or not the branch instruction is a conditional backward
branch instruction (i.e., branch target address < branch instruction address)(step 270). If
so, instruction decode unit 120 predicts (i.e., a static prediction) that the branch instruction
20 will be taken (a backward branch instruction typically appears at the end of a program
loop, and is typically taken each time it is executed, except for the last time it is
executed). Thus, instruction decode unit 120 signals instruction fetch unit 110 to update
ID-historyl 121 to reflect this branch prediction (new value = (old value XOR

addr{3:0])<<4) (step 265).

25
Moreover, since branch target buffer 113 did not recognize the instruction as a taken
branch, the next instructions in pipeline 100 are incorrect. That is, since branch target
buffer 113 did not recognize that the instruction is a taken branch, instruction fetch unit
110 must have incorrectly fetched instructions sequentially after this current branch

30 instruction. Thus, instruction decode unit 120 signals instruction fetch unit 110 to copy

ID-historyl 121 to IFU-historyl 117, and then signals instruction fetch unit 110 to restart

15
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branch instruction, instruction decode unit 120 processes the next

MaCr 0- code vw@9dddgd | On (step 210). Tt hacypsshmeaide
instruction is a branch instruction, instruction decode unit 120 5

determ nes by | ooking at the branch prediction bit whether or not branch’
target buffer 113 made a branch direction prediction on the

I nstruct,iqn (step 2 . As descri bed above, any branch direction
predi ctPt @be(gteBaggbt taken) by branch target buffer 113 is transnitted

in pipeline 100 along with the macro-code instruction. In the exenplary
enbodi nment , I nstruction decode unit 120 does not "second guess" a
predi ctifthe blmdhwmiﬂhar gmncbndlitienalb@anch, noth&onéhonal(ﬁanbwm branchy anch

t ar get .buffer ad br rediction, tio decode
unlt 1 ‘E”rﬂ!ﬁ‘ ?l?a&ﬂ‘ ot ﬁ?i B~ &%ﬁ@ﬂﬂ@%toryl

buf f er rioﬂ,n anttgxaiéhag&ga?x &Eé%})e ?rcltlﬁodrl]d n(l)tnst f{g% !cljec cggﬁ Logﬂe[az%%n&?r gitzo
det er m ngrartidubic HU-histopylt 117hie still amedet (siﬁderIHUt-}n@mrym%m&adesor not taken by

testing the prediction bit (step 255). If the branch was taken,
i nstr ucqusﬁlaae%wérm paly Siaken’ franches). Moreover; singeripstructian fdegads WHi t 110 t o

updat e gg“

decode iuinalliy %&%ﬁ%{%%#s%k@hﬁ ﬁbggggatﬁlé%ml etgogl%egaﬁi% ?lijic‘rg’zc;J e‘Q'#;et ch unit 110.
| nst r ucinbteution fetch unit 180 ehhaveicontidhidditd procestinstitictions seferitiilty\(whieh if or

| D-historyl 1121 in the sane manner that 20 a new value is determ ned

¥} | Fulidisinee branch targetibuer 113%did gt eeognizedhe braschdthuggrould not have
ddr[3:9 t br anch
i 1 ect | BRASPRopyesien el phis 1) Wl bR ubien A Boibdty. MeheRPRRERRG (hon

determ@@gocegyealqgé pro)not the branch instruction is an 25 uncondi ti onal
branch instruction (st ep 260). If the instruction is an unconditional
br anch,

The flowchart of Fig. 3 illustrates an exemplary process performed by trace cache unit 130
15 in connection with maintaining branch histories. Referring to Fig. 3, trace cache unit 130
snoops instruction path 122 and is in build mode (step 305). Upon detecting a macro-code
instruction, trace cache unit 130 tests to determine whether the macro-code instruction
matches the first instruction (i.e., trace head) of any trace segment stored in its cache (step
310). ’ '
20
If the macro-code instruction is not a trace head, trace cache unit 130 tests the macro-code
instruction and determines whether or not the instruction.is a branch instruction (step 311).
If not, trace cache unit 130 continues snooping the instruction path 122 (step 305).

25 If the macro-code instruction is a conditional branch instruction (step 311), trace cache
unit 130 updates TC-history2 133 with the branch address and the branch direction
prediction (determined by inspecting the branch direction prediction bit described above)
(step 312). In particular, trace cache unit 130 updates TC-history2 133 as follows: "new”
value = ("old" value XOR addr{3:0]) - prediction.

30
Next, if the branch is predicted as taken (step 313), trace cache unit 139 signals instruction
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i nstruction decode unit 120 predicts (e.g., a static'prediction) t he branch
wi Il be takewo099/54810 when executed. Accordingly, instructi onpodruseesei t

120 signals instruction fetch unit 110 to update I D historyl 121 -~
(step 275) in the manner described above (in reference to step
258). 30 Moreover, if the branch instruction is an unconditional

b h i . 1 a1 " "
12anc | %&Bmlﬁﬂm%%? g—ﬁ%@@‘ld}% ‘X‘é‘i‘ﬂ}ee%‘b‘i’ﬁaéiéfisﬁé-er’ngwuxﬁlPSﬁ as such
(because (3slaPvalae XOR ad&{R0])<RA{(step 314). branch target buffer 113 did not

make a prediction), and therefore, did not instruct I nstruction
fetch unit 110 to fetch instructions at the branch target address. Thus,

t he next ' i on,.i i peline 100 i s npoj..the ect
et ract | Ao ashe w30 SebichBindhsfo Boopitupiption balt 22 (38 388 7 g na <
I nssruction fetch unit 110 to copy ID-historyl 121 to | FU-historyl 117

(since I D historyl 121 now has the correct branch history, and I|FU historyl
117 i s ndfthe macro-code instruetionsis adrace headi (step 310), finee tdvhe anit 180 enercBtidarhi onal
branch into, gonsi at.i 0 st 27h). Accordingly, the value in

| D- hi st or‘??delgri}e? g?@f flgéﬁ'\)’ F%P%Er‘a"t?&ga@&dm‘h’aqme&#s Instructions from fiepe| | ne
100. 10  appropriate tff¢dIsbamER!th ¥ilodafidh bt 140 sSSP Al | ;

i nstructi gﬁ fpgtch unistgﬂiilo to (r)estaﬁl'%'lf’E ng §f§3, paé?rlga@%%éc?r}?%}%n‘&ﬁfetch
i nst r uct i 13@signaly instruetion tfetch anib 10 tchdiseomtiatie fedching instracttbmal so to

fltsﬁ)h the portion of pipeline 100 between instruction fetch unit 110 and

I nstructi on decode unit 120 (for exanple, by resetting the | atches
112) (st efpr 4 insthcti hef igg(?,}- i | : ondi ti anal
branch instrr uctlin(s)n (gtnetfoac%g%sleuinﬁg?g) C |l§)ér1sct ggg%ﬂetﬁm%t%,ﬁgﬁel Ciiezbmt

det er m nelS0uésts Whether ommitt thehiastiuction lis 4 brahthiitisiroctidrs(sp320Y i Kiaf Marubgsikvar d
branch instguct' n (i.e., brgnch tarq(%et address _< branch 1 nstruction

addr ess) (8888 8)5."%?‘?01_1, trace branch arget Ruffer A1 predigiscwtrtherer notithe bpansli ct s
(i.e.. a;ighRlction Rif Bk tikeR Ok nb@ked Qﬁexpé)?e@ﬁ{%d'(gfs% WG 4t Whst in part, TC-

15 history2 133) (step 325). Trace cache unit 130 then updates TC-history2 133 (step 330).

If the branch instruction is predicted as taken (step 335), trace cache unit 130 signals
instruction fetch unit 110 to update TC-historyl ("new" value = ("old" value XOR
addr{3:0])<< 4 (step 340). Otherwise, the process skips to step 345

20
Next, trace cache unit 130 determines whether the current macro-code instruction is at the
end of a trace segment, or a "trace leave" condition exists (step 345). A trace leave
condition may exist, for example, if the trace segment includes a branch instruction, and
trace branch target buffer 131 predicts that when the instruction is executed, the branch

25 direction will be different than that assumed by the trace segment (i.c., the prediction by
trace branch target buffer 131 is different than the original prediction by branch target
buffer 113). If the macro-code instruction is not at the end of trace segment, and trace
cache unit 130 does not detect a trace leave condition, trace cache unit 130 processes the
next instruction (step 346).

30

If the current macro-code instruction is at the end of the trace segment, or trace cache unit

17
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20 wi |l be taken (a backward branch instruction typically appears at
the end of m | oop, and is typically taken | ,t 1s
execut ed, evg?:g%g‘glhgr the last tinme it is execut ed) %ﬁ%yﬁﬂl .

i nstruction decode unit 120 signals instruction fetch unit 110 to update

| D-historyl 121 to reflect this branch prediction (new value = (old val ue
XOR addr[3:0])<<4) (step 265). 25 - . Moreover, since branch
target B30 detects agraek Igaymeonditiong tracecag HhE30 detemnynesawhethershenext

branch, _the next instructions i hRA i 100 are. | rrect .. That is, since
br anch fe&‘“{fﬁ@ ms&“mon 15 agﬁﬁ E?Sadl(%g 35@ r*gﬁle Pgﬁto ﬂ?’fee%"%f’ﬂésf & ruction is
a takenuhéeHial, insthidiiot Fetc® finit $16 MustBelgin fetching insthkfioRd'again aYRus, figéy rect |y
fetched instructions sequentially after this current branch 30

i nst r uccache unir30 signals insuctiomfetrhomitel 10rtb copy TChistanilsl32rie I chistoxyd f et ch

unit 110,10 . | D historyl 121.t0 | Ekhisto 117..and then

o tnai s e S pistory L 1T, Tahe SXErpisky epbiinioat, TCRistory] 432 isopicdto

15 ID-history1 121 and TRU-BRtdrfL1#Plndesthe Burt&R values ID-historyl 121 ahdFF(Y anch was
nei ther an unconditional branch, nor a conditional backward branch,

i nst r uchistomy UEtDdienotritake ibROcqmsiddiatips anhbranchinstmetionprovided hy tradeecachdcen.
Accor di ngl it did, 5 . ot . magter. that _branch_target buffer 113 did not
recogni Egit%‘%%tq?‘l m?ﬂhl?weé&brﬁﬁﬁeﬁ’. 133 (stepHSi).n particul ar,

| FU-hi storyl 117 is still correct (since |IFU-historyl 117 includes

I nformati on regarding only "taken" branches). Moreover, since instruction
dt@ode Hinally, trace cache il 30aignalsdnstaiction feteh wittitdhtotrestixt (step 332ken,

i nstruction decode unit 120 -expects i-nstruction fetch unit 110 to
have continued to process instructions sequentially (which it 10 did
since b fifted i Bfiort 5% il hORY (steBABOR ienddh fodbirel flee {eitinf oul d not
have fﬁﬂ&ﬁeﬁtfi‘% trScte fl%%%ructci on f(estegh ugit 110 tdgﬁtakec? Panch).
Accor di ispetrievediéstepe3di5)i nstructi on : is processed (step 210).

15 Fig. 4ais a flowchart of the process performed by trace branch information table 135 in
connection with branch history inaintenance. (trace branch information table 135 is part
of trace branch target buffer 131). Trace branch information table 135 maintains branch
histories in order to provide a meansj to synchronize the branch histories in the event of a
branch misprediction. In patticular, execution unit 150 may detect a branch misprediction.

20 However, since execution unit 150 processes instructions out-of-order, a special
mechanism is required to enable correction of branch histories maintained upstream in
pipeline 100 after a mispredicted branch is detected. Thus, in the éxemplary embodiment
of the present invention, trace branch information table 135 circuitry is utilized. Thus,
Fig. 4a illustrates a process performed by trace branch information table 135 for

25 maintaining branch histories "in order" for branch misprediction recovery. Fig. 4b
illustrates the process performed in pipeline 100 for recovering from branch

mispredictions.

Referring now to Fig, 4a, trace branch information table 135 detects micro-ops along -
30 instruction path 122 (i.., between allocation unit 140 and instruction pool 141) (step 410).

For each micro-op it detects, trace branch information table 13S stores certain information

18
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The flowchart of Fig. 3 illustrates an exenplary process perfornmed by trace
cache unit 1\@dbmagte i n connection with maintaini ng branch hi BCDUS2%208611
Referring to Fig. 3, trace cache unit 130 snoops instruction path-
122 and is in build node (step 305). Upon detecting a nacro-code

i nstruction, trace cache unit 130 tests to determ ne whether the nacro-code

any. £ 1 acetatsginysush aFahe RIS e idqRlncepiots bt 8 riaep. BB HRiCR"8P1s )
the macr ozgaESed With d mbtrdtbrasch iAStnitioh Sﬁ?é hzpydirade BRaschGnfdimation tablea3f3s est s

t he macro-code i nstruction an term nes whether or not the

i nst r uct i sores sneughrdatacte reercate, for example; ypnciuhistpry. In the exemplarynot, trace
cache unit 130 coptinues sno@pi ng. t i ruction th 122 (st 05). 25
[t he. neERBOPREE gk Ppdh BRowon die 35 HENRER el SRR TR o
311)5 1r ap@n&fkisry values, mmnﬁgtorwisyaﬂammt&?@tlsz deps3300i4ady, t he branch
address and the branch direction predi ction (determ ned by

i nspecting the branch direction prediction bit described above) .

(step 312).. In particylar, trace cache unit 130 updates.TC hi stor 33 as
ol Lowe: Ut mabro-brarich fhfipcionds pregictpd a5 apk- Yege iBfospmatipd t9bie f3s
predictio coneEl by J gy ' step
515yt r aes 38 seme cquatiqd it by (hothIeRoR AR Uit 11 PLFC Gl g nd? Btk

16 history value for TBiTelistonilt151] De.; ‘memnj datue TCold" stahreyXOR A dviB10])<tdde
branch address, i.e., "new val = ("ol .d" val ye XOR addr[ 3:0])<<4
(stHp 3148he "old" value bemgﬁﬁaéaét z&fﬁ@sem lihealﬁmﬁd&%@mﬁﬁwch HISETH%(HS-

I nstructl ﬁ%@ﬁfa&o%&tsirs ‘f)pecﬁ’&éa as not taken, trace branch information table 135 stores the

"old" value in TBIT-historyl 151.

To calculate the value for TBIT-history2 152 (whether the branch instruction was

15 predicted as taken or not taken), trace branch information table 135 uses the same equation
used by trace cache unit 130 in calculating a new branch history value, i.e., "new" value =
("old" value XOR addr[3:0]) - branch prediction.

Fig. 4b illustrates the process performed when execution unit 150 detects a branch

20 misprediction. First, execution unit 150 supplies the sequence number of the current
micro-op to trace branch information table 135 (the micro-op will be a branch instruction)
(step 450). Trace branch information table 135 looks up in the table the entry
corresponding to the sequence number (step 460). Trace branch information table 135
then transmits the TBIT-historyl 151 portion of the entry to branch target buffer 112 (step

25 470). Additionally, instruction fetch unit 110 copies TBIT-historyl 151 to TC-historyl
132, ID-historyl 121 and IFU-historyl 117 (step 480). Additionally, trace cache unit 131
copies TBIT-history2 152 to TC-history2 133 (step 485). Finally, pipeline 100 is restarted
at instruction fetch unit 110 or trace cache unit 130 (step 490).

30 Referring now to Fig. 5a, a flowchart is provided illustrating an exemplary process

performed by write-back unit 160 in cooperating in the maintenance of the branch
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5 If the rracro-code Instruction is a trace head (step 310), trace
cache unit wWi36h&Riers "stream node" (step 315). In FeT76853)

trace cache unit 130 provides instructions fromthe approprr at e
trace segnent to allocation unit 140 (step 315). Additionally, trace cache
uni t 130 signals instruction fetch unit 110 to discontinue
fetching, instructions. For each instruction trace cache unit
130 pr ogtsmrﬁt Buging aelml @neigton, wrife-back unit léameesrmstrucuons instrict130 tests

et oo PRt brdeP ey Fi0h. o i o RS il ots e tuack B ¥ER) 1t ¢ o
131 preﬁgﬁﬂﬁmﬁarfetbhmtlmr(ﬁﬂ%aaﬁéhmmmnwas ?'ﬁﬁdﬁébé’!abﬁcﬁﬁht aken

or not taken when executed (based on, at |east in TC i story2
133) ( si3(ptonsiate Whabi andrwBilastorzyaelﬁzumcw@lyrc-hr story2 133 (step
330) . If the branch instruction is predicted as taken (step
335), trace cache unit 130 signals I nstruction fetch unit 110 to

updat e TpaiGilay, ¥lthé bragvh wistaken, write%h@k uifh6e ngﬁas instruction faétriﬁx{@ 0] )<< 4
(step 340). Q hérw se, the process skips to step 3 20

trace cathto update Wmhlamﬂrtﬁlmibuﬁm HneW'tMuezﬂr('roédftvain(leode i nst r uct i on
is at t

h of a t e se or a "trace ave tion
exi sts ?&'@pohﬁg‘} S‘R‘ arﬂé(c%m éﬁfg SIg“atl;%‘mﬁetc?'Bl?‘F ‘Hﬁ&xiﬁwé{i’dﬂﬁ exanpl e,
i f the ggﬁg} i " ace
branch tar get er 131 pg‘%}. cts that d\gﬂ%ﬁé&?ﬁﬁég%ﬁvﬁﬁemrﬁ}% e&é@ut ed,
the br am:lbe XOR addr[3 o)) r mrediction (i this tase Jiptddictiom!' it Whethétthe bemshiwes by t he
trace se t@# ta?cﬁg)oredr ction by trace branch target buf f er
131 is 1 QIO original prediction by branch target
buf f er 113). | f the macro-code instruction is not at the end of trace
segnent, and trace cache unit 130 does not detect a trace |eave
condi t i 3he mticrapmcessohdetents terthicditives,ssush 8 BVENTS and TRARS, whish causti on
(step 346

(5 . BBk e o cr AR AR (VRS MAPHA Dbl 1
11s which are outside the scope of this discussion.) If the %H@t%ﬂo%r EVERTY &bkt 26)
instruction, or a TRAP is detected, the process in Fig. 5b is performed. Referring now to
Fig. 5b, write-back unit 160 signals instruction fetch unit 110 to copy WB-historyl 161 to
TC-historyl 132, ID-historyl 121, and IFU-historyl 117 (step 550). Additionally, write-
back unit 160 signals trace cache unit 130 to copy WB-history2 162 to TC-history2 133
20 (step 555). Thus the branch histories maintained by write-back utxit 160 are, in effect,

propagated upstream in pipeline 100.
Finally, pipeline 100 is flushed, and machine micro-code is initiated (step 560).

25 Other Embodiments: While the present invention has been particularly shown and
described with reference to exemplary embodiments thereof, it will be understood by
those skilled in the art that various changes in form and details may be made therein
without departing from the spirit and scope of the invention. For example, two sets of
branch histories are maintained in the second exemplary embodiment, i.e., the branch

30 histories at branch target buffer 113 (IFU-historyl 117, ID-historyl 121, TC-historyl 132
and WB-history1 161) and TBIT-historyl 151, and the branch histories at trace branch
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WD 99/ 54810

PCT/ US99/ 086WDh 99/54810 130 detects a trace | eave conditi onPCTAI82%086HIC he
~unit 130 determ nes whet her the next required instruction is a ~
trace head (step 350). If the next required instruction is not a

trace head, instruction fetch unit 110 nust begin fetching instructions

again. T [ . j Q.Sj lagy | i h unit
190 1o coper bR G, PapRPEIR kI OhiahBRTS) MFTRIENBR 855" 1™,
~I'n the exEhaak twy sesBOBiafEhistofies AleShaihtainedidecaie dappipelined100 of the

| D-historyl 121 and | FU-historyl 117 since the current values |D historyl

121 and |¢xgmplary embodiment dncjudes two yaits tranchitargetpuffer 43 and fraee branelhy br anch

s doas. Tt RSO e bR RRM: brapgh preaillohs Beda of Bt bR RERAD, ¢ 50°
si grpl s i WhéreliCdacR of fiRiprbdibiiig unib@xpects @thidtéry(valRe tébetalculated usinga | f the

next required instruction is a trace head (ste 35%g; the next required
trace segdifierent function. Ifithe predicting aitg wezspslesigayd to malee predictipys basgd b8 a

fl omchart, of .the process perfor trace branch. i Lat i able 135 in
Lot orangt MStRL s BR s ulFi R i By, Bicelink R WAl ER sG> | o
135 I's papfedicting unit, orfly ohé 8% 8f badélf Ristofied WoulHBd iRleddd 1 Xt is pbafisle Forane N
information tabl'e 135 nmi ntains branch histories in order to

provi de apmdixting noitstotmse predictionien b branch histary storesbini asingle devieet of a
brapch m spredictjon...l n . particgular,. executjon,unit 15 det ect a branch
o 200F 0 i Bhetsoven gt pipetiggi(inttuded & it Bras et Brafe i ohs.

instructi %h%e%&e%z?t%rtﬁﬁ-ﬁ setdf bRfch Alistories could beR&RAMHM I S required to
enabl e correction of branch histories maintained upstreamin

pi peline 100 after a m spredicted branch is detected. Thus, in the

exenpl ary enbodi nent of the present invention, trace branch
information table 135 circuitry is utilized. Thus, Fig. 4a
illustrates a process perfornmed by trace branch information table 135 for
25 mai nt ai ni ng branch histories "in order” for branch m sprediction
recovery. Fig. 4b illustrates the process -perfornmed in pipeline
100 for recovering from branch m spredi ctions.

Referring now to Fig. 4a, trace branch information table 135 detects
m cro-ops al ong
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30 I nstruction path 122 (i.e., between allocation unit 140 and

I nstructi 0@9093%?%}3,41) (step 410). For each m cr o- oRcirhusdsibist s,~

trace bran mati on table 135 stores certain information

18 inits table, such as, for exanple, the sequence
nunber of the mcro-op. If the mcro-op is associated with a
macr o- branch instruction (step 420), . trace branch information table 135

st or es Wt g |Claimied ¥s0 recreate, for exanple, branch history. In the

exenpl ary enbodi m trace branch inf.arnation table 135 cal cul ates

. t
(and stlres tractionp n?%an‘gcropmcfﬁs%ewnnpgx{l%ry val ues, TBI T-hi storyl
151 and TBI I.‘ﬂi'uﬁrﬁfi@" i ipetifie ift€ Rack cithe fiplline units processing b plliflityREr 0- br anch

instruction I's pr t'ed as taken, trace branch'information table 135 _
uses t imstreetiensetheplurelityof énstiugtiomiaciuding aplwialitycof branch instonctiongs apd ul ati ng a

new branch . | story, val ue for, IBI.T-historyl 151.i.e.. "new' value =
("ol d" val ué Pkﬁh‘g(dl? agg devicys, eqep of the PW@JL%.P StXV§F a.@hﬁ%ﬁ sﬁ%fhfghaé | ast

TBI T- hgésgeét e_b}arh’chqgfoﬁuhﬁ&ﬁa’até 5T bR asbAAER withsdt 1446t by Of the plurality | f the
macro-branch is predicted as not taken, trace branch information table 135
st or es of pipeline units, edchlrespeotive kyanch informationdasa peing getermined as a functigneal cul at e

th I for TBIT-history2 152 (whet the b | NSLruct | 15

pr e cotat I oag etk of Ry s perteR  po AN S35 e

t he Sa%ﬁn‘ﬁﬁg%tfb@@}ineunim used by trace cache unit 130 in calculating a new
I story va

branch ue, i.e., "new' value = ("ol d" value XOR
addr[3:0]) [velrerdin arfustome of 8t pdusiabity. of pipeline units pregicts p firstrespestiees t he

I Spr o GFBh GHectEen 0 ot 1% G0 PERE R 36 e Rt fnS PRRGCIEASY Pimber of
the curg;§ne of the plurality of pipeline units as a function of the respective branch

| information data stored in a first one of the plurality of storage devices, and a second one

of the plurality of pipeline units predicts a second respective branch direction for at least

one of the plurality of branch instructions processed by the second one of the plurality of

pipeline units as a function of the respective branch information data stored in a second

one of the plurality of storage devices.

2. ‘The instruction pipeline of claim 1, wherein the first one of the plurality of pipeline
units is an instruction fetch unit, the instruction fetch unit including a first branch

prediction circuit.

3. The instruction pipeline of claim 2, wherein the second one of the plurality of
pipeline units is a trace cache unit, the trace cache unit including a second branch

prediction circuit.

4. The instruction pipeline of claim 1, wherein the respective branch information data
stored in the first one of the plurality of storage devices is determined using a first
function, and the respective branch information data stored in the second one of the

plurality of storage devices is determined using a second function, the second function

being different than the fist funcion L L
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mcro-op to trace branch information table 135 (the i cro-op will be a

branch i nst rygtdesagio (step 450). Trace branch infor mat i RCT/USIS/0861135
| ooks up in the table the entry correspondi ng to the sequence -
nunber (step 460). Trace branch information table 135 t hen

transmts the TBIT-historyl 151 portion of the entry to branch target

copi o6 T8I T+ hiBp BgmetomipRig St { Jeretn o R4 GHEDS B gAY tpidelide”
| FU- hi st ghivd is tdpablSéfdetdtidy braidH niispodictivns, hidwbehtitdeatfohie d8the
. copies TBIT-history2 152 to TG history2 133 (step 485). Finally, pipeline

100 i s r pipeling wnits copies the regpectiyg braneh infarmationdatmsteredin adistiongof theache uni t

1 ust r aPIFRKAL i darigtio i akdi S Sr e ey Br e BHABA Bl 1, 75,
i N coopetiid dife dfithd Plardlity 6f sipaliteurifs deteetsty brasdh misprediction.
19 SUBSTI TUTE SHEET (RULE 26)

hi stories. During normal operation, wite-back unit 160 retires

i nstructions ik stric T Lagr Qr de 1 510) . For..each a
macr o- br &nch hﬂgqu{i%’h?‘pﬁ}lﬁ %&Ag&f M e{e"i%’ﬁ(tﬁ"ggne optlﬁeé’ﬁ‘gﬁgtyio struction
fetch unpipefid@uitd islah@xEdudidg fmithst ruct i on was taken) and trace cache unit
130 to upé)ate WB- hi storyl 161 and WB-history2 162 respectively. 5

In particular, if the branch was taken, wite-back unit 160 signals

i nstructi,on fetch unif. . Q t dat -historyl 161.as foll| ows:
"new' vall7u§a = 6’]‘%"‘“’%% Bﬁ’e&’&%?fl°]‘alm 5w e&@pﬁgeygf?%qfée #\frgpﬁyﬁfs%‘rzfg(ee_ back
uni t 160 4gyigd A a¥sdciREE with @ Butth bhe df8e pRurtiRgdF BipbBine units, and th¥ ®Eed/enel 62
(whet her the branch was taken or not taken) as follows:; "new' value =

("ol d" 1lofthe plmliw@fmqus 6 aspeniatpd ptha fifth one of the phirality o€ pipeline
t grkgﬁl) ct Iugﬂs, the ﬁ&ﬁ ghg &f thie rf)?mgﬁt%%%%ipve\ﬁﬁe units being ufni&te%t%l in'thd fsflctfin MOt
pipeline relative to the fourth one of the plurality of pipeline units.

8. The instruction pipeline of claim 5, wherein the at least one of the pipeline units is
an instruction fetch unit, and the first one of the plurality of storage devices is associated
with a trace cache unit and the second one of the plurality of storage devices is associated

with the instruction fetch unit.

9. An instruction pipeline in a microprocessor, comprising:

a plurality of pipeline units, each of the plurality of pipeline units processing a
plurality of instructions, the subset of the plurality of instructions including a plurality of
branch instructions, wherein a first one of the plurality of pipeline units operates as a first
instruction source during a first time, and a second one of the plurality of pipeline units
operates as a second instruction source during a second time, the second time being
different than the first time; and

a plurality of storage devices, each of the storage devices storing a respective
branch information data and being associated with at least one of the plurality of pipeline
units, each respective branch information data being determined as a function of a subset

of the plurality of branch instructions processed by the associated at least one of the

\ -
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The m croprocessor detects certain conditions, such as EVENTS and TRAPS,

whi ch cau - the m croprocessor to execute machi ne g - ;
( EVENTS aﬁﬁ%ﬂ’goare conditions 15 whi ch are outside the éé&g%gﬂg} t-hi s
di scussion.) If the m croprocessor EVENTS on an instruction, or a

TRAP is detected, the process in Fig. 5b is performed. Referring nowto
Fig. 5b, wite-back unit 160 signals instruction fetch unit 110 to copy
\/\B—hhsphwlitypﬁmppbnemuts; TG historyl 132, 1D-historyl 121, and

| FU- hi st oryl 7 (step 550).. Addi.t [.0na i te- . [t 160

si gnal s tra@ﬁéﬂ%@%‘ﬁﬁ%ﬂgggﬁgﬂygwps Sir‘;ﬁ}gleit%a? B ii?f-! ﬁ?ﬁ%z 133 20
(step %%?ﬁvyviﬁlchfiﬁfohhaﬁwddu Stofd ift  fifstionk of fhRcplimalivy dftseorigerdevives,t 160
are, in e

_ ect, o gr.opagat ed upstream.in_pipeline 100. . _
?68? | yhezmspmdeprsdmuos ¢ing £oral leagtnneof the plbmhfsmfdorw@ém@cnm iated (step
. 5 her . Enbaodi B e .present invention has been
particﬂ%eﬁ?dé’ﬁg%ﬁ]&%‘&m&qhgs&ga%%gﬂlb@éﬁ(fﬁ%“@h reference to exenpl ary

enbodi ments thereof, it will be understood by those skilled in the
art that various changes in formand details may be made therein

wi t houtlOdepdiheiingiructiompipelineof ¢laim 3, further 6pMpPHSinghe i nvention. For exanpl e,
two sets of branch hi i | ' '

exerm ary. crsSERRPaciOLaryY Bt o nfhedshh NBLRRE et WsBBEERy |

buf f er flddiohlofihetesieetivé branch infdntatieh Qatdlstotétlin aldecondomy of thd BRirality and

WB- hi storyl 161) and TBIT-historyl 151, and the branch histories at trace
br anch of storage devices, the second respective branch prediction being for at least one of:

" OB ot bbb o Ay O RaBRT ot ha bRy P Bl

mai nt aiypge because the pipeline 100 of the

11.  The instruction pipeline of claim 10, wherein the first one of the plurality of

storage devices and the second one of the plurality of storage devices are a same device.

12.  The instruction pipeline of claim 10, wherein the respective branch information
data stored in the first one of the plurality of storage devices is determined using a first
function, and the respective branch information data stored in the second one of the

plurality of storage devices is determined using a second function, the second function

being different than the first function.’

13.  The instruction pipeline of claim 9, wherein a third one of the plurality of pipeline

units processes instructions in an out of order sequence.

14.  The instruction pipeline of claim 13, wherein at least one the storage devices
includes a table, the table storing a plurality of respective branch information data, each of
the plurality of branch information data corresponding to a respective instruction

sequence number.

15.  The instruction pipeline of claim 13, wherein the third one of the plurality of
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exenpl ary embodi ment includes two units (branch target buffer 113 and trace

branch wo dosagdt buffer 131) that performdynanic branch pecrdssstosens
based on the branch histories, 5 wherein each of the predicting units -
expects the history values to be calculated using a di fferent
function. If the predicting units were designed to nmake predictions based
on . branch histor lnformat i on cal cul ated the sanme way, or pipeline
100 i ncl ngﬁpgsgagqqﬁfg predicting unit, only one set of branch
hi stori es woul d be needed. It is possible forthe predicting units

to base predictions on a branch history stored in a single device. 10
Nobr eover ,16i f ﬁl‘hzeahstnmtlbﬁ(plpahnb ofiddina 91 whengin athirdtamgtof thecplumnlitief pip¢lingnch

| Egﬁ?hc}jleoqupns’ ﬁ@aofdemcMgcgnC%I\ﬂ?sglz‘e éu%%g,a%dt Ierrcglmsa eagtfoneo?%:h histories

pipeline units copies the respective file information data stored in the first one of the
plurality of storage devices to a second one of the plurality of storage devices when the
third one of the plurality of pipeline units detects a branch misprediction .

17.  The instruction pipeline of claim 9, wherein a third one of the plurality of pipeline

units fetches a next instruction as a function of the predicted first branch direction.

18. A method for maintaining branch information in an instruction pipeline of a
microprocessor, the instruction pipeline including a plurality of pipeline units, comprising
the steps of:

providing a first plurality of instructions to the instruction pipeline by a first one of
the plurality of pipeline units during a first time interval, the first plurality of instructions
including a first branch instruction;

determining a first branch information data as a function of the first branch
instruction and a value stored in a first storage device;

storing the first branch information data in a first storage device;

copying the first branch information data from the first storage device to a second
storage device;

providing a second plurality of instructions to the instruction pipeline by a second
one of the plurality of instruction pipeline unit during a second time interval, the second
time interval being outside the first time interval, the second plurality of instructions
including a second branch instruction, the second one of the plurality of pipeline units
being upstream in the instruction pipeline relative to the first one of the plurality of
pipeline units;

determining a second branch information data as a function of the second branch
instruction and the first branch information data stored in the second storage device; and

storing the second branch information data in the second storage device.

25 HIIIIII IHIH IIIH Hlll H Il

SUBSTITUTE SHEET (RULE 26)




21 SUBSTI TUTE SHEET (RULE 26)

What |'s O yig@pkabiy 1 An instruction pipeline in a mcr ¥l
conpri si ng: a plurality of pipeline units, each of the pipelline _
units processing a plurality of instructions, the plurality of instruction
including a plurality of branch instructions; and a plurality of

. storage_devi ach of .th lurality, of storage devices storing a

r espect Fg &ﬁﬁgﬁ Iﬁmﬁnﬁa%acmm S@B@&:l ated with at |east one
of the plura iehié: rmation data.
bei ng detern*)ne tﬁé ggﬁot%m% eas one o‘#%ﬁ 5’%?‘3*‘%9‘ of branch
i nstrucsdcond;bmdt:ﬁﬁ‘amhthndhtae at Ieast one of the plurality of pipeline
units; wherein a first one of the plurality of pipeline units
predicts a first respective branch direction for at |east one of the
pluralisy of ThL gl did?%iali Gi3l R &&&&ﬁﬁ(&hggh gefirst one of the

pIurallty of prpel1ne uni s as a e respective branch

i nf or mati on alamatmgasqﬁencemrﬁbarsdﬂﬁrsecdnﬂwh&hﬁhslmhoﬁ,y of storage devi ces,
and a second _one of the Iural Ipnty of . pi peline unltstpredl cts a second
respective bfeiFaRnMEath tagie fgnctionofthe segpnd prageh br anch
mstrucﬁ;s?‘gamplrocessed by the second one of the plurality of pipeline units
as a functron dof the respective branch information data stored in a second

one of the pétoting ir ytable entiythothirdbranch $nformation data, the table entry being

indexed by the sequence number.

21.  The method of claim 20, further comprising the steps of: -

predicting a branch direction for a third branch instruction as a function of the
second branch information data;

detecting a branch misprediction if the predicted branch direction is incorrect;

* retrieving the third branch information data from the table entry as a function of

the sequence number;

copying the third branch information data to the second storage device; and

copying the third branch information data to the first storage device.

22. A method for maintaining branch information in an instruction pipeline of a
microprocessor, comprising the steps of:

providing a first branch instruction to the instruction pipeline, the first branch
instruction including an unresolved condition;

determining a first branch information data as a function of the first branch
instruction; -

storing the first branch information data in the first storage device;

predicting a branch direction of the first branch instruction as a function of the first
branch information data; _

determining an instruction address as a function of the predicted branch direction;

retrieving a next instruction from the determined instruction address;
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2. The instruction pipeline of claim1, wherein the first one of the
plurality of wow4gioe units is an instruction fetch unit, the PGTUSAH086dN
fetch unit including a first branch prediction circuit. 3. The -
instruction pipeline of claim2, wherein the second one of the plurality of
pipeline units is a trace cache unit, the trace cache unit including a

second branch predi.cti.0 ' | Lt . i ction pipeline of claim
1, wherein the P&%ﬁ%#}fe\r}‘ée%b%#g@qnn??}eméﬁgﬁgéﬁs#bred in the first one
of the plurali hNocatinglaGeq@mce ainbestoithe fifst brafitlndtructiong a first function,
and the respective branch information data stored in the secqond one of the
plurality of sdetcrgningasesend bmnghinfermation data asp fmgtionihg frstwanch,  t he
second fu&%{rg&{lonbei ng different than the first function.
22 5.7 The instruction pipeline of claim1, wherein a third one
of the plurali storiaf iRk ablé oftrytthe sécond beaehinforrahtisiedats,ithetable emnytbeing
m spredi ctions, and wherein at |east one of the pipeline units copies the
respect i vindgxethbntheseauense numberat a stored in a first one of the plurality
of storage devices.to,a.secon of the plurality of storage devices when
the third one B?SOWBFLPF%IH °§“§’r‘%61 peline units detects a branch
m spredi ction. detefmining dd8ctidl rariehidirebtioh &0l fuReticd oftharesobvingistepj n t he
third one of the plurality of pipeline units is_an executjon unit.

comparing the actual branch direction to the predicted branch direction; and

if the actual branch direction and the predicted branch direction do not match:
retrieving the second branch information data from the table entry
as a function of the sequence number;

copying the second branch information data to the first storage
device; and
flushing the next instruction from the instruction pipeline.

23.  The method of claim 22, wherein the predicting step includes predicting whether

the branch instruction will be one of taken and not taken.

L
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7. The instruction pipeline of claimb5, wherein the first one of the !
plurality of storage device is associated wth a fourth one of !
plurality of ‘BP[?@F H® units, and the second one of the pl ural i F&t}g‘fss‘%’f’%ﬁﬂhg_e
devices is associated with a fifth one.ﬁ? the plurality of pipeline units,
the fifth one of the plurality of pipel K% units being upstreamin t-he
instruction pipeline relative to the fourth one of the plurality of

pi peline units. 8. The instruction pipeline of claimb5, wherein the at
| east one of the pipeline units is an instruction fetch unit, and the first
one of the plurality of storage devices is associated with a trace cache
unit and the second one of the plurality of storage devices is associated
with the instruction fetch unit. 9. An instruction pipeline in a

m croprocessor, conprising: - a plurality of pipeline units, each of
the plurality of pipeline units processing a plurality of instructions, the
subset of the plurality of instructions including a plurality of branch '
instructions, wherein a first one of the plurality of pipeline units
~operates as a first instruction source during a first tinme, and a second
one of the pl uralg']t'y of pipeline quifs operates as 93?econd instructiq)
source during a_second tine, the seCond tine being[dy ferent than t2g4?1rst
time; and a plurality of {storage devices., feach of the storade
devices stgring a respectiveg branch ijnformatipn data aphd bei ng {associ at §d
with at |egsBranehot,the pl ur Branghofl pi peline Braneh kach resgeBraneh
branch i nf oridistoryl ¢lat a bei ngHistoey2ri|ned as aj History8n| of a suljsklistofynte

-

plurality @f branchlinstruct]ions prodessed by|the assotiated at] | east ore
of the 23
plurality of piljpeline units; ,

920 930 940

~

Pipeline | | Pipeline | Pipeline | Pipeline
Unitl Unit2 - - Unit3 , Unitn

L

900

Fig. 1a
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a first prediction circuit for predicting a first branch direction as a
function of twoorsaggeecti ve branch information data stored i n apé&tAgbo/gagn Of
the plurality of storage devices, the first branch prediction being for at .
| east one of the plurality of branchllyyéuctlons processed by the first
one of the plurality of pipeline units: The instruction pipeline of
claim9, further conprising: a second prediction circuit for
predi cting a second respective branch drreetton as a function of the
respective branch information data storled in alsecond one of the plurality
of storage devices. the second respectilve 8 an¢h prediction being for at
|l east one offthe plurality of branch instrecti ¢gns processed by {t he second
one of the pJurallty of pipeline uni sﬂ 11. The in ructior pipeline of
claim 10, wherein the first one of t Tty of st age deVices and the
second one of the plurality of storage devijces are a sare devi de. 12.
The instruct{on pipeline of claiml he respective brjlanch
information Pata stored in the firstn b plurality of stlorage r—

devices is dptermned using a fifst fumncti and the respecti Ve branch.
information fPata stored in the &&cond je prararity gf st or age Q)
devices is dpternined using a segr function, |the second -f Unctli on bej
different than the first functi om. 3 e |nstruc on (i pgline of
claim9, whefein a third one of %he o uralltv of @}pggwe unit g processes
instructionsjin an out of order 3equence. 14. FThg' structlon pi peline
of claim13,|wherein at |east org th,‘SIOWQQE_mav#ce I'ncludes |a table, the

table storing a plurality of reéﬁec%+ve-bﬂénch nfornati opn dabg, each of
the plurality of branch |nfornatt9n|fata gQgrrespondi n\tof a ﬁ?§pective
|

i nstruction pequence nunber The mnstru,tiﬁngpi r? f claim13,
wherein the third one of the plur@lj{y of = o y v
p E%l y = B-
5| R N >
o ¢ N~ =
= NH| 2
U =
= o =
. 4 / ¥ rL‘)S
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o [~alre] =
Lo gle (23
c |l T
=" T
[oa]
= oy
o o2 o
=4
o

¥ y b o
— — — — :
p- N - Z. .a-
| R A Y D
DSl S Sl D Sle
MM NS T
= b = =] |e
O O N 1
O o N D r—
«© .Eg
<]
& 1 ~(|=8
= — =

SUBSTITUTE SHEET (RULE 26)



pi peline units is an execution unit. 16. The instruction pipeline of
claim9, | third one of the plurality of pipeline uRdggudesngapabl e
of detectrﬂg;g%%ﬁ@% m spredi ctions, and wherein at | east one of the -
pi peline units copies the respectiveégéée informati on data stored in the
first one of the plurality of storag vices to a second one of the

plurality Storage devinces when the third one of the plurality of
pi peline ¢gnits §EARFts a pranch m sprediction . 17. The instruction
pi peline claim9, whe¥ein a third one of the plurality of pipeline units

fetches a next in truction &0a function of the predicted first branch

di rection. A net hg or mai ntaining branch information in an

I nst ructi on pra §‘ﬁe2f a nj croprocessor, the instruction pipeline

i ncl udi g f pieline yinits _conprising the steng of .

provi di ng aI|ty of inftructions to the instruction pipefi Q by
a first one o ralitly of pipeline units during a first tine

i nterval, the f|r t pIurallﬁﬁﬂﬁ |nstructions including a first brahc
i nstruction; det erarni ng
function. of pdeedd ffdcrér anch instfuction and a value stored in a figs
st or age dthBa InSWUCNOHStor'ng the first branch information data im
first stlo (ﬁgw ﬁf copying the first branch information

fromt hg f|r ad dPV| to second storage devi ce; pq o
a second plurality of |nstrﬂaﬂ(n1 to the instruction pipeline by alsg
one of the pluralwty of ingTructi¢n pipeline unit during a second tijnge
i nt ervalf, -ﬁg QKSPﬁE i pt ervalf being outside the first tine inti

the secdnd Pﬁ nsgructi qns including a second branch instqugtf pn,
the secdnd one'® plura Ity off pipeline units being upstreaminj|tpd
I nstruction plpellne relative to tflhe first one of the plurality of gibqgl|ne
uni ts;

macro-code
instruction a branch
instruction?

258
255 3z
' | Signal instruction
Branch farget Was branch fetch unit fo update H
buffer prediction? taken? yes ID-historyl

>—

Signal instruction fetch
yes T unit to update ID-historyl \265

:

Signal instruction fetch |
270 unit to copy ID-historylfo [\_o4g

Unconditional
branch?

- {FU-historyl.
Conditional Signal instruction fetch unit
branch?
L -

Fig. 2 :
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deternining a second branch information data as a function of the second
branch i nst Risgbéedza@nd the first branch infornmation data stor @€CTvusIDA8s!1

- second storage device; and storing the second branch information -
data in the second age deyi ce.
25 19. ¥ claim18, further conprising the step of:
predi cting a branchdi nn/f og third branch instruction as a function
of the second branch i nf [ at a. 20. The met hod of cl aim 18,
further conprgsrmg—tiE bLBBi ] al l ocating a sequence nunber to the
second branch instr d dh ermning a third branch I Nior Ngi4 @&
data as a function of th- st3HingliphJa

secog Qbranch i nstruction;

table entry the third bgRach i rmati-on data, the tz y~bei ng

i ndexed by the sequenc® numb§r— 21.  The method iti hFr
conprising the ste T-ve -1 rgnc imddrodsranely f Os thifr ¢
branch instruction as_a .70MRf the second bra CiRsirEiRINTE rorNQat h:
detecting a branch m sprge ection is

3r|§ t he predicted bragch '
i rd branch informat "gfedat @3¥2 om the
table entry ap_g

Shem Qef@lfl% luence nunber; copyi+g the [Hifd

branch i nf orng ”H&'P gl"@o d storage deviikg, i copy| g

the thi e URit.i RIpWARERICEORSITAM ¢ the first St%ﬁg@gﬁ:@gb*s&o&ﬂ '
trace unit to allocation unit 313

i ncorrect; retri-

Branch faken
Macro-branch ?
no instruction?
Signal instruction
fetch unit fo update
Make branch direction | f~ 325 TC-historyl
prediction
¢ I330
Update TC-history2
335
Branch taken
?
Signal instruction fetch unit o f340
update TC-historyl
346

Next instruction

ISS]
Signal instruction fetch unit to copy
TC-history1 to IFU-historyl

1! 852
- Signal instruction fetch unit fo
Fl g 3 restart. Provide instruction address

required instruction

trace head
?
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Sae el

22. A method for maintaining branch information’in an instruction
pi pel i ne o&Y~I oprocessor conprising the steps of: ng a
first bran 3?%54? uction to the instruction pipeline, the flrst dra)a(l)?lééll -

i nstruction including an unresol ved ﬁgzgltlon determning a first
branch information data as a functio the first branch instruction; -
storing the first branch informati Ln-the first storage device;

predi cting a branch direction ofgthestAﬁpt b)anch i nstruction as a function
of the first branch information dqg rmning an instruction
address as a function of the predicted . rectlon retrieving
a next instruction fromthe, ' ' address

U
providing the next instructfon t ?"ﬁg m!%Q-PGct i on [BTDE TN
al l ocating a sequence nunber to the fi{st branch instruction;

determ ning a second branch informati Q& data a tion the first branch
I nstruction; storing in a tah g secorld branch i nfornption
data, the tabl e entry being i ndexe gguence nynber;

resol ving the branch conditi : . g an actual branch
direction as a function of s ' ' conparing the agtual

branch direction to the predictwe "Wletion; and if the
actual- branch direction and the pred| gt anch direction do not nat¢h:
retrieving the second branch infornmat data fromthe table entry

as a functlg Oof t he sequence nunber; 'coanong i he
second bran R,quornatl a 10 re—TTTst bLU[dge ~ eyice;
and |ruo||||| fhe pext—tnst ot Ilt e )
i nstructi 0‘1 Qeternineaind StQKB TBlTl'nﬁ@ tlhod | oP e@l‘@lﬂﬁ@'ﬁ S | istory!

predlctlng STep Tncl udeg predr ciing mhet er

Fig. 4a

Csm)

Execution unlt prowde sequence number
to trace branch instruction table 450

v

Look up sequence number in frace branch
instructiontable 460

¥

Transmit appropriate TBIT-hlstoryl o N 470

480 branch target buffer | 485

v _ v
instruction fetch unit: copy TBIT-historyl to Trace cache unit: copy TBIT-hlstoryZ to
TC-historyl, ID-historyl and IFU-history1 TC-history2

i ]

li ! fetch :
Restart pipeline at instruction fetch unit or
__trace cache unit 1490

|
Fig. 4b
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the ™fch instruction wll

be one of taken and not taken.

27 WO 99/54810 PCT/US99/08611
6/6
( START )
510
! ~
—>»{ Relire next instruction |«
L
Instruction
no macro?branch
520 525
M v v ~
Signal instruction fetch unit to Signal trace cache unit fo
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| |
I
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