; e3eoj j kdl,@&m6, oTobl 14  EFFI Cl ENT PROCESSI NG OF CLUSTERED BRANCH

| NSTRUCTI ONS ~G00002* Backgmﬂm I nvention , Technical Field This
invention relates to mcrop wm!”ﬁ"m@’chl tecture) and in particular to a
system and et hod for processingghranch instructions. ~acl ~rgund 4;t Mdern

processors hagetdre: capacity to process nultiple instructi onﬁc.ﬁ?gq rgégnt ly
at very high rates, with processor pipelines being clocked a aﬂ i es

that are rapidly approaching the gigaher tz regine. Despite the inpressive

capabilities of theg?gggjglg‘?gqopa,othgﬁy@@plcﬁgsmb%%@%hpUt on a

bro = on ations 1s often, lim

par@ﬂ”ﬂﬂﬂ“@%]@%ﬁg the instructions INSIERRUULESNSd. Wil e there may be
suf rces to process, for exanple, six instructions

concur r'$M%y) dependenci es bBawkgrotinsd i mdt rtbet i bmeeritdonly . allow al | . six
execution units to_be ke .u? , i[e problemis magnified by the |ong

| at ency of cartai aT-egé’-LéEf—eEEr?‘z" . £l hat DifatiBYSRIBAE FGERES | 'As AN ERAPTBFRS SOFOr
exanpl e, |ong : 20 l.qad, .l ctlo S ut.ion of

i nstr.uctions ?%?Z’?Egg‘%éh?‘gdn @hgakigtégf lﬂelungplsgglc?%.a{cr&gg\neﬁgg) Kg‘#rook | at ency
instruction fgisdeesidg | ggercdd iy uiwcangly. i nstructions starve the processor
pi peline of instructions to execute. Menory | atency problens are

exacer bat ed on proBeakgrauns Bave Modermgpmeessaroddvar gee tcapicity ito t he
nearest |evel cache. The result can be significant under-utilization of
processor resB[R‘ri'-é%.”’G&HE&qu‘éﬁf‘]“;‘&“cﬂ'ﬁeF@" BEFeBHY a 3hnVardc ReSs| e owid on

met hods to ideat]f Loi{ the jn cition |level parallelism{"ILP")
needed to fu|F€°°{]' %’ﬁ}gﬁﬁ%%a{a&l&% i"J‘[!f’(g%éaojfat AP RIS c e oPtS F2BIFY er ent
approaches ha eRi; Lediboadkdepldife N9 rep@n jdg it to the
processor res%ﬁ?%gsal%?ﬂexé’rlr%l ee, Reé%gé{é% Qlﬁ 155%6\9(? 2%$§%%r)'%]tJSQSJZ 13" 4

| nstruction Sespdiilipiesent( RI&GE) prockidas! thes aniady idsthatiokeliroughpulty,
fixed length instructions and i ssue themseveral at a tine co their
appropri ate eRBc#tPOAdr CERFIr EEIONARY WPEGAIORS] issoBapndmited b¥saddck of

ot et ons BRAARE bR UL, BELGRRRHS I R SRR oo AR B
may be sufficient resources fo process, for example, six insuuctions
concurreatly, depeandencies betwesn the Instructions rarcly.allow
all six exescution units to be kept busy.

The problem is magnified by the long latency of certain
operations that gate subsequent instructions. For example, long
latency on a load instruction delays the execution of instructions
that depend on the data being lcaded. Likewise, long latency
instruction fetches triggered by branch instructions starve the
processor pipeline of instructions to execute. Memory latency
problems arz exacerbated on programs that have working sets too
farge to fit in the nearest level cache. The result can be significant
under-utilization of processor resources. Consequendy, there has
been an increasing focus on methods to identify and exploit the
instruction level parallelism ("ILP”) needed to fully utilize the
capabilities of modern proceséo'r's'.‘

Differant approaches have been adopted for identifying‘ ILP

and exposing it to the procesior resources. For example, Reduced
-1-



Sonme -advanced processors al so enpl oy conpl ex, dynam c scheduling techniques
in hardware. Conpiler-driven specul ation and predication are alternative
approaches that operate through the conpiler to address the bottl enecks
that limt 1LP. Specul ative instruction execution hides |atencies by _

i ssui ng sel eM@W It ructions early and overl appi ng t hem wi t 347421374

non- dependent instructions. Predicated execution of instructions r:duces -

t he nunber of branch & nstsuctions ~heir .attendant l.atengy .probl ens.
Predi cat ed 11EtHUEN o%% ?‘é%‘?‘ é’gcrbr(g‘ﬁgh i ﬁéﬁq‘%&‘?%ﬁse%"f hécﬁg“gﬁlﬁsequent
code bl ockssp i1 GoRel UiaBAl | s @4eCUh e dNIHUCORS WGh £ap ghtery, be
executed in parallel. Fredicztion may al so operate’in conjunction wth
specul ati onHey; samsidpriat cenpyenent rabuackdl t i eyl ddphdugtieongmicdzenhance
paral | elism and reduce the overall |atency of execution of the program One
side ef fectthsf isReedbiEILFEsARS B EBTRVABYHIONED] $xtdnsivr depindency
instructi ons%‘r ad to Eecorrcﬁwcé gstaered :Evo ether, Even in the sence of
predi cat i on" AT 8Becdfat f or), =k P2 HTRFGET aithy REIRSSFOCtRPeERNE swit ch
constructs gaghe | dJafﬂ%Edek?@c.ésfsbrs‘:Qﬂ% ribloy G FledSt&n SHANCH
instructions 1n close proximty. There |s tHus a heed r systens and

met hods t hagcipeduliss dahsitiquesl br amafiwarat ructions efficiently. Summary O
the Invention -2 WO 99119' 197 pCTN5991 Z1374 Tie present invention is a
net hod for proceSSmpilpr-dfcten nstacydrtiionsand f peddinetign fare i sltgemeival |y

applicable co an rosranmi ng strate chat clusters branch instructions,
agg :t i's pﬁ??f%%hgﬁly’ﬂsgfpﬁga?ortspd%ﬁr JEFiB‘?]mE ‘aF%ﬁ‘fl‘gEf%Ir § (:JS :As)
that suppor g sP&EiAt ke qlmi:prne_ﬂtcaswmaeieeaﬁ%ﬁ{:@ﬁ@ﬁeem&um%ea sent
i nvention, one or nore branch instructions are placed in an instruction

bundl e. Theldtaatidictiyorissiing Getiened! induadrionecei 9nageqyeadeppinghi n the
bundle, with the branch instructions ordered |last in _the sequence- The
bundl ed i nstheft ivoinB atker r AASFdgaeadens mssagtionn. unPradicadidc akedutyn a

tenplate held that is assocgiated.with the bundle. The first branch .
i nstructi on®f nIATERGHRRAR £SSUERL eI BHmBSTLE glé'af‘ﬁat “'i‘%"‘%‘ié‘s‘%ﬂsvé‘agt gk"éﬁ is

nstruct i o . ! At 3! .
Sequence | 5 CaRaPablRERTH, BroltdRREly PRl atedfd HRHAERRR? Tl A"

instructionsns@ierichar atd ethededsifnequenndode biedks GoMR| exhdidonaMg nore

conpl ex branch instructions are assigned to a selected position in the

bundl e, I n axethted anbGdtpens which mani wient benexetwser ancgrraBel return
and control, of the pcessor i s retugned tqQ theinstruction

f i nt t).
| i heeweout FERSAINERIREbI 1ol AGTHE 17 conndion Wb Shecdlation &
i nstruct i onghatpReoURLEEGAREIRT Qﬁéﬁmda?n%r{s;&ﬁxc#igﬁlﬁs)sc? épga&c% the

i nstructiont hatencount eredtheinterruption t yet anot her
enbodi ment gfaraNelismvandi pedudhahbr anedilli sa@népt off rexfeegtivaabf ,thand control

of the processor is returned to an instruction bundle
Frogram.

One side effect of the above-described code movement is deat
branch instructions tead to become clustered together. Even in the
absence of predication and speculation, certain programming
constructs, e.g. switch constructs and “if then else if" constructs, can
cluster branch instuctions in close proximity. There is thus a need

for systems and methods that process clustered branch instructions

efficiently.

Summary of the Inveation
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followi ng the instruction bundle that contained the original c311. Brief
Description of the Drawings ~ . The present invention may ,be ~ understood
with reference to the following drawings in which |ike elenents are
indicated b i unbers. These draw ngs are provided to il

sel ected ' X}(Sb 95/\??6999/ 199Z enbodi ment; of the present inven%ﬁ%ggﬁj-’;re-
not intended to limt the scope of the invention. Fi,;s. LA and 1H are flow
di agrans of a coURe st hefempnand Afthethq@odhf i bR by ul ati on and
predi cation, Fio. 2 ?s a bl ock di agram of anraiogg{ r}ﬁgﬁ%ﬁnbutﬁl@lﬂgﬁf or

provi di ng imstmgapbinonsfiiciemthr.océssorgepiepdly npplizasbcasdagmge with the
present invention. ' Fig. 3 i5 a black diagramof a processor pipeline

i ncl udi ng | RFISTABYT U1 R 3@ Yanaadicdpersalbraneycassuctianbe andr it is

i mpl ernentinn th resent jnvention. Figs. 4A-dC are bl gek di ggrans

i cat | ng RN oRsant Mo "bisdfcclin sss HrhiieRtas: RS AoRtar
executed i ,w[d iiidh t Rga P Loyention. ' Fig. 5 is a how chart
of a met hO(rjk ~7n aggg‘?\ég&nce Wf’% Fﬁi%?ﬂégght i nvention for processing
branch instructimsaccetiahtedwhihs chisspresef igBenrldieBht 0r Therd AWrhA¥W NO

di scussion sets forth nunerous specific details to provide a thorough

under st andi ingUBICIyARS 2% eptaced. iHoteiasTuethon ebwidlor diTer insgkétioni n t he
art. having_the Qen%i.t of this disclosure, will a@prgci }e chat the

i nvention ndy BECRItcdd FERBULT ¢ HANEREpW iR et JRPdle. | Wikudht i on,

vari ous wel wi u )inC . an I LCUi have not
been descri%rég&?ln ”élgt?gie?g;ﬁ%] gl;%el}r@&'t {)a%?olgugﬁgﬁ}gﬁ%ﬁ%ﬁ oﬁ“‘}%hg%#edg dures of the
present i nvigRtitionkherpr esenteirdy ent iexBciifoR BMRSCiRdEHSeaEbhOg for
processi ng branch instructions efficiently. In accordance with the

i nvention, tzraplale i histd ubet owsassosigedupedt ithe Hundéd.es Tineafirsmpratcho

i ncl ude non-branch instrHct' ona ,The bundl ed instructions arc_ordered in r
an execut i oSSR &MnitP R B an®IuRen, Se3RENS Shdfededresaltedn -2 WO
9911997 PCf 1~13'=, 1 he CyLio c ' i tion_simplifies
the logic ngg%glsa{r;y d%’ﬁ%‘%‘?sggé a%éﬁgﬁ@?r §£t?—qc}}ns§qg%g'! flgg{rﬁftlgf’%sm

suppr essi ongd  dssMRIbd NSdduiEdd=078 ;@ﬁ,gy\gc@g a taken branch, instruction
tenplate is also provided tor specifying allvWd conbi nati ons of branch and
non- branch instrle; poasenitwditem! af ehentivedemna ptanchalindtyuaioresxaceit i on
ordered sl otﬁ)-a terrpqiate field, and a stop field. The tenpl ate

accommodat eSNBFERENZEhsFIRASIBRS D EBrRNFADDIFHEY t RBD| BTesFBMBIEX execut i on

order. Instguction . i s, are indicated, by the temlate field,
and groupi nég“})éfh i‘ﬁgégéﬁgéﬁt g?ﬁﬁ@%ﬁ&efloﬁcs_aarsg?ﬁcgﬁ c%?ség‘"&ym_[ Héet enpl ate and
stop Fiel dspuhhlt: di 3! 986GhR ARGRIPMESE LT ik TRYONAh, S uRardragetl gkl y usef ul
foe processing code in which branch instructions ate clustered in close

proximty. Fewrpufposesneftuigt vatd ainomw! vhrtheupraspeat Ss ofettimed noent i on
are described with reference, to an exenplary ' ruction Set A:

y | nst 3
chitecture EPSARSHEIQhHI B pFREALHAT c?ﬁq’éﬁ‘EF’spf@iIGI"’éFSoFP% dnfEdauen
| at enci es an LR, e ring: ch jnsLr i cri bed
bel ow, whi cﬁg?iy‘*g‘%%ﬁvf%fegdu%? 6’?"’,"%?‘%&%( tlte)%lflsﬁl %&eds ,%i ﬁef‘?ﬁg@‘éﬁﬁy
addressed byhiheicenesied Nhenin@fcapRdne(fdMJadlts)St (® ydJanbbhert hese is
shown a control flow diagram of a code seCrent 100 organi zed as a series of
basi ¢ bl ocs et20¢R)mdR0(d) tix dnventiowellys Yraack isl actetusQrom 4alasind bl ack
is a sequence of consecutive instructions that ate executed in order from
the first i FOBRY PENHF RIPSSEIRTuSHhIEMIGeE nte |1adsins et thidler t he

sequence) W th ossi.hil,i hal ti ranghj ng. except ;at the
| zst instr ué%?@%?@oﬁ??oﬁ#?&aéﬁls#%rbgjn(%‘g {h(%p?cncﬁ{é?}r?‘l?pt @%2%}“??%\?\6%/%@, occur
becureea instructions is a basic block). Control flow diagram 104 may
represent, for exanpla,, the control flow of a code segnment prior to any

optim zation by the conpiBeief Description of the Drawings
The present iovention may be: understood with reference to

the following drawings in which like elements are indicated by like

numbers. These drawings are provided to illustrate selected
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-5 WO 99/ 7979 PCTN59821374 1.”.- the exanple, basic block 120(b)
termnates with a branch instruction (HR=) and rrans:ers control to basic
bl ock 1:.0(c) or 120(d)) dependi:~g on the branch condition e:5at controls
BRZ. In one case , control :ZoW through instructions in basic block 120(c)
to a branch w@sé/faez ion (BR3), and in the second case, contrptrTVssagii7ar ou3h
the instructions of bask block 10(d) to a branch instruc:ion BRs -
Predication allows HR2 to be elimnated and the Instructions of basic

bl ocks 120embodid(rd} ¢cbH-thbi pedenReimeention Rod tee Fide. idkBndédere limishown
the code of Fig. | Afollowng predication. Here, HR2 is elimnated. The
predi cate éb%imnpf(ﬂf. IPEMIMpmpare (?~~8)) is used to 'enerate

predi cates chat contrql caondition execution of instructions fall ow ng
BR2. The instru t‘!gfb'nég‘ofangag c *b zi‘k‘% BEEs a%dalﬁiéedfe%‘?‘énﬁ&r?gm’ed and
predi cat ed oy bgirc i AEkaliBA(18y) 50861 8dPClg 0oL Bci@ReT alion is 1o mope

BR3 gad BR4 together. Additional ustering of Bcaach irlstruceons may
occur, for exanmtig, Dys appblydali psedn cat aANinsGruBRén (Fitdle! 9y and col | apsi n5
the instructions of basic blocks 120(f] and 1200) into basic block 120(e').
| nst ruct i o onNidinge iMGFEIENS tonBbABIGEsBPOGpelind (in acantian2e( evirh t hr ough
specul ation, In additi.on. the predication process may be iterated with BRI
and 'its .d86gRrEeHadPEERiI8RKks 120(b') and 120(e'), further clustering

branc' n instructg.gnsy ; ﬁm:g- i,S e hhed: | eat er derail
to provide a conltlgzt83 |l%ha\iﬁ??§ sé?é%afr}éosléﬁ‘ ga?%gs%fa eén}%r é‘léég‘rll?{nl vention

may be illupktratadn bafidre apdempipial StdgeANsyitblé Udd QbR ing def i ned
as a group of instructions such that all of the instructions within the

group may Bheetpresentd ipgasUenently or serially with the cnd result bring

,identical (assum ng,, however, that tnetnory semantics ar_ sequential). The
conpi | er gener at Soﬁé\'&fr%?eblioﬁ t HARTAEY HrBeHing then Bo®o@é sefFeht  usi ng
the ~t - 6 : oR_.PCT/ L , d. abqgve-descri bed t hods tg reduce .
i nstructi onwgggeggétﬁglzeéfm%dHgg@{;%tt}%d%i %‘% %nac‘g‘féoé% ?icﬁ%?’ﬂ%s in &‘r uctions
of a group ggn ﬁ}@_spﬁpct(ﬂ@@ntignpr ocessor resources for-concurrent processing
and retired r~l"ati~ely rapidly. The tnstruccions 'tn a group are bundled in
sel ect ed corbi naFigun$.is Thiftobuctdrt nf a2 methdesdn i dvedrdmcewwvith shpeeds up
concurrent processing without requiring additional ' hardware. -A programin
this | SA cOPIRSEBESICHERBe 06 BFOGIISING CPIARTS, IPHEREHPRS.-bundl es and

organi zed in instruction groups. The instruction groups are statically
delimted by stop bits that specify inter-inst-action group baundaric;. For

purposes of the fol |l owpgafied UBSkEAssiomSt HEChEN IRG4I6@N can be

considered to occur in |lour phases: 1. r~ad the instruction from nenory

(fetch) 2. read The &olttwirgtdisabsssomt s5tsi forntecregnarous( spadific derails
to provide a thorough understanding of the invention. However,
those of ordinary skill in the art. having the benefit of this
disclosure, will appreciate that the invention may be practiced
without these specific details. In addition, various well known
methods, procedures, components, and circuits have not been
described in detail in order to focus attention on the fearures of the
present invention. .

The present invention is a system and method for processing

branch instructions efficiently. In accordance with the invention.
branch instructions are grouped in bundles that may also include

non-branch instructions. The bundled instructions are ordered '%n

an execution sequence with the branch instructions ordersd last in
-4-



3. performthe specified operation (execute) - . 4. update the
architectural state, if necessary (update) In the a=enplary tS~. every
dynami c inst:uc:ion within an instruction group behaves as though its read
of the nenory state occurs after the update of the nmenory state of all
prior instrw&9%9A®in the instruction group. Sinmilarly) everRFTHNNYHE
instruction within an instruction group behaves as though its read of thé

r~gi Ster state oc&urs before the dat e.of the regi ster state by any
i nstructi oMY F6RUSR FERETACS o ?H CPH%‘tgr“‘ﬁ?:‘f‘?‘brF”S’rPi‘Lﬁis udOEW thin an

i nswecci on y 1 G J.ead rowWed : n L1t e (VAW
regi ster dg%‘g%]%éﬁgi (E}g t(r;bec'r:u’)t bgﬁcg’welﬁgfrgg%lgﬁx\la%@cgmltaég%?{%ﬁr?%%ﬁ

regi ster dppendged cirgsni@ml foMedin EXgekkANBrdn@nt hese restrictions are
allowed for certain types of instructions, , , Dynamc RAW WOWN and wite
after read (WARAmEmsirYctiepenemptitesiardsaljrometkdnifohi spenfyingt ructi on
group. That i s) WO 99A9°?9: Pg TN598rZ1J7a | oad instruction wll obser~e
the resul t 3gP™35e GPIRPINAEOSTE Oft BFE Fo 20He NeANRIIRERDINE B AINss, Bhel in the

event of | tiple nstructiQns dn_the.inscr, sctign group tq_the sane
addr ess, %Pgﬁt\?\@ ﬁﬁ([:‘g%{ a?rélﬁhéh%es" | £XBFUTAR ?%dteéi‘% _ @Pﬁeaf %I"F@\Mcng
execution gfa1d hQndngt §dapt FRI4IN OUhe HEMBIASNad B3 hBEhIeQNbEHRUPS, every
dynam c instruction within a given instruction group behaves as thoujh it

i s execut ethattaioghdagpumiregg ofithlihd rissr ubtti omse fecamonhergerevi ous

instruction group. The exenplary |IS:~ can, supqggbrt a rich instruction
vocabul ar y IRHACH AR e85 d9HERFETSE aGnpnEiEafddy niisr hempde fisleo so)

instructio pegi fi | sufficient bits to distipguish their
function. §§8?§§é“§§‘5§xg"gnfﬁ"é‘§%¢\§g¢"2‘€eP“iTe rjnoélﬁdaﬁ“omh?%éaewhg’cavai | abl e
conpile ti rgg_em'gm{@r R Qfbp | leMsBQ bit IS A) instructions are preferably
provided in 1Z8 bit packets that fully specify grougs of three instructions

in selected confliteatdieci®sed Tharseh ipretessinf omeghodipis pretiowjapld dsefulhei r
appropriate execution units through tenpl ates associated with the group and
are di scus$@H PIPC§EEABerOdet B} | WHEN0rangh | igsHYFUAns hafe Chistpieds dmt

i nvention i ot limted to architectures, having a particular, nu r of
b ter e g, Ratthiriihisfe, oo P, drr il RAUER, Y B bR G

di scussi on jj$epfi8geNLed ddschRid® Piiharddedy chitect w th-the

under st andilhget rllat per sons cski |1 eﬁtpnr?ﬁé}légr ?6 avi angF%érybeaef e of this
di scl osur e, Ingtrukivec&zni 2echirecomndi (13.8) | that nenedsys priedicpijdy ddde

invention to other instructions sizes. Referring nowto Fig. 2, there is
shown one GPRBBEALIAMIO oFediiee] hentiesi aRe RFRTSE - sulraptlasesngc8hveyi ng

pr esent - mAERTE B FRELRT | SRR Sty el dast: p RN udtion
fields or shets @kBaiquedlOf(L)effieddiftidabysed M5 I Upki PPeselit invention.
Referring first to Fig. 1A, there is shown a control flow

diagram of a code segment 100 organized as a series of basic blo&Rs
120(a)-120(g) (collectively, basic blocks 120). A basic black is a
sequence of consecutive instructions that are exescuted in order
from the first instruction of the sequence ta the last insuuction of
the sequence, without the possibility of haldng or branching except
at the last instruction (Control transfers due to interrupts can,
however, occur between instructions io a basic block). Ceontrol flow
diagram 100 may represent, for example,. the control flow of a code

segment prior to any opumization by the compiler.



WO 99/1979Z Pcrrus9eri 3-ra slots ? 10). a tenplate field 220, and a stop
field 230. Each instruction slot 210 includes an opcode field far
indicatin7 the instruction type, as well as operand fields for specifying

i nformation necessary to inplenent the instruction and any incl ugﬁ% 3(;erpi |l e
time i nformX@dMIXMW nts). Tenplate field 220 encodes the posr‘t‘mﬂ } any
instruction group boundaries within instruction bundle 200, as well as a-

1 | at 1 that j ndi 1 h J (] | ots.210 d
executi on Uni ts.lPhePe. SLamBRet PASE! BT oli BouRERIT o KU ReBrthe | ast
I nstruction g{}u@nohngﬁmt LQB ghRMR A HARIdINRY BRAVeI & o dikeld 230

i ndi cat es &n-an instruction group boundary coincides with the | ast

i nstn~ctlon 29@(@?_ QfeplHAa e &OChe Thrshicht €onpliRire thiteken@al |ETI fles the
configuration of instructions within bundle 200, and with stop field 2~0,
i ndi cat es tdres baundarcices detlpesn thdjugbe mstiurttongctn dasigr blgrss 1RAS)r Lt i on

bundl e Z00 thus communi cat es le.§bst ntial amount of informatiaqn. In

addi ti on t @ tHenFHeMSHYF e t(ﬂg"l n ¢R i Biis 39PRY) 68522 18P0 Rl i on
bundl'e 200 jndj cat L L on Q. f t i,nstruct.j (left to right
semanti cs iéﬁ‘r?ﬁgg. 8%1 ggf[ggggaé%b%di%ﬁgﬁ -blg{%tgﬁ)ésgc%dgsmaq{c}?’ 1, etc.)) the

| ocation ofimamyctidat B4 i oPrediedbohosndasi BRI Mo the ehimmdhed Wnd tRnpl ate
and stop fields z20, 2~0, respectively), and the mapping of the

i nstructi onsistcciomsespohasing béxaoutli2@ic unil 28(d)vicactbémgd.at e Fel d 220). In
one enbodi menf of instruction ndl e 200,, slots 210, are 41 hits each)
tenpl at e fi%F%ffF’é‘%“Bi“’t &0 Hdd Eéj'oﬂ"?’Fe‘ISdShf?bni‘ esipdeppl Fgr 1d total of 128

bits. Refergi t. 1o Table 13 fhepe- S.S is f_w.dely supported
instructi onfqlg‘%'é{s“ags FAt gﬁ:r g%erﬁ'sng‘u'ppgr%‘t"eas iér%%ea?ee'%ien%f’gr@mghc-%igt | S~
Here, 1) Mafionm@Red @UNPLS=r @bRIpat® (ASBYLTs JRADIY g=hkOALI HGdRQIkdY . and
breach executi®on units, respectively, suitable far executing the i'ndicated
i nstructi onttatpesntroly_condMion@d 1dx@28Aon BébimtrhcRGhs (dEAWIAZl BR1.NSTR

~| ~NDESCRI PT| ON; EXE~LTIc7N r~; ~| ~T TYPEA |l ncege: ~. LU -unit oc ~i-unitl

| 1kon-ALL' TheegestMuehrng 2 Pesis P e t130(F cadi Ag0fbi #fe qmbiiedcB-

Broach( B-unitLl_ Long Lnter”Zedi L-p i Refgrring flow to Table.~ there
are listed FﬂgtPg~§?%ﬁfi08’an%g€ib§%§k(f%%| it e@)nea @c?thg}lvrthé%r?rp&%b%i ng

tenpl ate desi qpafARS PRB 0K BRHoFBHerof A&&ﬂti%@ﬁ%ﬂlsréﬁﬂﬁ”&ﬂ Sfancylertical
parall el |ines between entries indicate an instruction group -boundary that

falls wthi inamdtsts umay ooctumdior. ekamipieic biyonpplyimpg agredjc miorh tasBRBose of
Tabl e 2) pref,erab:% refle~t those copbinatjons of instruction/data types

that arise AP #ASqaRAL FSPSIBE| Bt MRFIEIGNSs BEthasiE dHloaley|§2@4Di and

programs. T lates like. ¢ o] bl e rnay. be identified, far anpl e,
by runni ng g‘@fﬁge 1§E’)°debaas|;ﬁ:l g%?ér\i/?'%% #/\/m irr\sTg%{fcr%cmagntogonﬁ?ﬁéﬁaéﬁ%ﬁoccur
nost frequemfakye HIBckdel T @SEndnd NVONEHOrou@RPkRéRtati St ITRChaGeoRr anch
instructions (branch tenplates) also reflect "hardware efzlcieacy and tim ng

consi der at i ohs, peeslide$cn | pextasel may Penpleastes 8itt0, BRI} @hd ansl. daughtdmbl e Z
each accommodate one or pmre branch_inseructions. In order to facilitate
processi ng ¢fasihsiecken! dPRiPsa8Ad]l 38501 edUfGAT oFlUFLESINBUOrARHE subsequent
to taken braﬁgﬁ‘s m&hg branch instructions) are assigned beginning with the
| ast branch' 2 @ st er~~~in the ri gbta' nost slot (siot2) of an

instn:ction bundlpye RERGEEIAN PSANENGRHY NddRQiHRECFIt QR 0T deral]l 1o
provide a contcxt in which selected features of the present
invenuon may be illustrated. In the exemplary ISA, an instruction
group 1s defined as a group of instructions such that all of the
instructions within the group may be executed concurrently or
serially with the end result being ideatjcal (assuming, however,

that memory semantics are sequential). The compiler generates

o

one or more instrucuon groups from a code segment using the
-6-



-to . w0-991L9~9a - PCTN598r11~' 14 are placed in slots to the left of the
nost ' recently placed branc;~. This is continued until all branches are
accomodated.. In the exenplary I SA, this order retlects the execution
orc'er used to evaluate instruction decendency within an ins}"r:_%gilgmg:oup.
Table Z 'I' WO¥PT2 .S O? QS L O1' 1L ~3 T 20 21
~Nl-Urtitl-L' tutl-UnitIMUnitl-Unit I11-UnitZMUnitL-Unitl-L"'nitla ~Nt-1I°:

LSt RS BRI g LS B,

5 o 5 PRI R Beabld e (R W Pl Ran v

t hree branghounﬁtdr uet |an§ sdddraréygekal e*'oandomurwrnl eprbem@hatﬂm)l ates can
be enpl oyed to process branch clusters in excess of three. TDrogram code
se?nents aretickid/irgbativeiyo rapedlyr nbre inSBLEUeR] R 2 groupsareEhsndled

bascd on {68 | SAPREAS ORRRSRENt noddlins WHDINE 2, 5 AXprToeq iRt 70 o
PCT/ U898/tt15§ a2 Jhe byadlag, P? 5%‘1%?”& @bud §%§F1BUCEH8{1F18:{£UP can_br

i ssued to §%8z=cltion unns of a proc> sS rapi Ad ‘Wt hout need For

subsequent hheganes.| Iatp@Eram ImStmsICISnncmFﬂa@heraCIsSQuedNtercﬁ dependenci es
w ehin an instruction sequence can not be elimnated, an instruction group
boundary i snsmsentes. gatssdndni hyndies aoéoﬂbB%MEdeh ingrypliaheZrodpbl at es

of Table 2, begins anew. The advant ages of nstr t.ion bund] es Z00 for
concur r ent Td?“()d“SBEFHQ“ofg"PHEfrH& SEHEC AN |cfe 'H’l sséﬁgsg’d 1hat

particul ar, T r a | at @gd E in
speeding i r?geu oghgegeg&?ﬁ%gmarﬁdﬁfrggngﬁpng%{g bg:%\gvegmgﬁ nstsr uctl on gr oups

is detail edolRwingt &ds@beyen, hﬂ&r@@zﬁmn;mﬂdxloa 209 banchmidedd: ied
aporopriately .to accomopdate different instruction sizes and architectures.

In the fol Iamiumgirdifsmnsphms a tenplate refers co a specifi c confi guration.

of instructions in an instruction bundle. Referring n 3, these is
shown a biotic diagrahm of3deM& (1B8ULFLEBs Wamﬁf"k?gésggr‘c pel i ne 300,

including an instruction 350.

I nstruction buffer st‘ageF 8#.0 |ncﬁSrE§g§c§l?1r91| ﬁssﬂf\/cflrgén) s§.?1jfyeﬂ§ﬂ§ for
r_ceiving . instructign tuppgigs t};)QOS e dli §@@ra_§ah $éaaqud)-0 i ncludes a

di spersal network 340 for routing i nst ructi ons frominstruction buffer 320

to execurion units (nét sidaw) ther archilssvgakriaist ade noseypiapel (Wpalagoo.
Presentation | atches 31Z(0) 312(‘5%%(col | ec |velé: Eresent ation.l atches 312)
ac the boundary g‘ec‘iﬂéeé‘rﬁ‘sﬁ lAntt e ér AXPARE ARHTURUCH; MPENE 4P st age
350 coupl e kg?{d’clf 'Od}%u ¢ @baoéyﬁmch QgRufel %reaﬁzgftﬁed?%gﬂé@ﬁ stAtgt wor K

340. |ssue oundary o ﬂlspersa st age

instructi 0n§céﬁx@ﬂh@kespﬁfesaJodaeavw khe4fhegforex equd i o alinipirior( tmmnmm) ina
subsequent stage of pipeline 300. ' In the disclosed enbodi nent, - issue
ports 360 pimvihee imoTessos0ZeOYRI I Sormh:;tmr yVWedl}mlaUhCumstl@Cﬂm@ND M1 ),

a pair of integer execution urucs ir of floati WO 99~ 19
% O: PCTNSQSFIE}FJB?aanPﬁf“%u%%uS“’dW Lh#’%e% “Eeﬂ!’ I5nds %ﬁ;%é"t of branch

exCCUtlonu _,(B er.Ly n n tion
Chits oy bEEERUr Sl SBLe ) befbi it @dﬂ?oﬁfsﬁ@?‘é%%’ﬁ“e PRl B &y,
i n~ention_ iﬂﬂ:th!ﬂ@.l&h S@r@@xed:remﬂ@ﬂ) rmnthacef iktmetionegfdh. | Mausuotitoim buf er
320 corrprl ses, e.g., eight bundle entries 322(a)-322 hzwgcol | ectively,

entries 322pn éusMEEONNGratp.cdYSROYS RASH GAEF eyrice t h e ®rifcon or der
Here, execution order uent i al ord rin froms 0 t 2 that
reFl ects théfgcécwh‘&al("%?égs qbglé‘f” H%Ff'ﬁ %s a\ﬁl’tﬂ? n lﬁwi“lhcgs)t I’Elt]‘gtl on

group, For 2 whe eachFtHé%t'ng%t@fed AMEAeds Ustngtoegxenml ary

| SA) pipelin ensures that an inStruction in slot 2 that reads a nenory
addr ess, dO@xﬁ%pLﬂfrisertot be: see ppdtyicadds ess iaflowpdatfed dertn typesraftion in
slot 1 or slot of the sane instruction bundle or by any instruction in a
precedi ng |ﬂ§ﬁﬁUﬁﬂﬂ@n5bundle of the instruction group. , In the disclosed
enbodi ment, instr ctlon b w S .3 hav ng 8 r poses
of illustration. THEPF |nve tloﬁngawnéﬁ nentgékgélngEgﬂgfers

havi ng more @épérf&%cmamrg eNbiicas withid !arh@txﬁc%ncgfﬁu;gur%hons 4Zn one
esnbvdirrent, buFfer 320 nay be an |nstruzt| on cache. Instructions froma

bundl e entrf 3Z2 are provided to correspondi ng presentation |atches
312(0)-312(2) for coupling to dispersal network 3d0. As indicated in 1=ig.
3, pipeline 3d0 is capable of processing instructions fromtwo bundl e
entries, e.g. 322(h), 322(g), concurrently) so that up to 6 inswctions can
be issued per clock cycle, depending on the availability of resources.
Alternatlve ~ enbodlnents of |nstru00|en buf fer stage 302 |nclude) for

o T o, NA NS N\ PNA NS SN\ o



WD 9911979:. P CTN 59 Br1137i The nunber of branch instructions chat can be
handl ed concurrently is linmted only by the branch execution resources
provided. In pipeline 300, up to thrc_ branch inst:uctions fromthe sane
bundl e can be executed concurrently. L' an additional three branch
execution u@id §@FL provided) up to sip branch instructions raalsdapia?d
processed concurrently. Simlar expanstons are possible for each of the .
different types of ezecution units. Dispersal logic ~?0 is associated with
i nstructi olvddifinerudlont owilealsaveenp! aeeylteo.the empkatrecdritebubr P,
associated wth each . instruction bundle 200 in entries_ 322 and provide
appr opri at e clamagmienfaymad e st At dpeticalevsat vifr kKNBA@le Bitgper sal  net wor k
340 thus narps instructions in bundle entry Q@2 to issu&d or " s_360 for
different MYXECUPTOANUART sHSHUCLOH #IOHB tt A prYOF dBACTES t SRPPRIL fiel d
220. In the,:di scl d ' rel i, [ ran edi ction
nodul e 370€Ji'gil gggg%i?aygﬂﬁ\?\ng%lhm(g? (S?é Z‘Q'(t)%%béu%gel gggﬁ??réséx}tfgqtog %?o@:&de early
access to phgtructibar mbugn for sel ected branch instructions. A second
branch prediction nodule 380 is coupled to dispersion network 340 to

provi de access tReatint IDREANCHPANEROUPH CivarYr dARaDEE insyMspensa¥it8nage

30~. In this enbodi nent). second branch pr edi ctiﬁ)n. mpdul e 38Q accesses data
from instrac@bhd Crigraali &5°1h %SFV&& &% of18YB 21ots FERTHYE eﬁf‘ﬂ/ '%52.

Ref erring .0, t 0 Fig.; b . oo L i<0 are
gener at ed ?g’%laagéoﬁ;mﬂgt@%gr%gggﬁgi Er?tnfugﬁ‘ nEUfotr?SsF%'%t%}sUESLognls %QPF | acer in
the execution orpigs eﬁerﬂﬂsllerjoumkedahnsm%@mns.riEl@rirfsmmloﬁ, veleb€late
instruction group includes an isolated branch instruction, the branch

i nstructi onhas takss qdvdntagesloft compaephime i8for@ation. D Te dorpooyed,

dependi ng on the types of |nst ruc;_i ns .that pr ecedg, the byanch ipstruction
in execut i GRSBHEBPDS THHSE aPe BP9 1ﬁgpP"’d[f]"ha’it“(if‘-l\‘R/l*Fé‘r‘e tthe'D MERDENSEr uction is
preceded by, '. oW 7 4 ipstruz.ti for a
menory exeébﬂ%ﬁﬂﬁﬂ?na%@%ﬁ%}?n eg%gggggéfjk%%%kﬁn?%‘i naneé(ecgt}?fr(ﬁ)'{ﬁlq%%ger.

, Di spersal hegh¢ai3a0k ESRAFiRI irféThééenBio®: ln i) dd 8id 1820, indicates to
di spersal network 340 to route the instructions tn slats 0, 1, and Z to

ports 360( liaQirucsiddisl @ys mrederadly HRAYvidedsiteclds-cbiy. patierne thao fulkach
instructions are clustered, .they. are aligned aqj nt tq.each other in sloe
e

jac
Z and 1 of SREERLEREPSoRT bUMEE eI AR HURY IR gS F'E)‘F%O‘:a IPARPRSfar a

non- branch 4-0struct | c e, Y. i pst, ti re . th ranch
i nstructi on‘gﬂg?ee ’é‘é}%g)élr??’) %?%Pﬁ% rln%é?%lijc I othgfs\rl 3?@1-?1%&& e§§é‘?g%§d to
the branch \imstr Brbughs térbles t AsRRifteanahuexaeutéup Uitid sarare avail able
to process the bronco instructions concurrently). "Bundling branch

i nstructiondisicnsted ein @xezmiredeslibttyelow.buf fer entries 322 provides.a

cunber of benefits for branch B{ocessi ng, For, exanpl e, because taken
branches resceer 1§ nstBU€H| BYRlf BICIPTERTE HEFRSOAr 65 PO HBYI4% 1R nat e

i nstruction_G,0 ___Thi S t t t _eof_.any_ins Jons in the
instructi on%%ﬁﬁﬁ h%‘éﬁeév% t%agﬂ%g&agnh[%&;s% h?'lpnbslﬁsr’ ue ioén‘{ :vgéh'éxecuti on
order, has tQdevSupfreesad of Widhstidttor, Netd Usllbaisg t isbgssseppsessed are
nonbranch instructions) this operation inposes significant pressures on

pi pel i ne 30@redfmtedximpleeinsi ofmamdrlybisr aretticapsurd, nstithucheonsdeitindiag a
branch instrsctian in e ufion order in an entzy 322) signal, transm ssion
from the br 3 FEXWRTR FEAIShiiR (hidh Pa¥He see Jeaett? of ' HIF" aisdiBRER,

will recognize the modification necessary to apply the invention to
other instructions sizes.

Referring now to Fig. 2, there is shown one cmbodiment of an
instruction bundle 200 suitable for conveying triplets of
instructions in accordance with a Q4-bit, implementation of the
present invention. Instructon bundle 200 comprses three

’
instruction fields or slots 210(a)-210(c) (collecuvely, instruction
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the branch) to the nenory or integer unit (which suppress the nenory and

i nteger instructions) azay entail significant cinc delays relative to the
clock cycle tine of the pipeline stages. Were the tal on branch inscrucdoa
is followed in execution order by other branch instructions in the bundle,
the fol | owi mgo bweeh instructions can be suppres9ed cffici etRGTYSBHHhe
branch | ogic, since branch execution units are typically localized on the

processor. r -15 - WD 9911979... pcrjme9er ~t 3~a A; i.ot her, feature of the
present i ng&si o s t‘ﬁH’cPJIB'Faﬁ‘GESi%r iaoﬁ@PrTQﬁugew@ha?Ea{ctheri zed
according to their c | exi t: ﬂng s¢he [ I .ed.lnskruction slots
of entri es‘%sii)“.té?‘b. 8\rc;’rlE)aJ‘ZF(?]s%ﬁrcuc‘ |50%Rp§¢:%ﬁ}s f%g &%pr%%lggtr‘r%?eéhcmr e conpl ex
branch instguctiQos {%y:'b% swbgdad Qﬁpdrmd) fiERs| pert SFEI&TfﬁM%tI on slot i~
execution order (slot""Z, in the disclosed enbodinent). 1n"this context,
conpl ex br émfdrmanson ucek oasaay etd hosgetieat e ibslcsbyiohoahé aegol ved | ater

in pipeline 300 and include | ogp_branches and return frominterrupt (RFI)
i nstruct i ohkelugedagoamRihesimendbfaimtalions (Bddskesdriedaicadialdi 29 he

instruction pipelipne, there is.less tine {.o suppress retirement.of any
(branch) i ﬁngﬁi‘fi g’r’?’s RBAHOP P 0B Y hlé‘rir%rluﬁagﬂ gﬁ‘gutpr }cﬁqné?r’ﬁﬁna’!'é“?f t he
branches (LQoRucfhh) bah8IL 8 ved wakeRs kol ¢ dLadal QnBicRels ne
stalls, reducing processor performance. Assigning conpl ex branch

i N~ ructi ohswoinatusehieat atbts| 310’ are. qiapglkdt t@ exzastivheuaidded Bade,ant age t hat
t he hardware necassarlr to sugﬁort ,GO %,ex lg{?gnches need, onlly be provided
at the sel éBSWHCEPAt 2TRUP. DRPARRY dLeRtitiPHniiFodRTtle IRYHPGUPTFIIG. 38 | TSis

reduces the ﬁspg?ﬂghgéh%%qs bJe?ﬂxgﬁbQBEQ%BL%té{g Ct?clzltdhe'Bﬁi 35412589 when

confi gur at i'B sont ranc redd oh ‘Togi ¢ are redtced since

only one brangh sticiClireln! $oBxE %imeeQUWne-m@ora%e%@gﬁLM%nthe
c? 8 bundle. .

branch prediction logic ™need only predict one branch per & her

advant ages stbatoifFbandfe @odounThing dmplach figidt 2DOt spasfien thecor dance with
t5e present invention and termnating instruction groups follow gg t he
first tal orcanfagutation g oRsraaeions WehigndandleotPli and r wildr storedigld Fi gs.

4A-4C. Referring First to Fig. 4A, . there~'is~ shown a sequence of

st ruct ford mangicaies |the buidarie” Befyaed pdidgen: Jogfitnganoreups.
nstructions in Spaadidh ' BundRr RS EihchdnikadSSmsid o8, 4A - (6
WO 991 19992 PCTI U598r11J74 and ~.5 -that one 1nstruction bundle (three

| nstructi onghoaxecet ésfamanda.neln adddicoghta hize Gdebiity arfckhd ect ure

di scussed above can acconnodat e concurrent execution of nultiple bundles,
such as t hdn2upigsidings irhol@ss | Al G gnswicipeirnde $0@eindif2tAF ndm bundl e r.
fromleft to right (sl ot 2 In_ the Q}iéegure)

bundl es L tHt% hori_+°2'd|%tépx?°étsghésllé‘ﬁtriuﬁém?%ﬂ:@f%npc’;[}g%}ﬁ) E?éﬁfmfﬁaxp t'erm nat es
when BRL, agroc&dUlethicddimends {18k breddifesPsRRCUe: ) S th SBLALSR of
instruction group (iGVW conprising i'nstruction bundlés yt to MtZ. The
procedur e eigyguiesriegtibr egnoups boundaries in the bundle (via template and

stop fields 220, 230, respectively), and the mapping of the

insuuctions to corresponding execution umts (via template field

220). In one embodiment of instruction bundle 200, slots 210 are

41 bits each, template field is 4 bits, and stop field 230 is one bit

for a total of 128 bits.

Referring first to Table 1, there’is shown a list of widely
supported instruction types that are also supported ino the
exemplary 64-bit ISA. Here, I. M, F, and B-units refer to integer,
memory, floating point, and branch execution units, respectively,

o+

suitable for execuung the indicated insoucuon types.
-9-



control of the processor to the instruction group represented by bundl es
L=3 to L+~ (I G.') when return fromcall (B R4) is taken (I~ the disclosed
exanple, HR3 is not taken). If neithe: 8Rl nor HRZare taken, |G includes
the bundles of IG'. T5e configuration of branch instructions in the
present invemdsamrareans that when HR? is taken, only HR2 neddSY3¥pe7?
suppressed) and since is i~ also a branch insuvctlon it can be suppressed
efficiently by the same branch |l ogic_handling BRL. Simlarly, when return
fromcall (ER4) is taken. HRS of IG\I#&SF bt readi | y suppr essed wi t hout

putti ng pfFesst-e—ofmt-e—bact—et he—ppet+t fer—feadture—af the
present iph~ lEﬂ.ﬂﬂ--’&:lﬂ]@t(fit"rget[f—jggd:r'J or bra 't st 1 D‘fgq re
defi ned oh bundmmarles. Thus) call HRI brpanches tgysglot 0 of pundle
M when t pken. a: all rqturn BR4 branches to}slat 0O ndl e Lt|3, when
taken. PrpcesSsSTng HI returns frompeecedune cal|s s,dipus bVpdLR orjanul ar
i.e. targpt bundle. This lrirtlits a"branch target and Referring nou

bundl es L} H co H]Jaddresses nedbmeilspagie yra $l ot w thignia t he nupber of
address bifs required to specify extends | "re.ach' ~ . af a branc
instntctipa. to Fid, 4B, th1ere is Shomara sequewe of M2upiocessed| duri ng

an i nt ent piloR——-R—the— —AO0-099-1-9402 RSH-HE08—d A a—Fi-gu+

i nterrupt tr| ggereEl by ezec‘utl orF‘@a“ﬂBePﬁE%)ry ﬂype | nsff'r‘{R:’ttl on (M at

bundl e L, pstot—6; as—~es—controt all rhterrupt—hand rstroett+pn group
H) . The i terrupt andl er i term yareturnfrg% ﬁ&NLerrupt Rhl) _
Unli ke ot brangh—TTstracr onaregran S

preferably slot g: nuI ar, ﬁlg'vr\?drmvwef%ﬁgfg@%% t(E be process e"?ied in ex PCUtI on
order. I: aptron 1s [ Frg. 40, control is

P,
returned to the (Mtype) instruction at slot 1 or bundle L once the
instruction handi&ér-@ﬁﬁcmﬁesotmebterap thlete tde ipieQr ipahenide a fault,
control would return the instruction chat generated the fault (bundle L,
sl ot 0), Slomgnatignsr (mppricoh amddrisig resrebpordiognpemgtete by saving to

a registe the,slot location of the instr ion that ,was executj.n en the
exc~pt t on \ESIENREHRAT B QD TREBOSTENE O fﬁé{% bRreSERY PECREDYi de %\’%rc\g?urn

address nopdalielylin®l YAULALAIE: SIRALED U8 MAMAIGR fohyn address for

atrap uher® I's execut ranul ar" interruption processjng
has advant agaghdapyt Bgde ifhl1gr @aiHiy amnlstmc@ﬁod Hugidlept @XeRRtioan
processing. . Referring now co Fig. aC) there is shown an instruction group
(1 GL) conpriesipigteburaticds ab those+8f Whblee ZLSprtEéérmrbiwtreﬂei:n Wwobeanch
instruction HR6, The bundl.es are shown for the case E)el i ne 3Q0, where
al ternate HABPHSLRT bd IPSUPLESSNTRR SHPtat ﬁésa‘B-i? 6505 TEIPEBYY Here,

| G represent u StEU | o Hranch
instructi ongl §FEECZC %’6%?5‘3%3'?&% gl% g%&irgﬁgn s%qug%c%%@q undl e,

e.g. slot 2hefsebondlsble+2, oy del Hdénilid. 006 @xbmipte abgOrIRSGiaizedampld he

| oop sequence wi thout adding additional instruction bundles. 1n a preferred
enbodi ment ofde Hend missrvimg Wwhigk bramgpésn aﬁmhrnazwrasr OCEYRsT@®Sked conpl ex
branch |nst ucti o s angqlare schedul ed in,sl he case ,of . the,l oop

br anch, SAMERHYct i HhsREr PISITTmIBYSRERR i ﬁ""?‘ﬂbalFﬁoB‘aI‘a?“ Ugf v B nber

i nstruct h f I o] wh@ 92
PCTN899r r 139%Q¥M{Hrugagpﬁé§ﬁ1e&|rﬁ€§?ﬁ§t |aggr;b g@ﬁﬁ:‘ a?hiraet urn eégggnq%ln]%gd only
be provi dedeii®in slc@t‘-,s?der&«hbh@ugh; tdee cabeydebekrinpl es di scl ose proceSS| ne of
mul tiple branch |nstruct|ons in clus;ers of three or less, it is understood
that the present Temaatesod. FayB a&combdaté 'érb;le rreaeh asfcooLmedaice@dr anch

instructions concurrently. For_ exanpl f_ seven br

i nstruction8TcBFY %@"&bcb‘f‘ﬁ%‘f%"ﬁ n f‘%]r gef t]{gt fﬂ:dff%ﬁ Bl ’?& {%en t he
first branc 7ok o] e ch
instructi onz %Lﬁé& ?I%I Fgév}/“?sz %ﬁctﬁﬁgﬁgﬁe o rRl{eE:‘d;%‘%dr% fsﬁggft@g@% go S)
there is shoukem BHiamwhlar tethiendiraath ngxsarumidm}d) 54318 mosigned egmbing t he

present i nvention. Recordin to met hod 500,'-an instruction bu dI e |?
Fecel ved 510vihdUiendasubransls fE® RosHSEISHD tht OZAHMPHs SIUCAIBFIbAT f er

order (Eo) . ha" iRt bORLBAESI o FREF TPRnSTEY MO0 E oo pThEA | nr

ezecution units according to a te:aplate associated with the instruction
bundle. If no branch instruction is resoll%ed tal on 540



(either
are reso
pr ocessi
i nstruct
branch i
i nstruct
i nstruct
560 to b
return c
been pro
wher eby

provi ded
are orde
i nstruct
bundl e,

of the b
of instr

because none are present or none of the branch instructions present
| ved taken), the next instruction bundle is received ~ 10 >or

ng. If a branch instruction is resolved taken 540, all subsequent

i onswidegied;bundl e execution_order are suppressed 5 .,

s determned 560 to be a return frominterrupt (R~ ))Qcﬁhkg&n94

ion pointer is adjusted 580 to return control to the appropriate °
i omangi phiceda ibusidise t¢ sthet laft agfulige )modef rém”lg,r? 4 8 aqlgtler m ned
e other .than an RFl) the instruction pointer jUS¥ 570 to

ont £ 8IS to IS TEyesr apeil agle ‘Pmphettqrenad:nmﬂheda:nd,
vid net hod f
ce}ngﬁf)'3¥ ahcll(iu11 55'953/‘53
anRHnQIes The,branch i nstructions

one- "o 13 ordgr r
i NeexQGHY i Qx@ LA HSne Y dRFHE
l “exe HE%Jence of “Pha " HINTHSN STRER: he
is indicated |Za@mtqnplate field associated with the

Idhgee has thus
ocessi ng branch |nstruct|ons
992X PV enfesr iusetdr uct i ons are

red last in the executi'on seq
i on assi gnnent

solutioq

:eﬂﬂ sslo-t.oth of a rocessor The ordering
AEMPLATYcli onSL@Tt Be bundl eSBOPWS for € ippr essi on
et-oRs—stbsegquert—e—a—takenhranch lnswetivhn. di s¢l osed

enabl ary to

support
gr anul ar

S ~ Si Tp| ir: ¥k of the bVaital | har dwargimnec: s9
ot pte—bramches a.ou—rHeFeages—bLanch_Leanh~LhLQuah bundl e
addre§5|ng 0 proceﬁﬁﬁetcalls antUnét ur nk. ydtUnai ntai s the

si npli ci
pr esent

fy of slfot gr
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The templates of Table 2 accommodate clusters of up to three
branch instructions in a template and multiple branch templates
can be employsd to process branch clusters in excess of thres.
Program code segments are divided 1nto one or more¢ instruction
groups. Each instruction group is dwxded info instruction bundles
200 for processing based on templates, such as those of Table 2.
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2. The nethod of claim1l1, wherein the first conplex branch instruction is a
return frominterrupt instruction or a | oop branch instruction and
assigning the first conplex branch instruction to the last instruction slot
conprises assigning the return frominterrupt instruction or the |oop
branch i nst iuséd/ @M respectively, to the last instruction slRIt/USIsZIIE

nmet hod of claim 2, further conprising assigning a value to a second field
that indicates an-instruction grouping. 4. A conpiler-inplenmented nethod
conpri si ngThedentdfad ngstausequencle 2af tbstandion rgserpctiroms issuadbsi ¢ bl ock
of a conmputer program identifying a first conplex branch instyructi-on anong
the branchthehstEgaHPSNEM1Sd&ht %/f&‘i%ﬁf‘?‘?f t"ﬁ%‘dgés?"&ff(ﬁi"é}&‘?(“‘a“§ Lf(ré’ﬁce of N
instructions,in execut] .or.der. that I i nat i the finst . conpl ex
branch insf‘f’%séeﬁu(?ﬁ’;ee %%"g@ﬁ‘g‘ﬁ?ﬁé’ tﬂgt“%%‘gﬂ%@ﬁ@@ g?p{{l‘-cfeﬁgf%mt%ﬁgeto first
through Nr ac?eﬁaémkkommmt 3n 8SPEEH bY ebdquedkealadt hdts beUetiniRatudd! e;
and 21 Rept acenent sheet 05 April 2002 0 ~ /~'pt'~ ~ ZeoZ assignhing a
val ue to aaheimdiai@idn egrbuyf hdmdangt tudnsemeduard ebundlingdiimat e i nstruction
types for the N-instructions. 5. The nmethod_of claim4, wherein identifying
a first cosptesdapeantith.ng& uthe semalsay Athd aBkardshte&iBE ralety.ons conpri ses

identifying a fi,st conplex branch instruction in ecution order. 6. The
net hod of cl ai mLIr ' \ﬂ?@'ﬁ@i‘?ﬁ?%eoafpiw%‘fuﬁ%%l é&n‘g\’tén@ﬁéi ﬁ%‘t FRBEYSR™ s a return
frominterLupt.dsiss raCthoRutioRs | QAP RE@NEE kRsLiNAli OB pZriAlar, th

machi ne-re gg T%ﬂ?n‘bd%rh onuv\,ﬁ?ch are stored i nstructi onsptﬁ:ﬁtt %rréy lg:e

execut ed byck pfocessplaryobtangheramplazzsmdt QdBcdlprhdifigin isgesdingyi ng a
sequence of branch instructions in a basic block of a conputer program

i denti fyi ngnErBFUSD GEAPNHELNbrAdEC HTARMYH00ER E oPCBYRRTy INFELEY B c Broups

instructions; identifyjng in the basic block segu e of Ninstructions
0 execut i 8 $TREFSL hats LB7 AN APBE vt IR BB A 635 Panch -

Instructi O%o@?f?é@“ké‘&og}?aé?ﬂuf‘dﬁc%ﬂmﬁddﬁ%é r4i¢td 08 itn‘?gt:l:ﬁ% gﬁregugh N~
instruction slots, respéctively, of an Instruction bundle; and assigning

a val ue to zd erphiateukeel dinf tehdollpstinyctisensdiondlae impiangli edide to
instruction types for the N-instructions. 22

. A3, . A . Ah.Alspecific Acoutigiration A¥. Ahsirudiony li. A AnagusAcn AbuadlaNy . A

ai cg? ga]qgg] Sﬁ?c;ﬁ‘ﬁgﬂ}” éréggggpa]%ggi%]a]cggﬁ@é]agaf i "](;gl‘a:\]%]é‘g\%qég‘}%‘é{%éfwaw c a
selected stages of a processor pipeline 300, including an instruction
buffer stage 310 and a dispersal stage 350. Instruction buffer
stage 310 includes an instrucuon buffer 320 for receiving
insruction bundles 200, and dispersal stage 3350 includes a
dispersal network 340 for routing instructions from instruction
buffer 320 to exe¢cumon units (not shown) in a subsequent stage OF
pipeline 300. Presentation latches 312(0)-312(5) (collectively,
presentation latches 312) at the boundary between instruction
buffer stage 310 and dispersal staéc 350 couple instructions from
instruction buffer 320 to dispersal network 340. Issue ports 360 at
the boundary of dispersal stage 350 couple instructions from
dispersal nerwork 340 to executon units (not shown) in a

. subsequent stage of pipeline 300.  In the disclosed embodiment,

issue “ports 160 provide accszss to a pair of memory execution unéts

(MO, M1), a pair of integer execution umts (10, I1), a pair of floating
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10(%;)' Pl & ()_lnléty r@ Qg lnstruction bundie f the instruction group.

In the disclosed embodiment, instruction buffer 320 is shown
having 8 entries for purposes of illustraton. The presenr invention
may be implemented using buffers having morz or less than 8
entries in a variety of configurations. In one embodiment, buffer
320 may be an instruction cache.

Instructions from a bundle entry 322 are provided to
corresponding presentation latches 312(0)-312(2) for coupling to
dispersal metwork 340. As indicated in Fig. 3, pipeline 300 is
capable of processing instructions from two bundle entnes, e.g.
322(h). 322(g). concurrently, so that up to 6 instructions can be
issued per clock cycle, depending on the availability of resources.
Alternative embodiments of instructien buffer stage 302 include,
for example, three presentation latches, e.g. 312(0)-312(2), fed by a

Coo
single entry 322, or in general, multiple latches fed by 1 or more

entries 322. ;
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to read a template, e.g. template field 220, associated with each .
instruction bundle 200 in entries 322 and provide appropriate
routing information to dispersal network 340. Dispersal network
340 thus maps instructions in bundle entry 322 to issue ports 360
for different execution units, according to data provided in
template field 220.

In the disclosed embodiment of pipeline 300, a first branch
prediction module 370 is assaciated with slot 2 of bundle entries
322 1o provide early access to hint informadon for selected branch
instructions. A second branch prediction module 380 is coupled to
dispersion network 340 to provide accass to additional braach hint
information in dispersal stage 304. In this embodiment, second
branch prediction module 380 accesses data from instructons
originating in any of slots 0-2 of bundle entry 322.

Referring again to Fig. 2 and Table 2, instruction bundles 200
are generated to accommodate branch instructions in slots that fall
later in the execution order of the bundled instructions. For
example, where the instruction group includes an isolated branch
instruction, the branch instruction is assigned to slot2. Template 8,
C. or D is employed, depending on the types of instructicns that
precede the branch instruction in ex‘ccluziém order. Template 8 is

appropnate where the branch instruction is preceded by !
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&()-110% & ()=-110% & ()-'110% & ()-@110% & ()-

1098 & () -, iypleGlins @ueter{ Y ge | thr@®s branch instructions are adjacent, all
thre= instrucuon slots may be assigned to the branch instructions
(since three branch exascution units are available to process the
branch instructions concurrently).

Bundling branch instructions in later executed slots of buffer

entries 322 provides a number of benefits for branch procassing.
For example, because taken branches resteer instruction fetch to a
new address, they terminate instruction groups. This means that
retirement of any instructions in the instruction group that follow
the taken branch imstruction in execution order, has to be
suppressed. When the instructions to be suppressed are non- '
branch instructions, this operation imposes significant pressures on
pipeline 300. For example, if memory or integer instructions
followed a branch instruction in executon order in an enoy 322,
signal transmission from the branch execution unit (which resolves
the branch) to the memory or integer unit (which suppress the
memory and integer instructions) may entail significant time
delays relative to the clock cycle ume of the pipeline stages. Where
the taksn branch instrucdon is followed in execution order by other
branch instructions in the buadle, the followmg beanch instructions
can be suppressed cfficieatly by thc br:mch logic, since branch

execution units are typically localized on the processor. ;
-15-



& ()=110% & ()-110% & ()-10% & ()-#3i!110% & ()-RI SIU\ITfIn nl{Y5NA4s

#3i110% & ()-110% & ()-110% & ()-10% & ()-#3inlplw ~l111]X; NAds #10%

& ()-#3i110% & ()-110% & ()-110% & ()-10% & ()-1111111b@Ads # 10%
W0 39/19792 PCT/US9821374

Afiother feature of the present invention is that branch
instructions may be characterized according to their complexity and
scheduled into selected instructicn slots of enties 322, e.g. via
instruction bundles 200. For example, more complex branch
instructions may be scheduled into the last instruction slot in
execution order (slot 2, in the disclosed embodiment). In this
contex!, complex branch instruction are thoses that are likely to be
resolved later in pipeline 300 and include loop branches and return
from interrupt (RFI) instructions. Because these instructions are
resolved later in the instruction pipeline, there is less time to
suppress retirement of any (branch) instructions that follow them
in an instruction bundle if the branches (loop, RFI) are rasolved
taken. This could lead to pipeline stalls, reducing processor
performance.

Assigning complex branch instructions to a selectad slot, e.g.
slot 2, has the added advantage that the hardware necessary o
support complex branches nesd only be provided at the selected
slot. e.g. branch exacudon module 390 in Fig. 3 . This reduces the
complexity of branch hardware

With the disclosed configuration, the demands on the branch
prediction logic are reduced since only one branch instruction is
executed per bundle. Consequently, the branch prediction logic
need only predict one branch per bundle. . Other advantages that
flow from bundling branch inostructions in accordance with the
present invention and terminating instruction groups following the
first taksn branch in e bdundie may be understood with reference
to Figs. 4A-4C.

Referring first to Fig. 4A, thereis. shown a sequence of
iostruction bundles L. L+2 . . . L+5 representing 3 sequence of

f
instructions in a program. For simplicity, it is assumed in Figs. 4A
-16-
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and 43 That one instruction bundle (thres Instructions) executes at
a tume, although che 64-bit architecture discussed above ecan
accommodate concurrent execution of multiple bundles, such as the
2 bundlcs shown in Fig. 3. Execuuon order within a bundle f3.from
left wo right (slot O to slot 2 within a bundle). '

In the figure, bundles L through L+2 represent an instruction
group (IGL) that terminates when BRI, a procedure call, is taken.
The proczdure is itself an instruction group (IGM) comprising
instruction bundles M to M=+2. The procadure exascutes and retums
control of the processer to the instructon group represented by
bundles L+3 to L+5 (IGL') when return from call (BR4) is taken (In
the disclosed example, BR3 is not taken). If neither BR1 nor BR2
are taken, IGL includes the bundles of IGL'.

Tae configuration of branch inmstructions in the present
invention means that when BRI is taken, only BR2 needs to he
suppressed, and since it i3 also a branch instruction, it can be
suppressed efficieatly by the same branch logic handling BRI1.
Similarly, when recurn from call (BR4) is taken, BRS of IGM may be
readily suppressed without puming pressure on the back end of the
pipeline.

Another feature of the present invenuon is that target
addresses for branch instructions are defined on bundle
boundaries. Thus, call BR1 branches to slot 0 of bundle M, when
taken, and call return BR4 branches to slot 0 of bundle L+3, when
taken. Processing of returns from procedure calls is thus bundle
granular , i.e. target addresses need oot specify a slot within a
bundle. This hmits the number of address bits required to specify
a branch target and extends the r:ach" of a branch jnstruction.

Referring now to Fig. 4B, there is shown a sequence of

bundles L, H to H + 2 processed during an interrupdon. In the -
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figure, an interrupt triggered by execution of the memory type
instruction (M) at bundle L, slot O, passes control t'o an interrupt
handler (Instruction group H). The interrupt handler is terminated
by a return from interrupe (RFI). Unlike other branch instructions,
which are bundle granular, RFT is preferably slot granular, allowing
exceptions (0 be processed in execution order. [f the interruption is
a trap, as indicated in Fig. 4B, control is returned to the (M-type)
instruction at slot 1 of bundle L once the instruction handler
procssses the trap. If the interruption is a fault, coatrol would
retura the instruction that generated the fault (bundle L, slot Q).
Slot granular exception handling may be accomplished by saving to
a register the slot locarion of the instruction that was executing
when the excaption was encountered, The register may be read to
provide a return address for a fault or read and incremented to
provide a return address for a trap when the RF] is executed.  -Slot
granular interruption processing has advantages in that it greatly
simplifies interrupt exception processing.

Referring now to Fig. 4C, there i{s shown an instruction group
(IGL) comprising bundles L to L+5, where LS terminates in a branch
instrtuction BR6. The bundles are shown for the case of pipeline
300, where alternate bundles are fed to presentation latches 3120)
- 312(5). Here, IGL represents a sequence of instructions forming
a loop. Because braanch instructions are scheduled later ip the
execution sequence of a bundle, e.g. slot 2 of bundle L+5, more
instructions can be accommodated in the loop sequeace without
adding additional instruction bundles. In a preferred embodiment
of the invention, loop branches and RFIs are considered complex
branch insuuctons and are scheduled in slot 2.. In the case of the
loop branch, more inswuctions are accommodated in the loop for a

given number of instruction bundles. In the case of an RFI, 1ogfc
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for read-fng the instruction granular return address nesd only be
provided for slot 2.

Although the above examples disclose processsing of multiple
branch instrucuons in clusters of three or less, it is understood that

the present invention may accommodate any number of clustered

branch instructions concurrently. For example, a cluster of seven

branch instructions could be accommodate in thres instruction
bundles. When the first branch iastruction is resolved cakan
terminating. any branch instructions that follow in execution order.

Raferring now to Fig. S, therz2 is shown a flowchart indicating
a method 500 for implemenung the present inveation. According
to method 500, an instructon bundle is received 510 and
instructions are loaded 520 into an inmstruction buffer with any
branch instructions loaded to the last slots in the execution order
(EOQ). The instrucuons are then transferred 530 to appropriate.
execution units according ta a template associatad with the
instruction bundle. If no branch instruction is resolved taken 340
(either because none are present or none of the branch instructions
present are resolved taken), the next instruction bundle is reccive.:d
510 for processing.

If a branch instruction is resolved takan 540, all subsequent
instructions in the bundle execution order are suppressed 550. I[f
the branch is deterroined 560 to be a return from interrupt (RFI),
the instructon pointer is adjusted 580 to reurn coantrol to the
appropriate instruction within a bundle (slot granular). If the
branch is determined 560 to be other than an RFI, the instruction
pointer is adjusted 570 to return contrel to the appropriate
instruction bundle. '

There has thus been pravided a system and methaod for

processing branch instructions, whereby one or mars branch
-19.-
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The branch inswructions are ordered last in the execution sequence

of the bundle, and the instruction assignment is indicated in a

template field associated with the bundle, to speed issue tao the

execution units of a processar. The ordering of the branch

instructions in the bundle allows for efficient suppression of

instructions subsequent to a taken bramch instuction. The

disclosed solution enables‘simpliﬁcation of the overall hardware

pecassary to support multiple branches. It also increases branch

reach through bundle granular addressing of procedure calls and

returns. yet maintains the simplicity of slot granular exception

processing.

Selected features of the present inventon have been

described with refersncs to an exemplary [SA for purposes of

illustration only. Refereacess tw this ISA and to details of the- -

p.ar;uicular embodiments described herein are not intended to limit

the scope of the appended claims.
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10% & () - exédifokofder to first (N-P) slots of the instruction template;

assigning the first through P-1* branch instructions to next (P-1) instruction slots
of the instruction template;

assigning the first complex branch instruction to a last instruction slot of the
instruction tempiate; and

assigning a value to a first field of the instruction template to indicate instruction
types and slot assignments for the N instructions.

2. The method of claim 1, wherein the first complex branch instruction is a return
from interrupt instruction or a loop branch instruction and assigning the first complex
branch instruction to the last instruction slot comprises assigning the return from
interrupt instruction or the loop branch instruction, respectively, to the last instruction
slot.

3. The method of claim 2, further comprising assigning a value to a second field that
indicates an instruction grouping.

4. A compiler-implemented method comprising:

identifying a sequence of branch instructions in a basic block of a computer
program,;

identifying a first complex branch instruction among the branch instructions;

identifying in the basic block a sequence of N instructions in execution order that
terminates with the first complex branch instruction;

assigning the sequence of N-instructions to first through N* instruction slots,
respectively, of an N-instruction bundle; and
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6. The method of claim 5, wherein the first complex branch instruction is a return
from interrupt instruction or a loop branch instruction.

7. A machine-readable medium on which are stored instructions that may be
executed by a processor to implement a method comprising:

identifying a sequence of branch instructions in a basic block of a computer
program;

identifying a first complex branch instruction among the branch instructions;

identifying in the basic block a sequence of N instructions in execution order that
terminates with the first complex branch instruction;

assigning the sequence of N-instructions to first through N” instruction slots,
respectively, of an N-instruction bundle; and

assigning a value to a template field of the instruction bundle to indicate
instruction types for the N-instructions.
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