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| NSTRUCTI ONS Background of the Invention Technical Field This invention
relates to mcroprocessor architecture, and in particular to a system and
met hod f oWO 98A¥W@ssi ng branch instructions. Background Ar tPQRG¥BRA1374
processors have the capacity to process multiple instructions concurrently

at very high rates, with rocessor elines bein ocked at frequencies
that are rapidl y EERHCHENA BQQGES@IB&'E@FZCLU@'EEEE&%A GHe inpressive

capabilities of these processors instruction throughput on a
broad cross-section of applicati M§ﬁﬁ§fﬁﬁﬁ mted by a | ack of

paral l el i smanong the ins tlons [ocC . Wile there may be
sufficient resources to pb (i é’g n’& fé 83} \‘{]ructions
concurrently, degepdensi prifet *roﬁﬁa;lh{;@nﬁ@?tfewg&gow hiiBprocskow all six
execution units™tTO DE Kept busy problemis magnified by the | ong

| at ency of jg8fitedithire, ORRA afn GRStithBl oate Subarquadt metsséd ufdri ons. For
exanpl e, |ong Iatency on a load instruction delays the execution of

i nstructi opsocdssag dbpamch omsthetitatsa bei ng | oaded. Likew se, long |atency
instruction fetches triggered by branch instructions starve the processor
pi peline of i nsmwéxegﬂﬁd@fnwwqrét Bavs ther eppasiy dPe

exacerbated on progranmg that have workin S too to fit
near est | ePEPCESAC ult{;ﬁg RGNS, qgacy HI%f @én?’er%?}&%&‘l

DS HRRREF RIS LM K1otRed S Theq MRS IR FhRnOc LS O

met hods t oPIY¥ Xpl Ol ¥ acHd I[Peve par al "I LP")
needed to ihb 8% t41gahéapaddinid. es Ddsp rfedﬁli@ PAPRBSSRS S. D fferent
appr oachesfaﬁgwa e1 ado %133 for 1dentifying ILP and ‘exposing it to the

processor capaviligss d’fOFthes(einiﬁﬂ(ﬁstUC&ﬂu actual instruction throughput

t he

ﬁf‘ﬁsi’ z‘glnilillon of

on a broad cross-section of applications is often limited by a lack of
parallelism among the instructions to be processed. While there
may be sufficient resources to process, for example, six instructions
concurrently, dependencies between the instructions rarely allow
all six execution 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 loaded. Likewise, long latency
instruction fetches triggered by branch instructions starve the
processor .pipeline of instructions to execute. Memory latency
problems are exacerbated on programs that have working sets too
large to fit in the nearest level cache. The result can be significant
under-utilization of processor resources. Consequently, 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 processors.

Different approaches have been adopted for identifying ILP

and exposing it to the processor resources. For example, Reduced
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-1 WD 99/19792 PCTI US98/ 21374 Instruction Set Conputer (Rl SC
architectures enploy relatively sinple, fixed |length instructions and

i ssue theM®®eTal at a time to their appropriate executiBATHE¥AIYes. Any
dependenci es anong the issued instructions are resolved through extensi-ve

depende checki d resch iog hardware in the processor pipeline.
Some ad&%ﬁ&ré’d:tlﬁ’rno sgf%mﬁp% 2%593 gEitesturegy saploy geladingly ng

hni i i ed . ti dication are
b oo mpIE, IR aE R IR SIOR MR S05S thelh' SEndRT o _t%o'uiné‘rag@ss  he
b I i i i Cid ti es
I gt Eanginggllé%rytéiﬁ?srglbﬁgkie%t%uéggfrcl%tsfaggé?bg%{xlcgléﬁa%nq}g%égg#l aapp?gn% themw th

ot her, nthe- deprddanktriuosionyCar®ngesofvedli ﬂﬁbﬁgheéﬁt%ﬁdi% depehdsidypCt 1 Ons
reduces the nunber of branch instructions and their attendant |dtency

pr obl enschepkéng canédrésebedulingohsrdwpteada ihanpiocdssst rpipeliaes and t heir
subsequent cod s with condjtionally executed instructions which can

bl oc
of ten be> ¥RECHLEANTGH! JRAOLEPATS alsop FIRRIOYo S OMmBIeR) sdymbicat e i n conj uncti on
ith ecul at i t facilitat venment of additional instructions to
\émnhanzg Sccglae?gh?%l itgﬁpgﬁcﬁleﬁedﬂczlafnﬁga&rer all latency of execution 01;] t he
rogram One @j ef f f e- cLi zode \Y; nt .is that
Eragch instruggt)l ﬁgértgﬁgeﬁosggg%%e%c u@ﬁgréwg%tggﬁe??g gﬁrr} t%e absence
dRBsd 1t

of predigproachendhapespdratd Ohroaeht e &frﬁﬁﬂémongﬁ Hets. €9 swi tch
constructs and "if then else if' Constructs, can cluster branch

i nst r ucthattieneeks | thae IpmokilkiR.y. Speeukntive tihsisuetiogedxedtion Vigidess and
met hods that process clustered branch instructions efficiently. Summary of
the | nvdatengies -by issuing selected instructions early and overlapping
them with other, non-dependent instructions. Predicated execution
of instructions reduces the number of branch instructions and their
attendant latency problems. Predicated instructions replace branch
instructions and their subsequent code blocks with conditionally
executed instructions which can often be executed in parallel.
Predication may also operate in conjunction with speculation to
facilitate movement of additional instructions to enhance
parallelism and reduce the overall latency of execution of the
program.

One side effect of the above-described code movement is that
branch instructions tend 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 instructions in close proximity. There is thus a need

for systems and methods that process clustered branch instructions

efficiently.

Summary of the Invention



WO 99/ 19792 PCT/ US98/ 21374 The present invention is a nethod for
processi ng branch instructions efficiently. It is generally applicable to
any progwermdilgg2strat egy that clusters branch instructi onBCT/E$98/213741 s
particularly useful for instruction set architectures (ISAs) that support
specul ati on aﬂg predication. In accordance with the present invention, one
or nore branchl®j RESCOE 1 INyK8UNe 1p| dadthall deri penoessinigobranekdl e. The

i nstructj ar r i n an.execution sequence within the bundle, with
the br afr?gﬁ%‘lcﬁ@tnsugff?%ﬁgﬁgrde elf 1853F13] t?f&’qé@gﬁ%n@e.an%e bund! ed

i nstructy ; e o] ti its. indicated by. a. tenplate
field t h%@?gﬁ{ilglsﬁog;:iaéz}%ggé&ﬁ 'ﬁﬁ{tt ﬁgﬁggﬁdIbggn&‘lhge}%s’lt}rus%gl%'san%g *tnést ruction in

the bundpgiticudadguikefulsgaremearuchivn isst  sdlinetiresakBIALS gt er mi ned, and
retirement of subsequent instructions in the execution sequence is

suppr esssthpdrh epecwabiodi et mfeditwtiomventi on, branch instructions are
characterized according to their conplexity, and nore conplex branch

i nstructions Hr AC&EdyHEd Wigh athse|preserd povéntiam onet be miowadbeanchn anot her
enbodi ment . of .t he invggtio .the branch .is a return frominterrupt, and

control BFUGHORS ofks FURCFS Mol ABYTYGIOR Houndlst r yEhE ohsimuctigasexecut i on

| i .1 he i ti t hat dt i nt ti f
rapey. aeqord¥eRdin iy ERedltfod MaublRe G R Rintlerhlinenh (for O
faul t s).bladcHeinARRithes RABRA g?&t iR’ A SelqQUREL ] Ofpyd B, 1? ch is a

return fromcall, and control the processor I's returne an

i nst ructinstrulstiodk eard orhmsfengdt he erethtish | @RitduHdi€atehatycgnt ai ned t he
original call. Brief Description of the Draw ngs The presént invention nmay
be undertemddtenifieldr giasr th@esociatechewitbl thenibumdie.awiThgs first raabh | i ke

el enents, are i.ndicated %y li ke nunbers. These drawi ngs are provided to

i 11 ust r AOStrustiop: &y tﬁg: undle’s execution sequence that is resolved

taken is determined, and retirement of subsequent instructions in
the execution sequence is suppressed.

In one embodiment of the invention, branch instructions are
characterized according to their complexity, and more complex
branch instructions are assigned to a selected position in the
bundle. In another embodiment of the invention, the branch is a
return from interrupt, and control of the processor is returned to
the instruction in the execution sequence following the instruction
that encountered the interruption (for traps), and to the instruction
that encountered the interruption (for faults). In yet another
embodiment of the invention, the branch is a return from call, and
control of the processor is returned to an instruction bundle

following the instruction bundle that contained the original call.

Brief Description of the Drawings
The present invention 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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WO 99/ 19792 PCT/ US98/ 21374 enbodi ments of the present invention and are
not intended to limt the scope of the invention. Figs. IA and 113 are
fl ow di agwarmnefoza code segnent before and after nodificardDusdsR1374
specul ation and predication. Fig. 2 is a block diagramof an instruction
bundle for providing instructions to a processor pipeline in accordance
with tiemppdiaents; ol etha anesditg ingentsom ddckednagr anended f@r dxagsor

pi peline_ i ncl udi ngir i nstruction buffer and dispersal stages suitable for
i mpl emerffngCORG Ol RG IBVeNHOBNt i on. Figs. 4A-4C are bl ock di agrams

i ndi cati t fl o) rol. owhen.various.branch instructigons are
;Qei:ﬁ?e::ln?n gfél(;ggr gg%ce{en(ﬁﬁﬁ] ar h%OB’r géae%{?msn%rﬂ iCSﬁ:e ?‘?gfj’.le%t &’@ et | O\év g?::}'zh
of a met i giaé(}q i ese i or processin

i nstr uct%séﬂﬂe%eqﬁggl e %ﬂgcﬁ ss%l%ﬁlé u(l)&ﬁe%%v@eﬁ}%én& ‘e fol |l ow ng

di scussi on seFig. fDrit ha rBloek aiagenchf iag dRiAidton bandI@Vbge a thorough
under st andi ng of the invention. However, those of ordinary skill in the

art, haynoyiding hestedétions tohias prdéessbospipeline lih aguurdahaé ewihat the
invention may be practiced wthout these specific details. In addition,
vari ous W€l IPIRFRWN IN¥8RHEAs, procedures, conmponents, and circuits have Pot
been described ijpn.detgill in,.order to focus attention on the features o
the present bﬁﬁveﬂt‘? oeh%l?ﬁ]lé ‘f)‘?‘gg"’éﬂtofﬁvBﬁ?‘?%ﬁoi Pipekye tasluiag met hod f or

processi; anch JcAst ruct i igiently.. l.n accordance with the

i nvent i olﬁ?tru Flgﬁc%u:ﬂri%t rau?t i(ﬂ(;%éerg%{e %Pgﬁ%e lquﬁuﬁ‘aﬁ e]g{)]f?g?eq%g also

i ncl ude theorpres@chinvestionwct i ons. The bundled instructions are ordered in
an execution sequence with the branch instructions ordered last in -4

Figs. 4A-4C are block diagrams indicating the flow of control
when various branch instructions are executed in accordance with
the present invention.

Fig. 5 is a flow chart of a method in accordance with the

present invention for processing branch instructions.

Detailed Discussion of the Invention

The following discussion sets forth numerous specific details
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 features 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 in

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



WO 99/ 19792 PCT/ US98/ 21374 the execution sequence. This configuration
sinplifies the logic necessary to process branch instructions and
facilitatwe9swgmez essi on of issued instructions follow ng reTzsesnisds anch.
An instruction tenplate is also provided for specifying allowed -
conbi nations of branch and non-branch instructions. The tenplate includes
a pl ur altheyexgcudiair reiquanes.de dds st¢atfsgurativensimphifiet i eed logied a st op
field. The tenplate acconmpdates branch instructions beginning with the

| ast s| SCCLRSHYedOt PERCTHSddranch nmstinstians angt faeditgtasesuppaessiomdi cat ed

by the t ] . an roupi ngs, Qf independent instructions are

i ndi cat é)gngé/sﬁeaefiﬁsﬁgg%f%l?se%gﬂawslﬁgp ffag?eﬂi‘s _brq—ﬁ ‘di scl osed branch processing
met hod i s parg4c : Ok P ess| o] i i branch

i nstructions élirl efﬁcsﬂdg le():ﬁzggilﬂrﬁ) lat%l (1)§5e2{1|%§0§<llsdn\1H g f’/& ﬂ%r Sgﬁ%& of

i1l ust rafiiowed vestnbitsat RARE IS bedndtheand rﬁeﬁﬂbm{tmﬁs&ﬁéﬁﬂl&ed T}Lé h
reference to an exenplary Instruction Set Architecture SA) that enploys

pr edi cattemplaied includes| at phiatity refi wxectutibanordsredndlypasachipfate The
clustering of branch instructions, described below, which is a by-product
of thedieldeandi gustop iftelds i Fhanttemplater asemumpdatése byarslent i nvent i on.
Referring first t re i.s shown a control flow diagramof a

Fi.g.. 1A, the (

code sedMEECUERS %ﬁdﬂp% ‘ﬁ’éﬁat}éeerlﬁéts St PR SEECHILHIK P1depo( a) - 120( g)
(col | ectyj . hasj ) ... A Rasi l ock..is a sequ of
consecutllhgtgh?tr%g?r glcotctl glglésa%? ﬁé‘%&gr %reeiggtﬁai%‘?i o?h(fertemfpﬁﬁ%\ t%nheégfi r st
| NS T UCtgndn gbupfifsS RAUEAESArRlchbei Ao ghs! LHE LIk e fgegquence,
wi t hout the ggosfs)?% lity of "halti ngl or rtgdrglc%:hiaﬁég; ferlglzlce%{ed 21)9 ttﬁg | ast
i nst r ucttéxmpl4{t€omndolstdp afisfddts due to interrupts can, however, occur
between instructions in a basic block). Control flow diagram 100 nmay
represent, fdrheexdiaglosedt heanpdntprotesdings nfethod oide pastiguianty pusedul t o any
optim'z:i\tion by t.he coHEiJer. i ) )

or processing code in which branch instructions are clustered in

close proximity. For purposes of illustration, various aspects of the

invention are described with reference to an exemplary

Instruction Set Architecture (ISA) that employs predication and

speculation to reduce latencies and expose ILP.. The clustering of

branch instructions, described below, which is a by-product of

these techniques, is efficiently addressed by the present invention.

Referring first to Fig. 1A, there is shown a control flow

diagram of a code segment 100 organized as a series of basic blocks

120(a)-120(g) (collectively, basic blocks 120). A basic block is a

sequence of consecutive instructions that are executed in order

from the first instruction of the sequence to the last instruction of

the sequence, without the possibility of halting or branching except

at the last instruction (Control transfers due to interrupts can,

however, occur between instructions in a basic block). Control flow

diagram 100 may represent, for example, the control flow of a code

segment prior to any optimization by the compiler.

-5-



WO 99/ 19792 PCT/ US98/ 21374 In the exanple, basic block 120(b) term nates
with a branch instruction (BR2) and transfers control to basic block 120(c)
or 120(dWO9%@¥ehdi ng on the branch condition that controlCTBRE®821¥i4 one
case , control flows through instructions in basic block 120(c) to a -.

branch instructi on (BR3), and in the second case, control flows through
t he instructiﬁhégsf gﬁ%@?éﬁ,bgéw Progle) 13Q4ba tarerinatesi weth uet brancBR4.

Predi ' | be el m d.,and the i ' f basi
ol acks 1300eF o855 A el R RRRFIoIGUh devte WGk (I8 Aier e | gs'sﬁﬁm
| ocks 1200¢),>I2brdy et e g PO REre s sh
br edli oat o0 G0t PRI S G RSl EGAN ey AL coBEEK R geondlai 0 |

predi cat@se dasat, fcontxfod)lﬂcmdtﬁrbia?m XR8P hasS gk | LI c§ Aol oW ng
BR2. The instructions of basic blocks 120(c) and 120(d) are conbined and
pr edi cat@dranchagistrustiook (BRG)b'apd ndhef §emondotaid)i somper #owy IS to nove
BR3 and BR4 together. Additional clusteri 21% of branch instructions may
occur, f Oé&ﬁn&ee}nﬁw(éw}%/ioﬁgb%lédbmlﬁ 0(d) BR5a pFangh | A) and

col I apsi.n he in ctons of basic bl s _120(f). and 120(g). into basic
bl ock 12‘6‘?ELYS°Pn§H‘§ct*’B%§C%‘§P 1?3591‘% sﬁéﬁ f?cziﬂ?ﬁ maty] seds theo(b' ) and
120(e') ; p : L Oy, FKI he edi cati on process may be
iterat e(}h\?\frgﬁﬂ%&? gﬁ?#%%qglgﬁgﬁt Zg {cbagpco(g:)o (%Iglrbi ‘b ) and 120(e'),
further Réfestiasi AGwWOIATES 1BIShEHCEE QRS W Yol $4 i s now descri bed
in greater det %il to pr%vi de a context Wnﬂ%%ﬁ@?{gﬁggeiﬁf eatures of the
present follovengi prediegtioe. | Hessf BR2dis blintiRgtedXeMPh@rprelRAte @n i nstruction
group is defined as arPg)roup of instructions such that "all of the

i nst ructassHNMERhi(R1t HE gt cwgnparg HA>B¢cist esed doc genenitt ypredicases i al |y

with the,end result being identical (assum ng, however, that nmenory
semant i ct.l;‘agr‘émgﬁ‘ﬂuéﬂfl&%ﬂ‘%alm’ée%m |y 1geResianss fobpavisg BR2 i nstructi on

groups i3 608016 IBE HastS B18ckD €120(c) and 120(d) are combined

and predicated in basic block 120(b’). One effect of this operation
is to move BR3 and BR4 together. Additional clustering of branch
instructions may occur, for example, by applying predication to BRS
(Fig. 1A) and collapsing the instructions of basic blocks 120(f) and
120(g) into basic block 120(e’). Instructions may be hoisted from
basic blocks 120(b’) and 120(e’) through speculation. In addition,
the predication process may be iterated with BR1 and its daughter
- basic blocks 120(b’) and 120(e’), further clustering branch

instructions.

The exemplary ISA is now described in greater detail to
provide a context in which selected features of the present
invention may be illustrated. In the exemplary ISA, an instruction
group is 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 identical (assuming, however,
that memory semantics are sequential). The compiler generates

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



-6 WO 99/19792 PCT/ US98/ 21374 above-descri bed methods to reduce _

i nstruction dependenci es, reduce | atencies and expose |ILP. The instructions
of a grouyOdamd& provided to processor resources for corREIY¥RR1374
processing and retired relatively rapidly. The instructions in a group are

bundl ed _,in sel ect.ed, conbi nati ons. This bundling , as described bel ow,
speeds GBO¢SRATTEERA p‘?’(r;g}é%@ﬁ ntP WicdhS6t IREEUFHPAg dERENEEBAIAS: hardware. A

progr amek iy tdViigehefe < QAR éﬁ@(fsreﬁé]??q o 115 dgétmé%r i% g Ifl ?é}riqqu %%g reg% ”

bundl es and organized 1 n | on gro ps are

St at | calprvEiRid Mot poBssel OResdhsed 18E RARILM | bEEsdiASt kgt i on aroup

boundari es. For purposes of the followng discussion, 1rstruction

execut i oeticah redativelyi depidly .t o Thec dustructidmurinphagesup lard RAAIEE
instruction from nmenory (fetch%F 2. read the architectural state, if
necessail falealgydl cembipationim t Kbisparidlingd , operdescnbed ebelomt,e) 4. update
the architectural state, if necessary (update) In the exenplary |ISA every
dynami ¢ Spﬁg&% ulR | GANGHERRGL BROCESHaxgr ekthent (iequiripshadditionak hough its read

t.h dat f th tate of all
orior i RERhke om Droffifeth FlsTSA Gttt Sostdiedey Ofayver y dynamc
i } 1 i j i es._a i read of the
i o erhSRuctibid) PadRed ORI HRIET MO Ut eRRIRETn® inod R dbSal

i nst ructhen ifgraotionr gta@Ipr haré nsthtighlly né_éﬁﬂﬁiddo\%ygrs - bitfiUghatW thin an
instruction group, dynamc read after  wite (RAW and wite after wite
(VAW r epeeif¥r infepdnslenciies granmdiowidasiesd, Bot puhposes cofwrthee after read
regi ster dependencies are al|lowed. Exceptions to these restrictions are
al | owed fPHPWaBRE { disgussigas igstrucHens gsecwien ymdre coRaersdWo and write

after read, (MaRkolP Thies:
1. read the instruction from memory (fetch)
2. read the architectural state, if necessary (read)
3. perform the specified operation (execute)
4. update the architectural state, if necessary (update)
In the exemplary ISA, every dynamic instruction within an
instruction group behaves as though its read of the memory state
occurs after the update of the memory state of all prior instructions
in the instruction group. Similarly, every dynamic instruction
within an instruction group behaves as though its read of the
register state occurs before the update of the register state by any
instruction (prior or later) in that instruction group. Thus, within
an instruction group, dynamic read after write (RAW) and write
after write (WAW) register dependencies are not allowed, but
dynamic write after read register dependencies are allowed.
Exceptions to these restrictions are allowed for certain types of
instructions.
Dynamic RAW, WAW, and write after read (WAR) memory

dependencies are allowed within an instruction group. That is, a
-7-



dependencies are allowed within an instruction group. That is, a -7 WO

99/ 19792 PCT/ US98/ 21374 |load instruction will observe the result of the
nmost receM@9%YPE to the sanme nenory address, and in the PETERO88B7Hul tipl e
store instructions in the instruction group to the sane address, nenory

wi || corit ai,n. the result. of the | ahest slf?re foll om ng execution of the

i nst r uct:Pad WWF‘%W@E@QS%‘{QJ £i trfuly Glipthe anesty TeRARENSIOTe it r uct i on
within s]! ' t o] behayes as though.j.t.is executed after
t he up&g?eg%@gaﬁéﬂéﬁéﬁ??%sgﬁ? oﬁ t%ﬁg %Yeet{}i BgsgﬁuﬁéP%éﬁ?@n group. The
exenpl anystrPéti6as JURAL! Indrddifdh | uehi gl % t es
advant ag;eS (gf éorrpi le ti menirnf gfdr}laté}g)trl]l{b q‘% g‘% Ss%?l?é):'ﬂr%g{r%%t P[g%]n%&ﬁhst be
speci f i edilhicomtsinf theirepaltbof sheoldestt kraei fllowing exbedGdh 05F (REdress an
expanded register set, and communi cate the available conpile tine
i nf or matingFuUCilANg FHUP.t | SA, instructions are preferably provided in 128
bit packets Lé]at f ul l'ﬁ speci fy groups of three instructions in selected
conbi nat i ons PEHESE IRSHHGHPNORTORBYpSVAFE AHpPRdC t nsthkitiompwithpni at e
executiQn .unjt. r h _tenpl.ates associated with the grpup and are
di scussg‘ld gilg%r@g{rgf 8§gt §%?&Eel?mveﬁt ay thqugaqit H%tewggﬁff@g&eﬁt théwvent i on
is not |y i r N ti . er. of bits, e.g.
updat& ot A1l nsHukEohY ﬁ?)[nﬁ'ﬁféf{er %r@vﬂﬂfs hlgﬁ*'lgtftf%wgr

64 bits. However, for ease of tron, 't é)u&)l'SCUSSi on is

presented in Ty xeaiplarf AL cah CIdRA Ui Crickd itk dHNARICabRNAYNG € hat

persons skilled in the art, having the benefit of this disclosure, wll
r ecogni zbat hakesoadidf antigeonf neomepHar tinteo infophiatione i Tyeddign to ot her
i nstructions sizes. Referring nowto Fig. 2, there is shown one enbodi nent
of an IRSHVCRERDAMBShdIe sPeOifded t wihe shfficiembvbits nty tdisthguishof
I nstr UCttLgirr]S fliu?ct?&ioragﬂ?gs% V:Xint %xgagééc? ! }egiisnfglr eyrrcetnt a;ril(? ncc?r;n}uhn?cate
the available compile time information. In a 64 bit ISA,
instructions are preferably provided in 128 bit packets that fully
specify groups of three instructions in selected combinations.
These instruction groups are mapped to their appropriate execution
units through templates associated with the group and are
discussed in greater detail below.
It is noted that the present invention is not limited to
architectures having a particular number of bits, e.g. 64 bits.
However, for ease of illustration, the following discussion is
presented in terms of a 64-bit architecture, with the understanding
that persons skilled in the art, having the benefit of this disclosure,
will recognize the modification necessary to apply the invention to
other instructions sizes.
Referring now to Fig. 2, there is shown one embodiment of an
instruction bundle 200 suitable for conveying triplets of
instructions in accordance with a 64-bit implementation of the

present invention. Instruction bundle 200 comprises three

instruction fields or slots 210(a)-210(c) (collectively, instruction
-8-



present invention. Instruction bundle 200 conprises three instruction
fields or slots 210(a)-210(c) (collectively, instruction -8 W 99/19792
PCT/ USO8/ WIBPA97%| ot s 210), a tenplate field 220, and a stR@IP$B2437230.
Each instruction slot 210 includes an opcode field for indicating the -

| ds f f f ti
necessaryforo 205 anblHe Held: 200 ABH ArdoRrgeld Aauddindiorpi | f time
|l d 220 th tign of any
i nt rucer s Sos, ARIPIRIGY R, oBeRder BB dRrbURiPETagoMeas wel | as a

t enpl at emtsi’lﬁ%ubﬂa%pé‘d%a%vﬁﬁ ag'oéa\%éﬂ&ﬁﬁr a0 o ﬁ%@t é}lggar e mapped to

execution units i nstruction group bou entifies the | ast

i nstructinformatian niens$sangt t@nirgplemves tHef inerhahay eandt field 230

i ndi cates when an instruction group boundary coincides wth the | ast
instr uctllmhldﬁsd cqor@pﬂ@uhmee ipfloemarhors, (hietspl atBerhphdted £i20d sp2@i fi es the
configuratio instryctions within bundl e 200, and with stop field 230,
i ndi cat €8%4 Bllﬁd%ﬁﬁilggnbé WY, Hgfraesion |g}ﬁ§tlpubpunda@¢s>uwsthm nstruction

f f or.mat |
nddi t oroguean BEHRY Ak ﬁi‘es“ﬁﬁé??%t&%m@?"&%p&@za iSRSt ruct | on
bundl e Ay! kAR %Ibts.ez B Ui tAIAr 16 Uxdcifidn HRGAC! 9% (Aeft 1O

right semantics In osed LSS0 prece &% 1, etc.),

t he | ocamistuceibn @Wup anﬁhl@éﬂyOﬁdQﬁQﬂBs bﬂié“Qﬁét' Eiﬁst!rﬂcﬁaﬁ bvngi e (via
tenplate and stop fields 220, 230, respectively), and the mapping of the

i nst r uctinetrsctionc grougs pndiefiedx abaté.on Suopt Beld/i 280 Qﬁﬁi@tt@s fweesl 220). In
one enbodi nent of instruction bundle 200, slots 210 are 41 bits each,
t enpl at A% |1@ISHUIC§102! 1Brewp bﬂ@néardp chie¢ides3wiils thaelastt instouctiort ot al  of 128

bits Referln 0 bel there. i vvnallst ofvmdely
supportescl r%ft ?O ype ‘Esraafel%ﬁ’]ét%llfé‘ﬂdség ofRedtien e

conﬁguratlon of instructions within bundle 200, and with stop field
230, indicates the boundaries between adjacent instruction groups.

Instruction bundle 200 thus communicates a substantial
amount of information. In addition to the identity of the
instructions in slots 210, instruction bundle 200 indicates an
execution order for the instructions (left to right semantics in the
disclosed embodiment- slotO0 precedes slot 1, etc.), the location of
any instruction group boundaries in the bundle (via template and
stop fields 220, 230, respectively), and the mapping of the
instructions to corresponding execution units (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 in the
exemplary 64-bit ISA. Here, I, M, F, and B-units refer to integer,
memory, floating point, and branch execution units, respectively,

suitable for executing the indicated instruction types.
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exenplary 64-bit 1SA. Here, I, M F, and B-units refer to integer,
floating point, and branch execution units, respectively, suitabl

execut i ngwoe/1919di cat ed i nstruction types.

menory,
e for

-9 WD 99/ 19792 HITUSY8QBY721374

Tabl e 1 | NSTRUCTI ON DESCRI PTI ON EXECUTION UNI T TYPE TYPE A I nteger ALU
|-unit or Munit | Non-ALU integer 1-unit M Mnory Munit F Floa
Point F-unit B Branch B-unit L L. eInlfer.medi ate |-unit Referrin

ol o ol ~t ~

Tabl e &

corr esjonth ggﬁ‘@q{‘]’a@t lesi m

I nventijon. Vertygal pardllel lines between

nDEXELUTION  YNT

1 ntries iﬂiiate an i
group Jboundary tmat falls within an instructf on bun —=1 nst ruct

t enpl atles, suchaas those|of Iqﬁg‘%e{, Argrerany 1. iifacér tﬂgﬁﬁ&z

of instjruction/data types$ that

Se nost fregguentty 1in Se

cross-dection of applicati orN@ﬁ_qu@_rertéS%r}“p

be identified, for exanple, by running

rates Trkg_[Apse of 1
npl € code and observin

i nstrudgti on con nati ons|occur Np@ﬁnorfyr equent[ly. In fngpresent i
tenpl atles that include byanch instructions (jbranch tenplates) alf

ting
g now to
d their
ent
struction
on

i nati ons

ble 2 may

whi ch

venti on,
o refl ect

hardwarje effici &ncy and (ti m BlpatonsiRighat i ons, as d@sghniped bel %\/
Tenplatles 8 9 B _C_anfl E of Table 2 each accommpdate one or re branch

instrudtions. 1B order t¢ faciliBaaeclprocessijng of Brsimiucti onmqr

si-ofp—of—instructi-ons—subsequent to taken hranrhpql the

suppre

instrudtion(s) Bre assi ghed-@egi dnteranediate I-unit

Referring now to Table 2, there are listed instruction
combinations (templates) and their corresponding template
designations in one embodiment of the present invention. Vertical
parallel lines between entries indicate an instruction group
boundary that falls within an instruction bundle. Instruction
templates, such as those of Table 2, preferably reflect those
combinations of instruction/data types that arise most frequently
in selected cross-section of application programs. Templates like
those of Table 2 may be identified, for example, by running sample
code and observing which instruction combinations occur most
frequently. 1In the present invention, templates that include branch
instructions (branch templates) also reflect hardware efficiency and
timing considerations, as described below.

Templates 8, 9, B, C, and E of Table 2 each accommodate one
or more branch instructions. In order to facilitate processing of
instruction groups and suppression of instructions subsequent to
taken branches, the branch instruction(s) are assigned beginning
with the last branch from a cluster in the rightmost slot (slot2) of

an instruction bundle. Preceding branches in the execution order

-10-
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with the last branch froma cluster in the rightnost slot (slot2) of an
I nstruction bundle. Preceding branches in the execution order -10 WD
99/ 19792 WOPAPWEYB/ 21374 are placed in slots to the |eft HACHUWOSADLSH
recently placed branch. This is continued until all branches are -

accommodated. . Ln. th exenplary 1SA. this order reflects the execution
order udlf paced ﬁg‘?té f(%gﬁ?ﬁ]@i‘ﬁ 6’2 H@pé‘%‘l‘%ﬁ%n&%ﬁe\mﬂ}’hmﬁ%ﬁl ibﬁélﬂf‘rhj)ét i gnl gr oup.

Table 2 0,, 3k MUnit I-Unit I-Unit 1 MUnit
O (T PSR R R o el Lt te i s
MUnit | ht Unj | - Wkt edaddp ' Unit F-Unit 8
won ¢ ORS8O B R b A B BT B it
M Uni t IdvdiidteBihktiroction Edbbehdéndy Upithil- bii insttudiiént giphpt es of Table 2

acconmodate clusters of up to three branch instructions in a tenplate and
mul tiple branch tenplates can be lahleofed to process branch clusters in

exces e GBS GBS o di i dod T ntQ _one _or nore
i nstrju L ps. ESEOTN8t ructi aSlgOdld i s di vBAITi Bt o ifnstruction
bundifes—5 M-Unit T-Unit T-Unit

1 M-Unit I-Unit Il I-Unit

2 M-Unit L-Unit I-Unit

3

4 M-Unit M-Unit I-Unit

5 M-Unit Il MI-Unit I-Unit

6 M-Unit F-Unit I-Unit

7 M-Unit M-Unit F-Unit

8 M-Unit I-Unit B-Unit

9 M-Unit B-Unit B-Unit

A

B B-Unit B-Unit B-Unit

C M-Unit M-Unit B-Unit

D

E M-Unit F-Unit B-Unit

F

The templates of Table 2 accommodate clusters of up to three
branch instructions in a template and multiple branch templates
can be employed to process branch clusters in excess of three.
Program code segments are divided into one or more instruction
groups. Each instruction group is divided into instruction bundles

200 for processing based on templates, such as those of Table 2.
-11-



200 for processing based on tenplates, such as those of Table 2. -11 WO
99/ 19792 PCT/ US98/ 21374 The bundl ed instructions of an instruction group
can be i sWON1912t he execution units of a processor rapi dlRCTAWPSAII7Thout
need for - subsequent reconciliation of instruction dependencies. \Were-
dependengi e W h(iln. an instrucfi on .sequence can not be elimnated, an

i nstruct W% HRFHYSFPTS sOF dle ARgHUGHON hEHAND $gh DA issvedr tance wit h,

.g. th . lce 2. beqi . The ad i nst ti
e tah PR, Qi PRS0 7 BRUBAL 950 S e 1"
di scussaibséquadl treEohliattoh® off SheirbliSXCHBbAdeRNENCh hamRLaAt e 8 9. B,

C, and E, in speeding 1nstruction execution ansi tioning between

i nstructdependencies wishidetaai ligstrudSomos@theteeveani A6t rvEt éRmikavadl e 200 can
be nodified appropriately to acconmodate different instruction sizes and
ar chi t e@unastru¢iion hgrduy |amindgryi scunsérved and ebpidiiegr ¢hers to a
specific con(Lii guration of instructions jin an instruction bundle. Referring
now t o BCEOrdAnCen i, 8.8 nidiin templasek ofi Igblem2f begimiseenew. st ages of a

processor pipgline.30 i ncludi n instructi uffer stage 310 and a

di spersal st g‘g’é’* ?éb’.anl%“%‘?sr R ?%ﬂ%ﬁ%f?%%u%&ﬁéegé%??%&%r% i nstruction
buf fer ecel: Vi ! td netl 0, and. di.sper.s st age 350
i ncl ude?%QCé%F%%e@géTﬁtﬁg%t\}\%ﬁt‘gﬁg ﬂfog’? '?%u Fﬁgssl%ﬁ’str ctﬂaghg%bﬁl?nst ruction
buf fer 38R b exiplarPrbranthStemiilatesh@WY) BN @ SAPSEARE N Hed of

pi pel i ne 300. Pr esglr?tgti on | at (‘:T%s 312(0)-312(5) (col e(r}tq vEei ,

pr esent anstonclianckascatian andt hearsotionary Bstweean insguetiohi @roupyf fer stage
310 and di gspersal stage 350 couple instructions from instruction buffer
320 to d sgripHed. nedwdtatedsahovessinstystion Beodkt 200heabobedary of di sper sal

stage 350 &igu e instructions from dispersal network 340 to execution
units (mMe? PRIQPAIate bsth@éﬁPng?aé%teofdlﬁeﬁ%‘P‘i A8sSHYEIoNN SAFRS di scl osed

embodi MRl architectures. In the following discussion, a template refers to

a specific configuration of instructions in an instruction bundle.
Referring now to Fig. 3, there is shown a block diagram of

selected stages of a processor pipeline 300, including an instruction
buffer stage 310 and a dispersal stage 350. Instruction buffer
stage 310 includes an instruction buffer 320 for receiving
instruction bundles 200, and dispersal stage 350 includes a
dispersal network 340 for routing instructions from instruction
buffer 320 to execution 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 stage 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 network 340 to execution units (not shown) in a
subsequent stage of pipeline 300. In the disclosed embodiment,
issue ports 360 provide access to a pair of memory execution units

(MO, M1), a pair of integer execution units (IO, I1), a pair of floating
-12-



i ssue ports 360 provide access to a pair of rre;mry ex_ecuticoén units (g/g),v\o
M), a pa oot eger executionunits(lo,.ll,apalroP ) -

993 19792813&9?@33/21374 poi nt execution units (FO Fl), a_nd'll/‘g_ #FP%f‘et of
branch execution units (BO, B, B2). Oher types and conbinations of -

execut | oikibidculie Bits EETEALCAnH DAkl 1 BPherC AREREER: Wi N the

present invention. In the disclos enbodi nent of pi p€e

i nst ructimts (BOf fRt, . CaDYher SEpes Carl .cothBinhtiBHE IO cRBL{ES a) - 322(h)
(col lectivel (, entri ?322), ea?r?ehavi ng three slots designat e‘%ags(to 21in
execut i dﬁabré@rimpﬂﬁmﬂ?m@ﬁeémt pyrelored 300, scansispueniviel thedpirédemt from sl ot
O toslat 2 that reflects the sequential ordering of instructions within
an i nst AOYERSHYr oup. For exanple, where instructions are provided using

t he exenpl ar y. | j peline 300 ..ensyres that, an_instruction in slot 2 that
r eads arrprns\rru)r%/1 a dr@fggfose ogglq%%hg?et rofhgln?i‘r‘r’ﬁr ﬁogddlrnéé@lqtlé)f?pdat eg by an
i nstructy i I : S 0.:Qf .t i r i Qr e or by any

i nstr ucibiugﬁeIl :ancg %Hr“é relg‘:ésﬁgle?%iéterl%gltti gﬁng{%ﬂ%lnéﬂg% _ ?%%dﬁgwgu on group. In
the di sqboHectialyodénteies, 3005t eHohi RAViRT fifte SeBW SaciplledNBVIq'S 6 entries
for purposes of illustration. The present invention 3y be I'np enent e

usi ng buhfexecuizvi mydenr e Here| executian 8rdeniy i€ SeqedivRior8édng
configurations. In one enbodi ment, buffer 320 nay be an instruction cache.

| nst r uctTIMs skatoth & 15l0fdi2e teatt reflocts thee spquantiddotderimprofespondi ng

tation latches 312(0)-312(2) for coupling to dispersal network 340.
R;eisﬁgi éﬂ%téﬁcﬁl?\n%i Within i)‘é‘ISFngU?GO greup.cagisl example.odeherieng i nstructi ons

f rom two, Qundlign €Nl GFoviicd usglfg((ﬁ%:c I?:;((%{Zf&ﬁéfy mlrjlériﬁ 1{3% @ﬁ@ that up to

6 instructions can be* Issued p

avai | abiehistidesOthAes@UifRPuctidh tAl B %e (FIDIUAIEY SnlhokPSidigtion buf fer
stage 302 i ncl ude,

does so after the memory address is updated by an instruction in

slot 1 or slot 0 of the same instruction bundle or by any instruction

in a preceding instruction bundle of the instruction group.

In the disclosed embodiment, instruction buffer 320 is shown
having 8 entries for purposes of illustration. The present invention
may be implemented using buffers having more 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 network 340. As indicated in Fig. 3, pipeline 300 is
capable of processing instructions from two bundle entries, 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 instruction buffer stage 302 include,

for example, three presentation latches, e.g. 312(0)-312(2), fed by a

single entry 322, or in general, multiple latches fed by 1 or more
entries 322.
-13-



for exanple, three presentation |atches, e.g. 312(0)-312(2), fed by a _
en IOin general, nultiple latches fed by 1 entries

single en or r r
322 S13 WEEBa702 pCTT USos 21374  The nunber of braneh Y??E’Pg%@?%ns t hat
can be handl ed concurrently is limted only by the branch execution -

resources  proNg dedmbkn of ASkneE Atk IV SRDRANEA GNSE ructfons from

the sane bundl e can be execut concurrently. al three

branch eocamutriertlyiniist $ingited PonNi dRd, thePbghcH Yexdbanoh rPSSdeLi ons  coul d
be processed conc}uurrently. Si ml'qy: ggdexpansi ons are pos&g?se %or each of the

di f f er edirovjgirds ofln epigelinico300ni us . toDitseer Hrhndlodingtradfiohs AGHOCHHAt ed Wi th

instruction buffer 320 to read a tenplate, e.g. tenplate field 220,

associ atSP%i PHEg RN | Bt excuitesh anneareeralo i df et radekitiangl ahceepr ovi de
net work_ 340. Di spersal

! ach it o1 un T 0 .
et wor k D160 Ryl WLy Tt Pemaideh Bihlie st bignsho inssracians por ts 360

for diff t heX i ' rdigng .10 data provided in . tenplate
field 230 ot ne s gﬂ@d@%ﬁﬁ&m n_tS”g‘f‘fﬁS i BéP?Wgo%o?ma Hqsﬁla_tle branch
predi ctifon emdulef 8D diffepaRoeydsedretdbitidtt iRl bundle entries 322 to
provi de early access to hint information tor selected branch instructions.

A second brarRisppredi kigion33@disl as@Rfiaiesl entp! Rdiiuetiofi DR gonet wor k 340
to provide access to additional branch hint information in dispersal stage
304. | n tPhreadefhdemptaie, esgcdemplateafiehd 220 assomiateddwieh 38QRhaccesses dat a

frominstructj.ons, origi ing in any_of slots 0-2 of bundle entry 322.
R(raf erri r’iﬁsgagjlﬂnt Buﬁfiéf.g g@in’d‘ TIWrigs 2322 napduproviden apprepriatd  are

The. oxecub o erERARt & BRGhrol el Fork Pabe. Thiverealimstoorinere the
i NSt uct34oN (BHOURap8 CliddR tiAs! ﬁplmlﬁﬂebéﬁﬁ§h322 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 associated with slot 2 of bundle entries
322 to provide early access to hint information for selected branch
instructions. A second branch prediction module 380 is coupled to
dispersion network 340 to provide access to additional branch hint
information in dispersal stage 304. In this embodiment, second
branch prediction module 380 accesses data from instructions
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 instructions that
precede the branch instruction in execution order. Template 8 is

appropriate where the branch instruction is preceded by
-14-



instruction, the branch instruction is assigned to slot2. lJ‘Iigltrrpl ate 88 tC,he
or Dis I depending on the types of instructions t sohEsgde
branch iﬁ‘gtBrgg% i(2)n in execution order. Tenplate 8 is appropr/?é(l’?é V\Eere t he
branch instruction is preceded by -14 WO 99/ 19792 PCT/ US98/ 21374 -

I nst ructjj e i ni.t.and .an i nteger executi o_rl
unit in lggggﬁtﬁlbg[% %ragégr Zﬁnggg{re)s{% I ?glk}egﬁgggﬁufgaﬁfﬂg aZt é‘?‘fﬁgﬁigt r8uct(:a| g.nsl inn
field 22Xecitidhcahits in exdicap@ons akdétet Pidhe ic §m _

slots 0, 1, and 2 to ports 360(M), 360(10), a(%d 32%?’8[5% ,ntgespectlvely.

Wher e t womplatiecB, i gt riucfiiebdlsnﬁ,eimliusﬁeer&d,di&ﬂg@yalar@t@bhgrm t@dj acent to
each other in ,slots 2 and 1 of an instruction bundle 200, |leaving slot O

avai | ablf@Utrthg HSHUSHARS hin 1$detsuBt ilonanté.%j.thpnBtIsol I BgO(MjD_p,e 3E[6|®$I({)ycti Olnbt .
Wh t instructions are adjacent, a three instruction sl
magrge g&’?ﬁﬁ@%*h@%ﬁ&ﬂé’ﬁ?}’ﬂst ructions (since three branch eXFC;JtI on
it } S branch instructigns concurrently).
Bundi i g br aneheTnert Gotaen i rariPhEae EOREGh T GiFT alieheRc ) es 322

provi deadfaduitbey cabhbeiRE! ins sIAS BIANFN RIOGRSHsHcohobufifDIGh, Pecause

taken branches resteer instruction fetch to a new address, y termnate
i nst ructleavingr slgis0 ahadabieafisr tahaion-beinche @itu@fomny. N§LflaetéQNs in t he
instruction group that follow the taken branch instruction in eXecution
order, HK¥BCtMsHaICsigmpr edbhere Wheae threnchnsinstuiciions tre heljscgmy esised are
on- branch i.nstructions, this operation inposes significant pressures on
Bi pelin InggpcHQn hRoLs ‘FI@Yrrgﬁmaij'Slgﬂednt%dbﬁ branchudnsunstiofisl | oned a

h i i i tion order in an e 322, signal transm ssion
Dranch, (ORREUSEN b SUELABOLATE hB: SRGSbIY 7 Brandit iy | oS st
or integeandRi qngt\pﬁ&ﬁgﬁugghgﬁﬁemﬁ,)' menory and integer instructions) may
entail significant tine

Bundling branch instructions in later executed slots of buffer
entries 322 provides a number of benefits for branch processing.
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 instruction 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 execution order in an entry 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 time of the pipeline stages. Where
the taken branch instruction is followed in execution order by other
branch instructions in the bundle, the following branch instructions
can be suppressed efficiently by the branch logic, since branch

execution units are typically localized on the processor.
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del ays relative to the clock cycle time of the pipeline stages. \Were the
t aken br ruction is followed in execution order byp&tf{}&rsmﬁr anch
instructions i n ?he bundl e, the follow ng branch i BS”UE“ ons fan Be ”
suppressed efficiently by the branch |logic, since branc execution uni-ts
are typi cal | yahoami Z6duRD $NAhBr BRESSOT invehf0i99(1ka7 87, RET/ USO8/ 21374
Anot her feature of the present invention is that branch instructions nay be
char act énstredtiens ontiyndet @hnhedterigedphexoridingnth thehe dehngslekityo a3l ect ed
instruction slots of entries 322, e.g. via 1nstruction bund! s 200. For
exanpl e, schgfledo it selacied hinstmstionc slagnsofrntiies s32®delgdviant o the | ast

i nstruct.ion s).ot i)n xe Bbl on_order (slot 2, in the disclosed enbodiment).
In this TRYHEERE, Bﬂﬂ%se; r EE‘PF i SEAMRIS: | BT reompleXe hranchare likely to

) i i i 0. and.,i ncl ude | .branches and return
??omr ff\ﬁég@%@@%ﬁ%&l ﬁglto%lg@&gg ! gcgié]gagthgg%&?‘%%‘?? UQPFOWS are resolved
later irxebatibASbrdist (18t P3PS i e, disj&%s%d'hgphfo;cﬁp‘fg'ﬂfhéﬁq thiiPbT €%

retirement of any (branch) instructions t W an instruction

bundl e idontéwet, beamphes Hranolp, inBfruktidhe af€S@l¥edthat 2N 1ikEN Stcpyl d 1 ead to
pi peline stalls, reducing Pr ocessor performance. Assigning conplex branch
i

i nst r ucttee@iyedo lates einequipeline 0800 eand inslude Zpopabraﬂilﬂmegddﬁld a%kwaﬂt aggdt gat
t he har dwar e .necessar 0 . support compl ex branches need only be provide
at the 3&‘]’%?%@“@%@;&) gnsHugHeRs exdBeeduse Miehgl engoactionsiayze 3 . This

; ) ) q

cont gur st g TRe dartbd dndfr iR fgnpPinrine. ptheas osi b%‘ﬁ%és%es;gﬂgﬁfﬁy
i i er ) ,

She by osuppRes REARGRCREO! Wity Wbrkden iREUhEHoRET At Fofow T hE R o

Qther adiagm agstuctivh. bihal fif WeDYRIHRY BOBRSTRITS bid GebftRal " accor dance
with the

taken. This could lead to pipeline stalls, reducing processor

performance.

Assigning complex branch instructions to a selected slot, e.g.
slot 2, has the added advantage that the hardware necessary to
support complex branches need only be provided at the selected
slot, e.g. branch execution 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 instructions in accordance with the
present invention and terminating instruction groups following the
first taken branch in the bundle may be understood with reference
to Figs. 4A-4C.

Referring first to Fig. 4A, there is shown a sequence of
instruction bundles L, L+2 . . . L+5 representing a sequence of

instructions in a program. For simplicity, it is assumed in Figs. 4A
-16-



present invention and term nating instruction groups follow ng tge first
taken branch in the bundle may be understood with reference to Figs.
4A-4C. ReP@PMG2first to Fig. 4A there is shown a sequen%%T/H$98/21%4
Fnstruction bundles L, L+2 . . . L+5 representing a sequence of

X X . o P . d i Fi .. 4A - i6 WO
o0/ 10763 BT bod By o P98, A lng® BRI e bR DR RT e e e
| nst r uctd ok, exkhoigs @le SAbITEardlitdiuah diseudlabiahodh b ect ur e

di scussed above can acconmpbdate concurrent execution o ti pl e bundl es,

such as advemmokdated| emcsinean exedition 3of MEBNPTEOBuUARNS!, VYidhiy apbundle is
from left to right (slot 0 to slot 2 within a bundle). In t.he figure,
bundl es 4 tuddegyishown fivpFigseht Exetwidon uerdeorwithimup bun@ld it héxdnt er ni nat es

et uctFEn g (11880 COrPE & AtfChinat PeRdlcbn bundi es M to M-z, The
G oup. epr osait it ofB8xhn bR, 1 AhrQu® 0t e 8t i eReGiATal | ( BRA)
! D, O e e ols, 81, 5 kel ATRby, I, BT, O
onl'y BR2 mecds to b subar bosed and o Bt (oMY (IRpUET p 1S taen
i nst r uctingrpctionchnndles Miptor dds2d €Fli¢ precetyrdexebatesaandbreaaets | 0gi ¢
handl i ng BRI . imlarly, when return fromcall (BR4) is taken, BRS of |IGM
may be readFQly Oiuﬁlﬁ Y OEESSATt Fﬁ)uﬁlepmstrlﬂ@}(pneg@mrpergprqshatdihdw end of the
Bt esoduidl g6 AR5t G ) oRLBArETHaY fiia Gl BB BOGRIAM es. Thus,
cal | BRYLRr #ERREA! &athple, BRB Rundl %a%n)\.’mel? neither BR1 nor BR2

are taken, IGL includes the bundles of IGL’.

The configuration of branch instructions in the present

invention means that when BRI is taken, only BR2 needs to be

suppressed, and since it is also a branch instruction, it can be

suppressed efficiently by the same branch logic handling BRI.

Similarly, when return from call (BR4) is taken, BR5 of IGM may be

readily suppressed without putting pressure on the back end of the

pipeline.

Another feature of the present invention 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 not specify a slot within a

bundle. This limits the number of address bits required to specify

a branch target and extends the “reach” of a branch instruction.

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

bundles L, H to H + 2 processed during an interruption. In the
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taken, and call return BR4 branches to slot 0 of bundl SI L+3, V\:he:’l t aken.
Processin returns fromprocedure calls is thus bundle ranular , i.e.
t ar get ao‘gpé?g’é%@ 2need not specify a slot within a bundl ePCRHIS8RI3ts the
nunber of address bits required to specify a branch target and extends the

" . 4B, th h
sequonc ARy i GReHB! [ HgRR ?ﬁ?%%c&@%aﬂ"%“uaﬁagnmrm henti on. T the
-17 WO 984+9dt9¢n RSA) %93{133}?&7‘}4 %,y\%g%e,pbg%&: %ﬁ{ro t8t taél g_&er ed by execution

of the nenory type “instruction §ELRL control to

an i nt ehandler Hamahesti¢d ngtoupc tHPN IHRUAnrrudh dndi&r 1 p{ gt
term nat edrl byma return f%onl’ilffnt);rrupt (RFr I;-Un a|nke ot1 ergﬂanc

i nst r uctiyons retushi &tonar mteumgt e(RIFBnUl EnlikRFbthes brafor &bét‘x‘u@dl@ﬁs granul ar,

al | owi n ceptions_to be pr ocessed in execution order. If the

interr ug'{hléﬁ AEC l%lquflﬁpgraélél andR&d:t éd praferiably 4ot qmannbir, i dlowing ned to

the(Mt Lnstr ctlon ot 1 of .bundle L qnce the instruction
X it

handl er QY do ﬁepf(?%f:ﬁse 11y ﬁéeFth%’f‘r%'ﬂeiIon If sthe ﬂ’ét‘i@lrfuptwmlﬁol g)u![d
t h t haty.gen at e f nd). e 0 o]

gsamjlnatra g@g;&tsr gﬁdlﬁgﬁb F&ﬁgFl e acglotrfrpS g# ef%@?%a@ﬁ thfV eé regl ster

the sl oindtegaidmmiokldihe bﬂsadﬂmelgnoheétth\é%s%?&we findgflen the excepti on

was encountered, The register nay be read to provi eturn address for
a faul t poocesses thedtiapcr eifetheednterruptioryiigea afadudf, UgSnedeSEd Or a trap
when the RFI is executed. Slot granular interruption processing has
advant a@@é‘mntft%aﬂs‘irﬂcgﬁéath%ﬁ genenatéd ithe fantler (huptdlexbeplooro)pr ocessi ng.

Ref now t o, Fi ere|s shown an instruction group (IGQ)
cgrrre): |r L‘Sﬂ A gx?"cptl_% ading 1may eberi aegoseplished Hryarsening rist r ucti on

) T A e el

repr eseqiifer? (REIMERRICH WwAS ndbhhfedl O FRd Segister 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 RFI is executed. Slot
granular interruption processing has advantages in that it greatly
simplifies interrupt exception processing.

Referring now to Fig. 4C, there is shown an instruction group

(IGL) comprising bundles L to L+5, where L5 terminates in a branch
instruction BR6. The bundles are shown for the case of pipeline
300, where alternate bundles are fed to presentation latches 312(0)
- 312(5). Here, IGL represents a sequence of instructions forming
a loop. Because branch instructions are scheduled later in the
execution sequence of a bundle, e.g. slot 2 of bundle L+5, more
instructions can be accommodated in the loop sequence without
adding additional instruction bundles. In a preferred embodiment
of the invention, loop branches and RFIs are considered complex
branch instructions and are scheduled in slot 2.. In the case of the
loop branch, more instructions are accommodated in the loop for a

given number of instruction bundles. In the case of an RFI, logic
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a | oop. Because branch instructions are scheduled later in the execution
sequence of a bundle, e.g. slot 2 of bundle L+5, nore instructions can be
accomodaW¥N"2he | oop sequence without addi ng additi onBETUAYYA3T i on
bundles. In a preferred enbodi nent of the invention, |oop branches and
RFl s are 0congi (ﬁer ec{ corH)Itex . branch inst ructions and are scheduled in slot
2. 1n t18 d5edings the iy Sy HaRvlaro returps addeassongedr enbie cotmodat ed i n
the | oo : Y nynber of instruction bundles. In the case of an RFI,
| ogic - ?%F%dg%/%&g%% | US98/ 21374 for reading the instruction granul ar
return addresaimoaghothy HoveUnfiadsf alscld@! Bocllsfipugh HifipRove
exanpl es di scl ose processing of nultiple ranch rnstractions in clusters
of threebmmchessstrudtions imdelusterodof hhtee tdie ld¥sesienis RVBRAtHOA {1BY
accommodat e any nunber of clustered branch instructions concurrently. For
exanpl e, thg @resendr ipyeridornmayr scchmmedatectanynsumbeéd df dasereddat e in
three i n@rUﬁtiosz bundl es. Wien the first branch instruction is resolved
taken tEARCRAMSIICUNNS SPRAEHCNHY: r UEOT sixamplg: 3 tlusieri af esevent i on or der .
Ref erri : i G e...s shown a flowhart indicating a nethod
500 for r}?rr?%?grrtéﬁ%t:r:{#\%l?lgse %Jrlggem: iaﬁf’}%m%%teA&%o&HFﬁglnS{tﬁlq{é‘?lhod 500, an

i nstructiygggieyndwhi i ved an I ti e, ;oaded 520 into an
i nstruction Eﬂf f e\?h\k/a\n'ﬁt Fll?ﬁ?fs%b]?%%%ﬁ |1ﬁssttdrl‘fr}(§:(§]|£ t)jl(r%'s'r%(});(‘j’gé %a(%(% he | ast slots
in the ecemutatdngoradgr brikéd . inkh@ictidakr dedt FOHO Gnt RRBchGiBAShRIded 530 to
appropriate execution units according to a tenplate associated wth the

i nstruction bRekerengl iowo thriigehS,i tisgneuist ishowins ar Beedohagt tialRatipg0 (eit her
because none aQF esent, or none of the branch instructions present are
resol ved® tHRENd dﬂe feEximplegneniing othep presanti snvanswnied AGboding

pr OCGSS't%gmétBoé 966” Cal}l 'ilqgf:tr{lgﬁct)lllogurllgler §S Olle\(/:gijvetdal%el% Sa%% al 1 subsequent

instructions are loaded 520 into an instruction buffer with any
branch instructions loaded to the last slots in the execution order
(EO). The instructions are then transferred 530 to appropriate
execution units according to a template associated with the
instruction bundle. If no branch instruction is resolved taken 540
(either because none are present or none of the branch instructions
present are resolved taken), the next instruction bundle is received
510 for processing.

If a branch instruction is resolved taken 540, all subsequent
instructions in the bundle execution order are suppressed 550. If
the branch is determined 560 to be a return from interrupt (RFI),
the instruction pointer is adjusted 580 to return control 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 control to the appropriate
instruction bundle.

There has thus been provided a system and method for

processing branch instructions, whereby one or more branch
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instructions in the bundl e execution order are suppressed 550. If the
branch is determ ned 560 to be a return frominterrupt (RFlI), the
instructi WRYBAPMWEer is adjusted 580 to return control to tHE/UESBIBHri ate
irnstruction within a bundle (slot granular). If the branch is determ ned

560 to r_than an REL, .the instruction pointer is adjusted 570 to
return 3§ ﬁlgﬁopé %ﬁee BRIy i Gt eexqcr‘l’é’cor%dilidGFF(gu%F@thmbrl@lmﬂgsi hus been
provi de r essin anch instructions, whereby
one or %I?ees%%gﬁg]hm%a%&} gQ?&%rrg@Tfat%Q% ggfgﬁxe?ﬂé‘?? u¥GIUSRECar e

provi dedhfi theXaoidleOmndr des ei@hstrﬂétibﬁ%ésqgnﬂféaf'ﬁsin ik %dbriﬁ‘”&h I nstructions
are ordered last in the execution sequence of the bundle, and the

i nst r ucttemplatesifipldeassocsateddivitt alei buadlet esplspeed fisshel @sgpei ated with
the bundle, to speed issue to the execution units of a processor. The

or der i nGX6FUtiRB BRUACHL ianprocassponsTha otdermgdifettad [braschi or ef fi ci ent

suppression of. instrgct%on suﬁsequent to. a taken branch instruction. The
di scl 0sdBSEBFYPRS e 436 Rundlengllopisc 4ot #ifisienth suppeassion el dwar e
necessatr,

0, i pl ranches. 1t. al so increas branch reach
t hr ough lﬁﬁttrr\gftZHggagn%s%hgggrtgs gi ﬁ‘g‘%’r laB‘élédH’rSgrué:éﬂqns and® returns, yet
mai nt ai i itiGnt | ; l¢; i r j.ng. Sel ected
foat uree o Crhs. prution Yen@bles RumdId i, BT Serabl M er ence (o an

exenpl amgceSAryoto psuppasesmaltipld Ibishélads. oNTOMY0 iRef&IRECEsd® this 1 SA
and to details of the particular enbodi ments described herein are not

i nt endedeaeh | hipught hundko@ranhilarheddpgssinie doft | roosdure2 Cal® IHd19792

PCT/ US98/ 21374 \Wat .is.clained is; .
returns, yet maintains the simplicity of slot granular exception

processing.

Selected features of the present invention have been
described with reference to an exemplary ISA for purposes of
illustration only. References to this ISA and to details of the
particular embodiments described herein are not intended to limit

the scope of the appended claims.
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1. A nethod for processing branch instructions in a processor pipeline
havi ng an instruction buffer that transfers instructions from N buffer

sl ot s havwey9d4p79%xecution order 0 to N1 to a plurality ofPEKE¥ERITA unit s,
the nethod conprising the steps of: receiving an N-tuple of instructions,
including P nch instruyctions, characterized by an assignnent tenplate;

| oadi ng t he apl1e JRimMEdiSictions into the N buffer slots of the

i nstructs on byf P nch instructions bheing. loaded into slots N1
to N-P: ltrang e{xl%&l%%&t & H%%pﬁsbn%?bﬁaﬂgﬁr ISIFUSHONSH 1R 1@ BEASESGon  units as
i ndi cat BMnt hBadssy HHeNsthe e t.erm ni fi taken branch, in
execut i ﬁporder, g?ong the P g@éﬁc flf%lgtt(rﬁ&gﬁ%ﬁgge?%nh{sz{"bc&oe%si ng

retiremdfromoN duffder sloed Havihg uat iekBBuiidn éiaer byindl R-1hgl o ol  ow the taken
branch instruction in execution order. 2. The nethod of claim1l, wherein

the N 1gfuralityeof s¢xecutin wstsocihet enethodncbmprivieg sitieg stqgg ofand the step
of loading the N- tuple of instructions includes the substeps of:

i dentifying a comdfesVRRrEmth Nrigplecell dnstanethons, hindudirgarR hbrianshr uct i ons;
and | oadi ng t.he COﬁBI ex branch instruction into a fixed buffer slot. 3.

The nmethod of "tTAFHPES: RAFRTHTZE 1B0adithPsighmeBhpiamplate] oading t he
clarm 1, whorei n i, 8 AR RORShAUIi0 The NnPeReR) "Fol | owi ng
o Loyt PSSRV et Bl A SRR LY
returni ng coddaddd ahtdt kbtprNeckesoN-Pp an instruction that
transferring the N-tuple of instructions to the execution
units as indicated by the assignment template;
determining a first taken branch, in execution order,
among the P branch instructions; and
suppressing retirement of any branch instructions in
the bundle that follow the taken branch instruction in
execution order.
2. The method of claim 1, wherein the N-1** buffer slot has
associated branch processing logic and the step of loading the N-
tuple of instructions includes the substeps of:
identifying a complex branch instruction among the P
branch instructions; and
loading the complex branch instruction into a fixed
buffer slot.
3. The method of claim 2, wherein the loading step comprises
loading the complex branch instruction into the N+1° buffer slot.
4. The method of claim 1, wherein the first taken branch is a
return from (RFI) following an interruption encountered at a first

instruction of a bundle and the method comprises the additional
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follows the first instruction in the execution sequence. 5. The nethod of

claim1, wherein the first taken branch is a procedure call and the nethod
conpri sesWh¥/1Q@2i ti onal steps of: executing a procedure BEEESHPEA3IMhr ough
the taken branch instruction; encountering a return fromcall instruction

in the ccessed pracedure, and returning to control of the processor to an
N-tupl e BFP Pis’fertﬁﬂlpgngoméf’fd% the tIMOCRSYUple ¥t insyuetioni dms t hat

i ncl udedf(;lp&vgi fist fh?ﬁ?flsg ?ﬂ§ﬁ bI?O A1 rer%%(gﬁ)&r%%ﬁr rocessi ng P branch

i nstructions of an s YeShri sing the steps of:

fetchingsa bumben@thdl 1S Lldift ONGheRah HCIAHIPSKEE BapBRanch

instructions, the N instructions having an executlon I'n“which the P
i nstructptedare ¢dle dmbtthenaidthed i oomprRRes t iR 2WAIGALAN sREFLClOf:
transferring the N instructions to execution units indicated by a tenplate
associ ated wi th thex¢éawingica i proceturall acceasetl sthppugh silieg takehr enent of any
of the P branch instructions that follow a first branch instruction in the
execution or deFaNGRa IBSEUCAIved t aken. 6. The method of claim5, wherein

the step of transferring.t.he N _instructionsg, conprises the substeps of:
readi ng the instru%é?odﬂﬁ?%%l 4 ECtugh 4iropm a‘??i* e‘PrqBHﬁtIQQCHniﬂbetructi on to an

Compri sing thisaart | Brore bt (B °0F: ™ %22 o oor o702 PCT/ Uso! 21374
det erm ni ng whet hefetthfing akeRoRERICHS ithe ApFRled§dt 16O N-tuple of
instructions following the N-tuple of instructions that
included the first taken branch.
5. A method for processing P branch instructions of an
instruction group, the method comprising the steps of:
fetching a bundle of N instructions that includes the P
branch instructions, the N instructions having an execution
order in which the P instructions are the last instructions in
the execution order;
transferring the N instructions to execution units
indicated by a template associated with the instruction
bundle; and
suppressing retirement of any of the P branch
instructions that follow a first branch instruction in the
execution order that is resolved taken.
6. The method of claim 5, wherein the step of transferring the N
instructions comprises the substeps of:
reading the instruction template; and
transferring each instruction to an execution unit

indicated by the template.

7. The method of claim 5, comprising the additional substeps of:

-22-



interrupt (RFl); returning to a specified instruction, when the taken
branch is an RFl; and returning to a specified instruction bundle when the
taken br a¥@RM/1939not an RFI. 8. A method for organizing a §COHM59I1374
fndependent instructions that includes P branch instructi onsl, into onet__or
nore instruction bundles, each instruction bundle having N slots execution
ordered from 0 tdeirminig whethsa daplakehngraneh sseps returndéfami ng a set

of non-branc l.a each non- branch tenplate specifying an all owed
ar r angenent Q}t&ﬁgﬁ)} Eﬁzﬂ?ﬁh instruction types for instruction slots 0 to

. i . nl.at i fyi | | d
A angement S of bR Bnd. nn Ry ARe SpervkeRbRher B8 e net ucti on

slots 0 to Notanchhéy ennRFIPtdndt enpl ate assigns P branch instructions to
slots N1 to NP, with renaining slots in each tenplate assigned to
sel ect ed non- br arsthriimgt tochi spescifiddt énsarndtien | Bighdlec hilgsh tetyees for the
instructions of the roup; assigning the instructions of the group to the
one or nor et3k§sy PEﬁﬁq%o#\S MgtdaesRFh accordance with the branch and

9. The pethod of claim.8, wherein the step of

222.82. ;h itﬁsnpﬁ%bg’%bﬁo{:o%apé@ggt ﬁeg_EQiH%t‘éfpéfl@Wefidféﬁt iffsﬁlwgicglscorrpl ex
nso o AT, [tthaes EIBRRh T FoselARGR, | 5301 856 16" Nofte ‘mSiBEOER 27 br

assi gni ng the con%l ex branc branch

i nstrucghRMedUndcd indBuMBdPIbdRd1R2 h%ql{éﬁgwsﬁ)]tgﬂéxecution ordered

from 0 to N-1, the method comprising the steps of:
defining a set of non-branch templates, each non-
branch template specifying an allowed arrangement of non-
branch instruction types for instruction slots 0 to N-1;
defining a set of N branch templates for specifying
allowed arrangements of branch and non-branch instruction
types for imstruction slots 0 to N-1, wherein a Pth template
assigns P branch instructions to slots N-1 to N-P, with
remaining slots in each template assigned to selected non-
branch instructions;
determining instruction types for the instructions of the
group;
assigning the instructions of the group to the one or
more instruction bundles in accordance with the branch and
non-branch templates.
9. The method of claim 8, wherein the step of assigning
instruction comprises the substeps of:
identifying a complex branch instruction among the

branch instructions of the group; and

assigning the complex branch instruction to the N-1°

slot of a branch instruction bundle.
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10. The method of claim9, conprising the additional step of ordering the
one or nore instruction bundles so that the one or nore branch instruction
bundl es aW® ¥r8®2ed | ast. 11. An instruction tenpl ate for BEEUSTSRIIY
rnstructions, including one or nore branch instructions, the tenplate-.
conpri sing: lural.ity of execution ordered slots; and a tenplate field
for indi‘cati ‘%HHQQQﬁgﬁgdﬂ@“Bf t HOMPpHisige, ¢hg cklitionahetemxedut i on or der ed

sl ot s, i e e or__more branch instructions are assigned to the
execut i y%aégbgek%d Lt B]eoéf’nmsgﬂl%% bémélﬁ?ﬁ Sphghati the Qne {&F ¢ he
execut i QRoRY dsfanch2insthsctiost QN of , claim 11, further

conpri si ng a satngp %IllseF‘SCt?(g&? Pﬁg%ncegt P%‘g%%trﬁgriag “instruction group

term natlels. VA himtrictRsr ek glated Sfor U886ciFPidd ns@atktisho! | execution
order. 13. The instruction tpelrrpl ate o? clgli%hll, whelr e|9’n IPE]e&dt}gﬁpl ate
field fwneher mmatiec drascwhistrectionsj nher wehplategeompristhgi nates with an
instruction assigned_ to one of the plurality of slots. 14. The instruction
tenpl ate of cl ai ma1 PIgFditE; af terequiion orderedn slatgsecand on order is reserved

for a conpl ex branch in?trui;tg(?nf when,. one of the branch instructions is a
conpl ex branch i né FHOPIHR. liged Hpneindicating 3 rAssigignane off the aim 1,

e 2 oo TRURIC BTG ST g fefhd WA ORELA"BL U5 99 O 2
more branch instructions are assigned to the execution
ordered slots beginning with a slot that is last in the
execution order.

12.  The instruction template of claim 11, further comprising a
stop field for indicating whether an instruction group terminates
with an instruction assigned to the last slot in the execution order.
13.  The instruction template of claim 11, wherein the template
field further indicates whether an instruction group terminates
with an instruction assigned to one of the plurality of slots.

14. The instruction template of claim 1, wherein the last slot in
execution order is reserved for a complex branch instruction when
one of the branch instructions is a complex branch instruction.
15. The instruction template of claim 1, wherein a complex
branch instruction is a loop branch instruction or a return from

interrupt instruction.
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