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EFFI Cl ENT PROCESSI NG OF CLUSTERED BRANCH | NSTRUCTI ONS Background of the

I nventi on Technical Field This invention relates to m croprocessor
architecturewaoshopgz particular to a system and nethod for peRo®saing
branch instructions. Background Art Mdern processors have the capacity to
process nmultiple instructions concurrently at very high rates, with

processor pi pel i nes BEFFGIENTRROCESSING (QF CLESTERERBRANCH vy

approachi ng the gigahertz regine. Yol | npressive capabilities of

t hese processors, their actual inslﬁﬁ#&éfﬁ?h@;hput on a broad
cross-section of applicatio | | ¢ fred sack of parallelism
anong the instructions to b?%#gggéégg. ({’\m'lth% tﬁgé}tlrlgﬁl be sufficient
resources to proceJechhival cRield! Thisi dventddn ueldtes) Tocmicroprecdskor
dependenci es between the instructions rarely allow all six execution units
to be kept busrchiterturs, oandin parkiciar iteda Systeye anshdnethodnfor of certain

operations that gate_su ent ructions. For exanple, long |atency on

se I ns
a | oad instru&rpgﬁssd%agg T 61855(%8&{'1?16% of instructions that depend on the
data being | oaded: Bidi@tbsRl APNIMGd&HCHdcRsory Haveniecapasiny rboger ed by

branch instructions starve the processor pipeline of .instructions to
execut e. Menorprocesse myltiple binstructions ecomcurteatlyd abrvery obighhwatdsat withve
wor king sets too large to . fit jn the nearest |evel ',cacge. The result can be

si gni fi cant urRIOFessor| pipglings, brmng, glacked  at fesqyepeies sHFUERRYNY there

has been an i ' f 3LUS; 0 1§ L fp.a |t the
i nstruction le @%B%éiﬂriggl el ?%e?%ta?gz%éedegéggﬁ# ut|¥']ey uplﬁfiglgiz‘ﬁeél t he
capabi | i ti es ofapabiléties wfocleeseopsocddsdiser their apniadaniseuctioav ehioaghpatiopt ed

for identifying ILP and exposing it _to the_ processor resources. For
exanpl e, - Reduc@® 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 instructioﬁs. 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 brahch instructions starve the
PrOCEssor - pipeline of instructions to execute. Memory latency
problems are exacizgrbated. on progran_is that have working sets too
large to fit in the nearest level cache. The result can be significant
under-utilization of processor résources. 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 adoptéd for identifying ILP

and exposing it to the processor resources. For example, Reduced
-1-
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Instruction Set Conputer (RISC) architectures enploy relatively sinple,
fixed length i ctions and issue them several at a ti )
appropri at e_wéyg)i%{’?on resources. Any dependenci es anong t g*@g%}&gj&

instructions are resolved through extensive dependency checking and
reschedul | hgtingtionaSet iCompetepr (RESCorar¢hipstitures . epley adkaivedyl processors
al so enpl oy, conpl ex,. dynam _c scheduling techni ques in hardware.

Conpi | er - ofimple, §ixed leagthy ingimrctionsqand tisgie shem severalant e il t®aches t hat

operate t £a0P] i th t imt ILP.
Specul at i \%%ﬁrs}?&% ion é&%@&t@pggﬁ §§S'| a g&gi&gbsﬁ(@%z%{]%oéél ected

i nstructi ofhe essuled aMNiruvtidnsapR Nesolved thvoufh Obkensiveo depeRddtsnt
instructions. Predicated execution of instructions reduces the nunber of

branch i nsehegking randasesahiednling handaeare inatthe cprogesssrepipeling; edi cat ed
I nstructi ogs reFI ace aranch | nstructi ongo and ttiei r Subsequent code bl ocks

wi th condi??®ffa ?W)? cB‘E"&&ssr%t?‘ﬁBt?‘BR S FOTP %0 dgflf“é]ﬁc be executed in

paral | el . fd]feghﬁﬁ%i chiBuédl SA ARAIWAR. I N conjunction with speculation to

facilitate novenent of additional instructions to enhance parallelismand

reduce t he overGémpiler-dnivgnospecdation oandf predicgticagrame alleenativie ef f ect of

t he above-described code m)ve\r}gnt S (hhat branch in %ctions tend to
Fough ¢ §

becone cl u%RE'Pé‘GPetspé]&thQP‘?mtE _ € GPEBHeR t8r address ¢ on and _
specul ati Ofla‘?tﬂ%ﬁéélf’é A’ ﬁ%ii‘rfﬂf“?? §?@c§h e Siﬁﬂ?ﬁ%{tﬁf"&%ﬁﬂﬁ&ﬂ”ﬁi %Ct s and "if

then el se constructs, can cluster ranc ructrons 1 n close

proxi mty. latdisies ity tilsiing sedected oinstrystions euely ramidn@¥erlappingpr ocess
clustered branch instructions efficiently. Summary of the Invention -2-
- them with other, non-dependent instructions. redicated 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 paiallel.
Predication may also operate in conjunction with speculation to
facilitate movement of additional instructions to enhance
parallelism and reduce the overall lafency of execution of the
program. | |

One side effect of the above-described code movement is that
branch instructions tend to become ciustered 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

-2-
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present invention is a nethod for processing branch instructions

efficiently. @hwi’a”?eneral |y applicable to any pr.ogramm ngpgiA/sdsRerst hat
clusters br a‘_ﬁ Structions, and it is particularly useful for instruction

set architectures (ISAs) that support specul ation and predication. In
accordance w th The press¢ninvientient isora, methodrforopmcessing hbranshr ucti ons are

pl aced in an instructign, bundle, The instructions.are ordered in an _
execution s@é%ﬁ@@anfﬁf’wnlﬂﬂe Kinisi @encpally applieable 9 AR¥t ructions or der ed

| ast in the n d.q ULEJ-QRS sferyred .t o execution
units i ndi c%‘?%g&g?/‘ﬁggt g&m egyeﬂ#alptefgﬁt%%%t B%dsn%gsgg%ﬁlzﬁk@ggww ?ﬁelgbundl e. The
first brancpartizaldriy tuseful foi himstruodbn' setesechitdcmirese(iSAWe thdtat i s

resol ved taken is determned, and retirenent of subsequent instructions in
t he execut i suppastjuspesalation; anst cpredication. one enbodi ment of the invention,

Tor 0. compi ex br aRoRSPHaERGS e e’ Pve T lrvehfiphs oe o BERLARG 11 ne

bundle. In gi%gﬁ:gﬁbnﬁrﬁl@g?l’&@& i anNendtFieRion| Bindlele PR mBtrhétignd €L Urn from

I nterrupt, ontr ol the processor is returned to the instruction in
t he executi are oederedcin fanl legesutipn seqiesde withinntheh dundbe; owithetlesl t he

interruptiopn (for traps), and to the instruction that _engountered the

i nterrupti ogr*’(l\c r 15 °Fé’¥‘s ordeged laslodmcthee seRengent The ﬁ“‘é‘gi ention, the
branch is a; . r QF 60 . futntfg' OLt.i§ returned to
an instruct%‘%#‘%&%&%e&?oﬁ%\%\{eng htg P%\é@irthogl[ion b%‘gﬁgéta_hgy gont ai ned the
original catdmplite dieldethat iipt associated Reithr thel basdighe ThHee$izbd branchnti on may -
be understood with reference to the follow ng drawings in which |ike

el enent s ar instygtiont &l thg pbrndlery pxerutionhsequenes thayds aresobredvi ded to

illustrate ?&le%miéadd

étéfmined, 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
3.
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enbodi nents of the present invention and are not intended to limt the

scope of the invention. Figs. 1A and 1B are fl ow di agrans a. e segnent
bef ore and WPO¥9pdi fi cati on by specul ati on and pr edi cat?‘%&'ﬁ'ﬁgﬁgg 21is a-

bl ock di agram of an instruction bundle for providing instructions to a

processor o peliniihed bt B HNE WivbRibd Sl G3€ Yot ¢®No finfle 3 1S a

;
bl ock di agram of a processc?(ril pI pell I ne I'ncluding 1ns rtgg{ll on buftfer and

di spersal theagpesof tthéliavémtion.npl ementing the present invention. Figs.
4A-4C are bl ock_di agéams i ndi cating the flow of control when _ various branch
i nstructions afigexbauind) 1B, age: £lovg diegraggs: of @aheoqds segment hotokei on. Fig. 5

is a flow char f_a. i e Wt .present invention for

pr ocessi nga"?a?h:eﬁ P%giﬁ%{lfo?lor@ %Egﬁgfdlﬁgﬁ ﬁ&sc‘g‘sﬁéﬁgﬁ%f the Invention The
fol  owi ng di scuggi oniss gtloélodiflgratimer Qs indtaietibh Chirileifos to provide a

t hor ough understandi ng of the invention. However, those of ordinary skill

i n the artproviding ginstructiens:1tdt a oprochssor dpipeline uine acoprdanggpwishi at e t hat t he
I nvent i o\rll\égay be practi cgg) w.t hout these specific details. In addition,

vari ous £ IPRSYARE HVRBHOR: hr ocedur es, conponents, and circuits have not

been descri bedlp'ig_ ge ah'blb@kcﬁi ?:ffé)ﬁk'éce%&e @e@iﬂeoﬁglﬂlﬁn eatures of the

present inventio e present Tnvention Is a systemand nethod for
processi nginbtractibn i bnsfifer) cinido déspet €4l c stages ysuitable cforr ilmplementing t he
I nvention, branch instructions are grouped in bundles that may al so incl ude
non- br anc Hhen Presedt | YHEntPRe pundl ed i nstructions are ordered in an

execution sequgge YAl4C'dle BoBRakiid Wity WEHN 6 bnird1 -4
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 ﬁnderstanding of the invention. However,
those of ordinary skill in the art, having the benefit of this
disclosure, will appreciaie that the invention m’a& be practiced
without these specific details. In addition, various well known
methods, procedures, coinpo’nents, 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 w1th 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- '
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execution sequence. This configurati:on sinplifies the |logic necessary to
process bra@&Pgﬁﬂﬁﬁguctions and facilitates suppression of pipEssesizrs

I nst.ructi ons, ing a taken branch. An instruction tenplate is also-
provi ded for specifying all owed conbinati ons of branch and non-branch

i nstructi ofhe SMtRutiofiPseijuencélC! THES canfigufation wirdplifiseohiei Wiior dered sl ot s,
atenplate field, and a stop.:field.  The tenpl ate accommodates branch

i NSt ruct i oMeCESSAYinth pracess  towanchy sinsypetions, ande dacilidatesr seppressionr uct i on

sl ot assignnpents are jndi.cat .Lhe t | ate field, and groupings of
i ndependentorif}@??‘gcﬁismghgﬁ%%yg%éﬂge%l ‘%%B‘E raﬁr%f’%th‘pl ate and stop fields. The
di scl osed brancizprigg@astiow tehiplae i abes tpr6videal Yoruspéeifying@r Processing

code in which branch instructions are clustered in close proximty. For
pur poses ofalldweds tacombinations rofo bsanchp ants nofi-bramch rnstmoctionsar eThescr i bed
with reference to an_exenpl a .nstruction, Set Architecture (I t hat
enpl oys pr demplate ncipdess ﬁer’r&{‘F}brP t GXPEHRRE qrﬁ?réac F&s’aﬁd @3@&% | LP.
The cl ust erg b f St 1 UG Q?‘i“ ' weMHiCh IS a

by- pr oduct %Qﬁt %fgsdeafggﬁnflig@és, G?%é)e %?%%Fgﬁg“a@%%gg ;p t he present

i nvention. igefrectiony begimiing owkthg thel Aastt Bt ein exsdution rdentrol flow
di agram of a code segnent 100 organi zed as a series of basic bl ocks

120( a) - 120(Igstrpeton ctlof \assignmenss caxg dadicatedopy the demplageodield.s a sequence
of consecutj Ve instructipns hat,are. executed in order from{he first

I nstructi orfméf %’ﬂi‘g“é‘&%uéﬁc@d B&H?@tl ggSfl%.Cﬁgﬁ S U}fﬂg?teflhgysglﬁ.lence,

wi t hout thqeﬁ%ﬁbbhhatytogf_fmg.i ng or branchi ng except at. the |ast:
instruction (Control transfers due to interrupts can, however, occur

bet ween i nst r uctThendisalosedr dranclh| prokgssitgp rmetiodf io\pattioglasly m3efutay
represent, for example, the.contrql .,flow qQf a code segnent pr.ior to any
opti mizati rb?“’tcﬁggﬂgn%?‘{éelu.’ whicfy, bacfy Fayructions are’ clusteted in

PCT/ US98/ 2134k 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



In the exanpl e, basic block 120(b) term nates with a branch instruction
(BR2) and transfers control to basic block 120(c) or 120(d), dependi ng on
the branch condition that controls BR2. In one case, contgaol 45 t hrough
i nstructi on¥9°! ic block 120(c) to a branch instruction (%%%% and in

t he second case, control flows through the instructions of basic block

120(d) to a bramcihd neahipté, basiBRélockr 20! teemindteOWWitBRE branbk el i ni nat ed
and the instructions of basic bl ocks 120(c), 120(d) conbined. Referring now
to Fig. 1Binstraetieni BRHowandtiansdensccontred g0 basic dlocknil2§(9r eti cati on. Here,

used to gehed@e ppemfing & GRRGR By, btk shrols BREE O o )

i nstruct i opge feaké QVeaittrdiRAowEN@oRSH lilfthQithsOfn Eﬁ%gl()%kgacmo&?%c) and

120(d) are conbi ned and predicated in basic bloc ). One” effect of
t hi s oper aaibrnanclks instraation EBR3jndndRa thegeedond. cawtdicontrod| flowsist eri ng of

(Fro. 1) e s Omucists jofobasic TiaRe 10t 3BCa b3l 220 1) and 120(g)
o bas! ubl Ahod WA ) PSP LIBH BN U6 HOHRHMEAOMPII C bl ocks

120(b"') an e’ ) through speculation. I'n addition, the predication

process nmajhshctibas adfedasict blodkd B20(c),t $20@)gbdmbinedsi ¢ bl ocks 120(b') and
120(e'), further clustering branch instructions. The exenplary |ISA is now
descri bed Refesringinaw detBigl 18y thewyisdshewe dhe codeiof Hig cMisel ected features

nst ract | ofp g SRRl Hife., BRE S ibinaled, | SRR hat ol o
the instrugidigitient (,"P2he @idputeEA>BY 9X2Red A8 SoHHE! gfﬁdiéhtés" serially
with the end Tesult being identical (assum ng, however, that menory
semant i cs that canfrdncondijionalhexeention of imstructionss folewing BR2 i nstruction
groups froxﬂlg ﬁl%%céggsn%?t basic Woltls 1-2%-(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 .applyin'g 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-
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above-descri bed nethods to reduce instruction dependencies, reduce

| atencies angysyp@s | LP. The instructions of a group can bgciwgss@es to
processor resources for concurrent processing and retired relatively _
rapidly. The instructions in a group are bundled in selected conbi nations.
Thi's bundl i a@ove-dgscxm i methags| ¢o, redumed dnsouction udepettidemcimsessi ng wi t hout

requirin har d in this, | SA conprises a sequence
of st r ot Fetne ikmel A8 rpose HL3Ehe, nttiasdions phay BRAE SARGPOLpS.  The
nst ructi on pitvadas @?r&é%bﬁ%kdux@‘é&'f&t ednaiha{@prﬁégﬁfug%dspec' fy

inter-i nstr ction group boundaries. For purposes o |'oW ng

di scussi on, retiredr relaivelyerapidly. onTheninstructioss der & dgiompoase rhundlédur
phases: 1. read_ the, instrucf{ion fraom rrermry (fetch) 2. read the

archi tect ur #l 351“&?“@ cpmhamar yItis cbundlmig peast desaribed bplow.f i ed operation

(execute) 4 t I f necessa ate) In the
exenpl ary | eve y ﬁﬁg‘%‘g@e |P% {“ruglh o‘%ﬂ\%ﬁ&flhlrﬁqg’r{"%s? ‘ﬁ&"g’f‘gﬂ group
behaves as hivawedre] U progthn®fint feis "SR dorapaéed QCSdiuendételr the update of
the menory state of all prior instructions in the instruction group.

Simlarly, nstugtionsapackedsinr bundles and honganizednin rinstruotionr groupsehaves as
thoughlts ado erelster St c hefore the dat.e of the

regi ster st E‘é‘ﬁg{%n& “\Eétf“i?nSE agly 3?131%& Yi ﬁtOPhg‘E) Hatr uction
group. Thus é@f IiAte*insRaEtio L 4rollp IbOHRI na el te (RAW
and wite a?]%erl }}\Zvrll te nV\AV\) reggllgt rbdepear]]: ncpiégr %%E;s grltcgfwed but
dynam ¢ w i follawingy dumdsxpagunsteuctdnpmxa%emomscm ebeabbmsd/ﬂdre.dEmept ions to

these restri ctionséa | owed for certain types of instructions. Dynamc
RAW WAW afitFUir 1t 4OUF (B3¢ ad (WAR) menory dependencies are allowed within

an instruction group.y TRalq ffe ifistrdétion 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-



WD 99/ 19792 " PCT/ US98/ 21374 | oad
i nstruction wll observe the result of the nost recent store to the sane
menory addrgggenedd i N the event of multiple store instryetiRbs;ss the
instruction group to the sane address, nenory will contain the result -of
the latest store followi ng execution of the instruction group. Between

i nst ruct i doadjrinsyractie evifl dpsenviec thien sésulic iof otheWiriost tederti ¥oFe itgSt r uct i on
group behayes as though it ,is executed after the update of all instructions

fromthe pPReVFARE MEWPFY,Addssssgandpin 1the evenipofmyultiple sdoresupport a rich
I nst ti | h & ' f 19] ti I nf tion. T
o sor 1 nalstt AR 3 e Berh AR BENLE DB BBt BenmOt’ (T gt sh

t hei r funotilbeoneadinl rthe sresnlt eof dliel dates e Store EfolloMing BIEcHABHUGY Gl € t he
avai l abl e conpile tine information. In a 64 bit ISA instructions are

pr ef er abl yREFBGHRRIBIMPL28 bit packets that fully specify groups of three
I nstructions i t | nations. These instryction,groups, are mapped
to their appro%f?‘g%g&e@ggﬁgﬁgﬂ gHaurs. t%v_re&ﬁgﬁy?aéﬂlﬁl ApgEn c‘f’ﬁsﬁh with the
group and adigeved $£4tARRGNI ?_raj;weﬁavéletaa'ﬂhoﬁ ¢ is! bxdchdPlattlr! (3t t he

present invention is not [Nimted to architeCtures ‘having a particul ar
nunber of update of. gll Bwtivctions Hoomy ¢he previomasimstructibh ugtoupt i on, t he
foll owi ng discyssion i r nted in terns of g 64-bit architecture, with
t he under standiﬁ?ﬁ ’FF&PSIQE\’ can SPRReLt 2 (peh Jnstruetign kpcahwlag¥nef it of

t hi s di sclgsu i ogpi il himdishé Lon ngce - to apply the
I'nventi onﬂti)%t g%ﬁ%%‘?"r%%@&ctg?gﬁgnﬂslges. é‘fé%@tralhﬁg' ng&/ ?éa#g. 2, there is
shown one instiuctiomsnmust o spesifiedc witn sufficieat Hi& 30/ digtihguishr conveyi ng
triplets of instructions in accordance with a 64-bit inplenmentation of the
present i AER funGtion, Addgessi R expandedomEisterset.s e ond heormmunicatect i on

fields or gl ofvaigdfll BdmpAe e SEbASAIIY St o GF'HiHTERO" - 8-

instructions are preferably provided in 128 bit p#_cke’ts 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 groub 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 implemehtation of the
present invention. Instruction bundle 200 comprises three

instruction fields or slots 210ia)-210(c) (collectively, instruction
-8- :
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210), a tenplate field 220, and a stop fi“el d 230. Each instruction slot 210
i ncludes an gpgosiRrdzi el d for indicating the instruction typpecr/esssneldrs as
operand fields for specifying information necessary to inplement the .

I nstruction and aras I ncl uded c%g)ile tinme information (hints). Tenplate
field 220 esloigcsl®na praaplatefield 220y andsarsiop ifieldg23p Bachdari es within

i nstruction, el s a_ tenpl.at - t.hat i.ndi gat-es how
i nstruction l@%ﬁsﬂeﬁg?%r 2f9ram@5£ﬂ§%§o?‘%xvf pﬁe{%&g&.ln_ BREH8 nstruct i on
- group boundaagradtivit ityp&Sas el o opefddd  FHeldy fof sPacif§ifg Uction group as

- defined above. Stop field 230 indicates when an m%taru tion group boundary
coi nci des wiinforntasiona ecessary utet iimpletnent dhe binstitustid@0 andhany t enpl at e

field 220 specif.ies the.configuration of instrugfions wihin bundle 200,
and with st dB&f’fiﬁgdcoBBl,lei ﬁ{ﬂec éﬂfg?nﬁﬂgn b(:h}%?;'ri ie“éiglﬁ@e eldg22@ ent

I nstruction . : i ﬁnﬁ:% ' ' es,:a.:Substanti al
anount of in g?ﬁ%ﬂ%ﬁf‘ﬁ?ﬁﬂgﬂdﬁ‘i%&n% the |n:jgrl11§]|1§y 0 a?]iget\si ﬁvslﬁ}lﬁctions in
sl ots 210, iinstractidn dmunkdind08, 260 wellliasahetensplatx appé ithat AhdRAatdsor t he

i nstructi onip(l gft to, right semantics in the disclosed enbodi nent- slotO
precedes sl oW inghraction sigts| 21 are inappesh o exacution; whitsr oHersoamdari es in

he bundl e (y; | ' i.vely), and th
mappi ng of SHECRHEE Ebfiar00wadas, |deRuihs e JRand IR it ) L ol ate
field 220). indthuctivh | 4Ee defifiéd | dbovelUctsiBp ﬂer&ﬂlngZ%icéchetv%B&w are 41

bits each, tenplate field is 4 bits, and stop field 230 is one bit for a
total of 12@nbirsirudlismegronp boumiary ocoinbides 1withhaéhe last Shetraction i st of

wi dely suppotted.instruction es that are al supported in the exenpl ary
64- bi %/ I SRp shetr gf hun Cz!té,o’a . JﬁmPZ?tFeé_%]rd ?2&?&32%&5 B&nory, fl oatrripng
poi nt, and RoAREHrAIGH Wil AbutRlibhs WRRAE Bintié Y2003 Ukdd Rhfin' HopPHREHt I N0 the

indi cated instruction types. -9-
230, indicates the boundaries between adjacent instruction groups.

(D

Instruction bundle 200 thus communicates a substantial
amount of information. In addition to thé. 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- slot0 precedes slot Il, 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, sldts 210 are
41 bits each, template field is 4 bits, and siop 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.
-9.



WD 99/ 19792

: PCT/ US98/ 21374 Table 1
DESCRI PTI ON EXECUTI ON UNI T TYPE

| NSTRUCTI ON

TYPE A | nt eger ALU [-unit or Munit PoT/US9821374
Non- ALU i nt‘é’&e’?"”” l-unit M Menory

M unit Fl oating Point F-unit Branch B-unit L

Long I nternedi ate
listed i
tenpl ate
par al | el
falls wt

W

inesnimen emries |nd|cate an irstructi : t
I n an= ructi ¢n bundle. Instructijon tenpm, suchjas those of

I -uni tTibl‘eerll ng now to Table 2, there are
di ng

Verti cal
oup boyndary that

Table 2, preTeranfy refTegt {Ngpk,COoNR] (i1 OnS gt 5 ot
' Q‘g‘%gcter%l'cr Jrua ElbéuMl :

ta types

H

that ari nost frequently in s oss-sect 1 on i'cat}i on
prograns.} Tenpl atkes |i ke homxphﬂabilﬂegerrra be | demymlit ed Tof exanpl e,
by runni ich idstruction combinatifons occur
most freduently. Min the )resentMiementlon terrpl at M-nﬂrﬁat i ncl gde branch

I nst r uct i jers—{brapeh—terptatesy—al-se—reflesct g and timng
consi der gti ons, descri bed EEJPBWg e‘ﬁ‘ﬁ‘Fat e 8, 9, 1’73“"@‘ and E of Table 2
each accqgmmmouateyne or mpre ora strouctTors TR oryder—to—fgcilitate
processirg of instruction|groups aé& §uppres<| on of T uctiond subsequent
to taken Jorancheg,

the | ast

ranch froma clbster 1n. the rightnust slot

The br ANQlong STAtHAREAIAES) a7 © 5o ?gﬁgt g)eglmp i ng Wi th

i nstructi on bundl e.

Precedi ng branches in the execution’ order -10-

Refernng now to Table 2, there are listed mstructmn

combinations (templates) and their corresponding template

designations in one embodiment of the present invention. Vertical

parallei 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 fréquently

in selected

cross-section of application programs. Templ'ates like

those of Table 2 may be identified, for example, by running sample

code and observing which instruction combinations occur most

frequently.

In 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-



WO 99/ 19792 . PCT/ US98/ 21374 are placed in
slots to the left of the nost recently placed branch. This is continued
until all bragehesedre accommpdated.. In the exenpl ary | SApciriusssmsder
reflects the. execution ordef’ used to evaluate instruction dependency wi.t hin
an instruction group. Table TEMPLATE SLOT O SLor 1
SLOT 2 0 are placed IM- slots to the left of Uhpt most recently lpi!ﬂqedzbranch

M Uni t

l-Unit 5 This f?s contmq%!l lunt;ll all % nchqst are accomqua%::,*J “t %n the

M- Uni t exendpldfy ISA, this drdbPireflécts the execution*dfdef used to M Unit
F-Unit 8 M Uni t [ -Unit B-Unit 9

M Uni t

M Uni t evaliatbninstruction dependenoy Bwithin an instruBidhi group. B- Uni t
B-Unit C M Uni t M _Uni. t B-Unit DE
M-Uni t F- Uni t ~ B-Unit Aable 3 enpl ates of Table 2 accommodat e
cl ust er spegt Illwlﬁmuuﬁl#‘.nutﬁ : e—m-rd-rmltlple
branch tpH be & d to pr&e€ss—dranch &8s s i} excess of
t hr ee. ogr angcode Jegnen —WWFUCU on
groups. Each irrer)lstructlon qu_lgﬁiles di vided 1 nto mstrﬂctlon bugdl es 200 for
processi pg basgd on tlenpl aM{nisuch as titoae of |Tabl Uit V\f) 99/ 19792
PCT/ US9821374_

2 M-Unit L-Unit I-Unit

3

4 M-Unit M-Unit I-Unit

bt M-Unit | MI-Unit I-Unit

6 M-Unit F-Unit I-Unit

7 M-Unit M-Unit F-Unit

8 M-Unit | -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

= _

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 f.or processing based on templates, such as those of Table 2.
-11-



The bundl ed instructions of an instruction group can be issued to the
execut!Fp units ?f a processor rapidly and wthout need for subsequent
reconciliation of instruction dependencies. = Were dependgies3gishd hi n an
i nstructi on"9&YHce can not be elininated, an instrugtiongy%ﬁﬁ#%%undary
is inserted and bundling, in accordance with, e.g. the tenplates of Table
2, begins ERebunditd dkoaktions Sofohni i8tratgén Ogropncdre be23ubdrtoconcur r ent
processing of instructions will now be discussed. In particular, the role
of exenpl dhg éxegntinntemity ofea processop rapidlynends withowpaeed {gri nstructi on

ot ed ahosabsSaReRF eeeBRIRnd: o SHgeanoR, SkdeREH, WheELl 1 1% 0
accommdatfandhdd i€ twithist raﬁciﬂéﬂﬁlcﬁibée&;?mﬁcér 64 tifstt beesliminatede fol | owi ng

di scussi on, a tenplate refers to a specific configuration of instructions
in an i nstanudnstorction greup Rufundaindgs ninsexted Ringl Waindlingy dnji s shown a bl ock

di agram of sel ected sfages Qf a pr.ocessor., pipeli,ne,.300, including an

i nstr ugt iocﬂﬁ"cB’li#F‘E? ‘é”ctgig -818%a @a@?sﬁgﬂ‘?@w; atbe@%%(?.he?vnst ruction buffer
stage 310 inc S | tr%@%% e f [>TV ifastructi on
bundl es 200, an %df‘gg%‘?tgg s’”sHti.agqe Bﬁ)l{ln({:’}lﬁ%%g gﬁ%ifsﬁge%%%\%%}mrk 340 for

routing i nsrbeessiigod insauciions rwilll now bef discusied. t dneparticulavp thei ts (not

shown) in a subsequent stage, of pipeline 300. Pre tation | atches
312(0) - 31208 of caxemnleny, brapch Jfemplates 8. oh Bat%h%%ds' %;2}1 speede noundary

bet i nst L f . - di \ _
st ruct i GRECRONT; rReisEn dnaDfrapithdiie hORRERTInSRRARE DHORREE’ (o e

ports 360 jat déthedOURRARYedl abbivep Snsahctid undled 200updre benst ructi ons from
di spersal network 340 to execution units (not shown) in a suhsequent stage

of pi pel i rmodifted |approprigtely | os agcommaglaie rdiffearent dnyHRetOBEYZEN ovi de
cxecut i on 4 ascnifsniisty | 1o B8 FolAnsalsPnisiOny, ' tem e bsel o1 C0%t

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 umnits (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 (10, I1), a pair of floating
-12-
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execution units (FO, F1), and a triplet of branch execution units (BO, B1,
B2) . Qther twpesisaszd combi nations of execution units may bﬁqws@ it ed in
pi pel i ne 300, COI’ISI stent with the pr esent i nvention. In the disclosed -.

enbodi nent _ot eI | b 2 e.g., eight
bundl e ent rpoé% %%%)dﬁp;olla Hfiﬁl%{ t°§| gra%ggp§ie%§§gﬁ having three
slots desi gmidsed 6) Bq B0 m@ﬂttypés ahdeéombﬁaﬁon@mce&dc@ﬁoﬁrdﬁts is a
sequenti al orderl ng fromslot O to slot 2 that reflects the sequenti al

orderi ng ofmayshe implemented: i npipelinesB30@.c consistpns uwith~dhe eprasgaite, where

I nstructions are provided using the exenplary | SA, pipeline 300 ensures

t hat an mé??’ﬁﬁ'ﬁlpgn in slot' 2 that reads a nenory address, does so after
the memory addr g5 SjeS diRIGHeRd oliiboimiliP 'df pipelihe’ 300] Ghstmefiof! Of 0 of 1 he
sane |nstruct|on bundle or by any i1nstruct In a preceding Instruction
bundl e of tﬂiﬁfernsmucbmpmsgs oefg., |eightbutidie | extrids eB22(@)+32a(h) i nst ructi on
buffer 320 is_shown having 8 entries for purposes of illustration, The

present i nkeplleetivelsy eﬂglﬁ’srwﬁ%}ﬁeﬁ%@ﬁ having slois esignated & tBrzl ess than

e an' § not HAcErosRtioR: fuder, - dfbist SBHRARY ondlr 35 REBRNIE botstile °), OV sca”
t o correspgpginsiol! @38Nsvt | Drthhvréfiéds Ihe (Equéadal’ brdédingc @fpl i ng to
di spersal network 340. As indicated in Fig. pi peline 300 is capabl e of

processi ng insisactions ovithinr am insbrustion| group.r EQI eecagxple,zz(he)rse 322(9),
concurrentl so.t hat nstruc ons_c sued ck cycle, .
dependi ng dﬁ W‘éu%saﬁrﬁbl”fqvl‘@“i)fust“é%o c §emﬁf %‘ﬁ%oﬂ@nts of

t t t f t t
i nstruc 'Orhn*gugélsg% ﬁﬂem%%chﬂg igxg%lot 9r %h@ rhéﬁ%ryraﬁﬁﬁegsa i on

| at ches, 312(2) a single entry 322, or 1In general
mul ti pl e | adodiseso fafterbyhel memory eaddnessi éss upddted- bg- 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
issned 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-



WD 99/ 19792 o PCT/ US98/ 21374 The
nunber of branch instructions that can be handl ed concurrently is limted

only by thegwlysmebs execution resources provided. |In pipel pewwusd8asraip t
three branch instructions fromthe sane bundl e can be executed '

concurrently. |f an additional three branch execution units are provided,

up to six branchhe agmbest obbranch iastsectionsc thasedan drechandled yv. Sini | ar
expansi ons_are i . e f the,different types of execution units.
Di sper sal ?oﬁuﬁﬁg@% FJS eiglé‘@%%i-‘gtﬁgdgﬁ {H? ibﬁ%‘ﬁflhff‘f’%‘W%‘gfrPé?urﬁﬁﬁ to read a
tenplate, grogidddeMInpepdlirR!l 4082Qp &5 thfderbeshcl GfstARG dns "Eoht!@hé On bundl e
200 in entries 322 and provide appropriate routing information to dispersal

net wor k 34sameDitgimdle giannbe vexeicutedo concsrenths | Hsanuedditional thteendl e entry

322 to issue ports 360 for, different,execution, units, according to data
provi ded isl?\"aP FXECUUPN P ATe prov 'd\’léctl°o§3‘dq’éﬂ’b‘gﬁilﬁmcttﬂn%pi pel i ne

300, a fir r j1Cdd l e 'sgﬁéﬁ' e i {R:1gl ot 2 of
bundl e ent%uelg %?}?gé%rg%v%@é{a@]ﬁy' acsgglgédrtg [ n?éﬁ?g? (%slglobzéf or selected
branch i nsforuedchoof .thé\ diffevent typescof execiitivn anitspdul e 380 is coupled to

di spersion netwyrk 340 to provide access_ to additional branch hint
i nfor mati on i n Iofspgrsak degigt 43@ isoassoriated,iwitk imstnetion bufterodd0pbr anch

D ot's 05 e el & iR 88 SetiBle A 4307 RBHIAPE P OLE U0 1D Ay o
i nstruct i ofsiubabe Sbdittile 2200 Ui ndiies! 322 andopreeidecapp té nstructions in

slots that fall later in the execution order of the bundled instructions.
For exanplxoutinge informatipnsta ispessalgneiworkndnlde Dispersab| networkr anch

[ t ti t b h i t ti ' ' t lot2. T t 8, C
St Uett 0 i AR b RS b hubug Skl 302! P o TRALS 8O
branch | nsfougifftnd —xesRfoH iditsosRordi el Bhdh Brovide@PmPPTi ate where the

branch instruction is preceded by -14-
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 i.nstructions that
precede the branch instruction in execution order. Template 8 is

appropriate where the branch instruction is preceded by
-14-
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I nstructions slated for a nenory execution unit and an integer execution
unit in execwoisememz der. Dispersal |ogic 330, reading tenplP&T@Sg8214,
field 220, indicates to dispersal network 340 to*folUte the instructions in
slots 0, 1,, and 2 toq?orts 360(@ 360(10 and,360(,BR2) resrpectively.
Where two bISHORUPRS siafed; B9fs 3, Memprys £xpektion it a1 jegetadj acent to
each other ibcatiBhSugitad eke&itic dr&éi.rlﬁfsgeﬂapqa °3360 redidy| N9 sl ot O
avai l abl e for a non-branch instruction, e.§g. a nmehory type 1 nStruction.
Wher e t hr eetepaplateh 8i resgyr i tfields220.c imdicates b, dispersahrmet¢worlst340cttoon sl ots

may be assigned to the branch i ristruct I ons, (since thre% bran cution
units are akeRte SBecinsgustionda sipts Oy dhcand ﬁ?st‘? (RATH 36 Q&i@u% Qgﬁ}ﬁfy).

Bundl i ng br ' ct] - ater executed slots of buffer entries 322
provi des a %%?@ﬁ%éniéeggggﬁ?%lb'branch processi ng. For exanple, because
taken branches roeee! twd Bratéli i @Rtruetiéhs tdre achraeddikeys, arehalighed m nat e

instruction groups. This neans that retirement of any instructions in the
i nstructi ona&ag@m tchgach oothexvin hdotsaReand rlawf han rpstragtion hundlee 200ut i on

order, has jo_be suppressed. . Wen the instructions.to be suppressed are
non- branch{qaﬁglgr &E‘?‘i ng‘,'a'%hlg ’g’ﬁe?a‘f‘?‘ﬁﬁfﬂ 0 g‘?"ﬂ‘&ﬁ? F&aftt WFETIures on
pipel i ne SORpdShtictEd, © WHerCey SanbH! fhcliofd at6! hafagede! dlpved a
branch instridction in execution order in an entry 322, signal transm ssion
from the brthred mstmotionnslots tmiytbe hassignetlvis théebianahciystiustiohe nenory or

I nteger unit (which syppress the nenory and integer instructions) nmay
entail si gnfsihesthreg beingh zs}gcwe%twé@ﬁetw@egkclsocwcesv of the

pi peline st gﬁﬁ. ne t ) instruction is followed in
execution orB er hbyﬂggrﬁgirlggﬁ agéﬁ&fl?\é@gct ions in the bundle, the follow ng

branch instructiBafdling Banshpinsaastdnefini titentexgchoedt Blotdrambafiepgi c,
since branch execution units are typically |ocalized on the processor. -15-
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 effic,iéntly by the branch logic, since branch

execution units are typically localized on the processor.
-15-
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Anot her feature of the present invention is that branch instructions nmay be
char act eri zgglosm@mar ding to their conplexity and schedul edcrmusss/asdect ed

i nstruction slots of entries 322, e.g. via‘instruction bundles 200. _For
exanpl e, nore conpl ex_branch instructions may be schedul ed into the | ast

i nstruction sl Amomerefeatune 9f Wieqpreseqf Javention, ishthag; bxamsBed enbodi ment ).

In this C?ﬁ'%tﬁigti o] b ' r | . are likely to be
resol ved later |°r111§p|H% I?ﬁee%ﬁ&gﬁégn%@éﬁﬂ‘gﬁgg %‘?;ﬁﬁ%ﬁvﬁéﬁﬁ rae'{durn from
i nterrupt s¢h¥duled riato selectsds insthrtions elotd afcenthies ' 322, e)gs viae resol ved

later in the instruction pipeline, there is |ess time to suppress
reti r emeniRgFuciiop Pﬂﬁﬁlﬁéhgo nsFOtcexample; magrer spmplex thiamgh n an i nstruction

bundle if.t ; anc 0, ly) ..are.resol v n. ,Thi.s could lead to
pi peline é?sgﬁc&o%?e%ﬁii %’1 %&8@@?90? Be?}eoiq‘%nl g@%&'gﬂ?gdncoml ex branch
i nstruct i @ReciithorA ofdére(d16¢ 25 iat thet disclédedt edbolidfertiie RldRE advant age that
the hardware necessary to support conplex branches need only be provided at

t he sel ecceutexk,ocomplex branche inssruntion ere tbose thaoars Aikelyy.to3be Thi s
reduces the conplexity of RQran har dwar /th the disclosed configuration,
t he denan&%sogﬁerg)ﬂ@teﬁréhtﬂﬁp F@dic“@pi 8h I'd’g‘jf‘lfl\%ﬁ%c’ﬂ gl!ﬂﬁ%‘l?ss?ﬂger%‘fﬂ"y one
branch in Ci ' RFF;; bu : ranch
predicti o#({ﬂ(f)gfldéaﬁ% t(?I(on yq%%ﬁgt{nsbngﬁ %‘?‘gﬁ%ﬁ%ﬁ‘?q@ﬂ%{}%’%@ﬁé)her

advant agegeddiwéd flatew inr dre linstelictivg Ipipeline, i theter is tlessnsimen taccor dance with
the present invention and term nating instruction groyps follow ng the
first takSHPPresHcIetirement afy a8y o (brapchl instaectionsothati followr thece to Figs.

4A- 4C. Reﬁgr%qgs@({t&b&gnﬁegif b&g&ﬁgﬁggqagé}gg@%f a;g%?m dof i nstruction

Dt

bundles L, L+2 o representin _ _ i hstructrons in a
program Ieikensi MPhikCéduld Jehdi ® pHselitedstalls Firéducin 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-



- 16- WO 99/ 19792
PCT/ US98/ 21374 and 4B that one instruction bundle (three instructions)
executes at awbbsmre2al t hough the 64-bit architecture di scusBeTUSIS29334 can

acconmpdat e concurrent execution of nultiple-bundies, such as the 2 bundles

shown in Fig. 3. cution.order. wwthinp a hundle is fromleft to right

(slot 0 to WA 4§Eﬁﬁ?t.h Ofe A ISHENGHER. LPH hé‘g’ﬁ"’g .L}Pét,m_ﬁ%ﬂ’éﬁ)eﬂﬁcqtﬁ dfgh L+2

represent anp Itﬁﬁéruﬁhbﬁghgﬁﬁug4(ﬂi%cfx?éém}@r‘ﬂ}&?sts§& W Bl @ procedure
e S on gro

call, is taken. The proCedure is itself an instruc up  (1GV)
conpri si ng iacsommuddabe doncdireat Mxdcativh2of Thaltiplecbdndlessachit & thed

returns control of the processor, to the instruction group represented by
bundl es L+3 % ng%S(SrL&VPB lvfﬁw- et JEXecutign, erder within aj bundigds frem t he

di scl osed e g{){p‘[e- ' Ny« ngj BR1L nor BR2 are taken, |G
I ncl udes thg ur?d-flggﬁg?ro?(gj% %QC%V}]@ & Qﬁ%iﬁs’of branch instructions in
the present i|nveliiide figans bhadleyEnui#bieh L 12 kepreseht YarPBsthidtbn L0 be

suppressed, and since it is also a branch instruction, it can be suppressed
ef fi ci ent | y gsgup HAGEAnthap rtgrmainatesgwhenaBR 1, gy mBetedude nedlhyr isy fakenen ret urn

fromcall (RR4) is taken BRS.of I, may be readi suppressed w t hout

putting pre é’r?ﬁf‘ﬁﬁ% Ba ﬁeﬁgrﬁp d%f’éy% [%?‘i‘lhe(j.lbﬁﬁl\bt"ﬁ PHYBE ure of the
present i nvepitr&dtid t t Mppsir e S l.pst | are
defined on Ebﬂf}ihdl e dlglcs)t};r‘llggﬁseg q:?hus, ‘cal © ﬁ&ggg{]eg%ggc*tgi{%if%ﬁgﬁs bundl e
M when t akeontahdofdh¢ precessorBred the cinstrastion gloup Pemesdited! by L+3, when

e ar get DR D3 R LS gOIpakhen, reiuen dtomi oall (BRAyiadwEen T s | m 1t &
e rurber, dho i Bmolr ot S ik BRBAL Mo bR R HgEBRELT, o1 o7
shown a sequaeeaeked, IGL includes the bundles of IGL’.
The configuration of branch instructions in the present
invention means that when BR1 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 siot 0 of bundle L+3, when
taken. Processing of returns from procedure calls is thus bundle
granular , ie. 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 intén'uption. In the
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bundles L, Hto H + 2 processed during an interruption. In the -17-. WO
99/ 19792 ' ' . PCT/ US98/ 21374 fi gure,
an interrupgobsidsgered by execution of the menory type ”}?ﬁdéﬁ&i:%_ (M at
bundl e L, slot O, passes control to an interrupt handler (lnstruction-group
H. The interrupt handler is termnated by-a return frominterrupt (RFl).
Unl i ke ot Ifigurps ainclinterrupt Uriggerss byhiexbewtion lofnthee ngeraosy aype RFl i s

r ef er abl | ot. qr lar, al] ow ng exceptions to be processed in execution
gr der. | nistﬁlbcq‘ﬁt @p]:ju%t PBﬂdieswa ﬁq?taéz Igésqsnﬁ‘i’@ﬁ?]eé" ia mtgrrup, C(r)]nt rol is
returned i Ugfyi O .S die L once the
I nstructi ?ﬁ"ﬁ%ﬁdf%ﬁg%ﬁ%s es tﬁig'tpral?)‘lf I?Fé}hé ﬁ%’%@%t}ﬁt g gteg fault,
control whyl d retorn rdheintesrtipudRFT) t Ualikg eshesnttidnéh dn@iétiodspundl e L,

slot 0). Slaqt granylar exception handling may be acconplished by saving to
a regi st e™hifh ae,pundle,granylay; REE i5 rﬂlegftmb%'oﬁlqthgtm&', ealloningng when t he

exception oyhter Leglster. my be read tqQ provide a return
addrgss f OF ¥aul kgltyrae ?’g%c(f-gg%ddlﬁg%’%gﬁ%ﬁ?e%rdfﬁ pffggli‘?jén%_rwm%dd_ress for
a trap whantrape aRfhdicatedx i Wigd 485 c¥nté] 88 Uetirnedt @ mmmgﬁﬁsocess' ng has
advantages in that it_greatly sinplifies interrupt excepti processi ng.
Ref er ri nginsdmmotionFpy slotcl ef duadles Ls ivaee tkn'insu'uctionihm@sroﬁp_ (1Q) N
conprisin e L. .to Lta, .where L5.termngtes in a.branch instruction
BRGM.) The %ﬁﬁ%gg% it}ee uap, fglre Iierrppien gg ‘biatlﬂ\%fti Genaeb WoHEr e al ternate
bundl es agémbedht OindtraeABh P el Sthe 1 &4 (burdid(B) - siblE'es: ! G-
represents a sequence of instructions formng a roop. BecalUse’ branch

i nstructi Stet grapwathedceptibn diaedling mhy b ecomplished Upn Gavidfg @ bundl e,

e.g. slot 2 of bundle L+5 mnpre instructions can be accompdated in the

I ogp sequéntaBitiFt Hgﬁts“&ﬁg{"?ﬁmé‘défft' nHISTHALER Bt ovasH GReFHIng | n adpref elrred

enbodi nen ' ' Shuditaaches, 206 -RELs are, co red conpl ex

branch ing{tﬂfgcﬁ}'gﬁg n ﬂa(r%ghss%ﬁ‘é ul'e BT ne%eo?gg}g;kllﬁg?hggc‘gg%dtf t he
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 grdup
(IGL) comprising bundles L to L+5, where LS 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 buridles. In the case of an RFI, logic
-18-



| oop braneh, nore instructions are accommodated in the |loop for a given
nunber of instruction bundles. In the case of: an RFlI, logic WO 99/ 19792
PCT/ US98/ 213y4h doRé7es €adi Ng the instruction granul ar return raddsesasieed
only be provided for slot 2.7 Al though the above exanpl es disclose -

processing of nultiple branch jnstructions in clusters of three or | ess, it
i s under st d@r repding nhepinsiRietionn gsanylan retyrnaaddrassdeeed anlynbeer of

clustered bra C‘P ' ructibons concurrently. For exanple, a cluster of seven
branch i nst?@&f < n?&t ggﬁﬁdbbe' accommodate in three instruction bundles. Wen

the first braanMtH@ﬁ%l‘lJCtthﬁbdﬁa eRaMIpI& disdi6§: ;lﬁbeajs@ﬁig . nddliply anch
instructions that folTow in execution order. Referring nowto Fig. 5 there
i s shown a braoek himstruchions dni elystersreath thresoor fless, iitpisenndenstapd: thatpr esent
invention.  According, to method 500, an ipstruction pundl e Wsﬁre ei ved 510

h
and i nst_ruc'theoﬁ’Eesf?Pé ySRHER 5By, ﬁf’ﬁ"‘gﬂ“?%rw R o 1ofr cisteredny branch
I nstructi 0”&&9&%?%&%@&69@ Jd’ﬁ%_{mghgg? et Qfalﬁgfefui | QlisRf A6 sk¥éd - The
instructions are then transferre D to appropriate execution units

accor di ng tbraacheinstaicéionas somildt dd atd¢dminodatendnr tinee oinsedion. |1 f no
branch instruction is resolved taken 540 (either because none are present

or none of Pwdlgs.anWhemdhe frstobrancheinstfuction jsogesalued (taken), the next

7 ool vodTiipntg, Cahy Bratel ikucRonl AEMINY s oRRBIBR hidlE, L Tt on
order are SUpPr eRefREiBE how frot Ry, D5, ARl 118 St 1§ FRAWCHAS LiBRisg ' €t ur n

frominterrupt (RFI), the instruction pointer is adjusted 580 to Tteturn
control to ahmetmst SO0 forc implementingrihei present: ibvention. ( s Aecordiagul ar). | f

N S R RN L M S
bundl e. 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 accordihg 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
-19-



There has thus been provided a system and nethod for processing branch
i nstructions, whereby one or nore branch -19- WO 99/ 19792

PCT/ US98/ Zléggwiﬁ%ructi ons are provided in execution ordsfraskessdta uct i on
bundl es. The branch instructions are ordered |last in the execution sequence
of the bundle, and the instruction assignnent is indicated in a tenplate
field assdostructions tdvet providderd|in, executpmre dordesade instrudtiore xmmdiéson units of
a processqr. The aqrdering.of the branch instructions i,n the bundle all ows
for effi c?ﬁ?ﬂ 15;615‘3} e‘§§'irl')%"?ﬁs 2res 19rd fast sim, L8, fxccutinn 569NEBRe [ anch

i nstructi Q. HEE! AREhs 1 )] EMET i f the overall
har dwar e ;chgg;}rué} to suppo??hm‘?fbpfgg% aﬁigﬂgs@ x'[nEﬁcgﬁ soqﬁngreases branch
reach t hr aegipldrenfield gssovidted wittr tiresbogdle{ tor spseduissueatd shend returns,

yet maintains the sinplicity. of slot_granul ar exception processing.
Sel ect ed fexXgeution Whts; Ak 4 pracesson nvihn osdering, of Hbe brash i bed wit h

reference, .exenpl ary A f r QS S i . one Only. References
to this | hg)%ﬁ%l@o% g}gt%ﬁ ls)ﬁlg@et %%o‘ggrﬁ?cuﬁéc?é%n%w%éﬁ{)g Qfescri bed herein
are not i rph§iraeonsO shbsequehhaos s o@kerf bidhch afiandaenc! . - 20- WO

99/19792 . T PCT/ US98/ 21374 What s
cl ai ned i dlisclosed soketiomw enablesp simplificatipmrofnéhe ioverall chardwaren a processor

DL PeLt e, BBt abad R bolachdl 0 A Shdend BT oMM
units, theegeh Mo MBundIE Gpranflas t Sdfreing of procedure calls and

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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receiving an N-tuple of instructions, including P branch instructions,

characterized by an assignnent tenplate; |oading the N-tuple of

i nstructi ons ywebshodre N buffer slots of i ns | uf perwsishe 7

branch instructions being |oaded into sﬂ\ﬂﬁl‘!ﬂﬂi!ﬂﬂ“ﬁmrr ansferring the
Himang- ed by the )

N-tuple of instructions to the executio
assi gnment t enpl What igeelaimediisg a first taken branch, in execution order,

the Pibrangh j tions: and su ing reti t of branch
st ructtondi o enafind B, RBfEes SR Rl TohudioRs i & Reocasedt on i n
executi on Opi¥line? havidd\CaeinBedofbn Chafreh that WAL, liluhbdbsy 1] buffer

sl ot has asSoci ated branch processing logic and the step oading the N
tupl e of infromudNibuffer slots)davinghensekarution ofder idid¢atNilitaga a conpl ex

branch instructi.on ng the P branch instructions; and | oading the conpl ex
branch i nst ijﬁtﬁhg‘h qafggﬁg%’t’fqnxé‘&“ﬁuf &rmgfhnd comprising. the $ieps d%: claim 2,

wherei n the | oadi ng v‘ﬁ?%pi' | 3@ adi . nghy ruction
into the N+1[err] buﬁeggi sl'ot .d ?%ﬁ@hgfﬁgﬁ%ﬂ%@gf@in&wg ﬁ\/\ﬁé&%bn t he
first taken braninstiuctionsetaharadterived Rby ) ad Ohdsiymmene templ et upt i on

encountered at a first instruction of a bundle and the meéthod conprises the
addi ti onal -21- stlopding tha N-twplg of instaugtionseintor theo Narbuffisrt r uct i on

that follows the_fji I111S Lon kn.the gx tion sequence. 5.. The

met hod of claim SIf,H'\fﬂt{e#l%l %ﬁ#ﬁgtﬁﬁr ?pfﬁe&kéﬁegl? &?s‘ngt"ﬂ?‘ﬁ‘&%ﬁi’feé“g:al | and
the method conpricadedtififo arsts tNNangh Nipps of : executing a procedure
accessed through the taken branch instruction;

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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encountering a return fromcall instruction in the accessed procedure; and
returning to control of the processor to an N-tuple of instructions

foI | owi ng t%JPF Ie of instructions that included the f /i.m%&{% br anch.
. . A nmetho or “processing P branch instructions of an |ns ruction group,
the met hod conprising the steps of: fetching a bundle of N instructions

t hat incl ustep oheeﬁrmlngncdmtmisbf uhei priressoretoN annadstrctioaNthagavi ng an
execution f? [ |chtheP|nstruct|ons are the last instructions in

t he execut FaPH§‘FEW?41gntﬁt9 Nxﬁmqqumeto execution units

i ndi cated by ameq{,g a&sgﬁmt fdﬁ@"t‘p‘ﬁlﬁrgﬁ ﬁrﬁ' Bc ﬁagﬁgndl e; and

suppr essi ng retirement of any of t Bhidt follow a
first brangiocedsder valli i ithe tRetiREe coidpPRe® e addifibnhB sEé?p‘sobi'ed taken. 7.
The nethod of claim 6, wherein the step of transferring the N instructions
conprises the substé{éecuﬁng rae pubeesiure cadoessadu dhiomght ¢hepltaken and

transferri ng eq)fh | nstrgla]tlon to an execution unit -indicated by the

tenpl at e. CHOD | ai m 6, conprising the addi tional substeps
of: -22- “determ ehéGuntbghged refifint AORD &Iy dh iftien frominterrupt
(RFl); returning to a specified instruction, en etaken branch is an

RFI; and ret ur ricogssed progednrd;i addi nstruction bundl e when the taken branch
i's not an REL. 0. Amthod for orggnizing a aroup of independent
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 executioﬁ
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- i
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that includes P.branch instructions,. into one or nore instruction bundl es,
each instruction bundl e having N slots*eXecution ordered fromO to N-1, the
nmet hod conpiiségpgebne steps of: defining a set of non-branedrissepisat es,
each non- br anc(1 tenpl ate specifying an all owed arrangenent of non- branch
I nstruction types for instruction slots O to N-1; defining a set of N
branch tenpl ates fordetersiining rghethienvihe mkwn@emh dsoé teterciHfremd

non- branch |nstfuct|o Ws for instruction slot$:0 to N-1, wherein a Pth
tenpl ate as&gn@ Q nstructlonsto slots N°1 to NP, with remaining
slots in each tenpl geff; qge? c?cfnﬁﬂ-ueﬁﬂn RY I?_Rénékwctlons
determ ning instruction a@p e Instructions o e group; assigning
t he mstruchon&anéhhbeargrkﬁlpalﬂ the one or nore instruction bundles in
accordance with the branch and non-branch tenpl ates. 10. The net hod of
claim9, wherein thé’eg‘%f@t!lg)fma%ﬁmlﬁgd instrugton chundlep Wheas thee subst eps

of : identifying rx?ﬂcg% ruct I on anong the branch instructions
of the group; a assignl ng o@% ‘ex branch instruction to the N-1[err]

slot of a Branch infsth6dCcforobraumifing. a- gfoup of Lihdepditfenteidicabns! ai m 10,
conprising the additional step of orderlng the one or nore instruction
bundl es sothataincldesoRe boanoho instinctions, iinty ranet oo rmbmdistsuetion or der ed

| ast . nstruction te te,fo ying instryuctions, .including
one or nDrB“Bﬁﬂé‘ﬁcﬁaF s{qu@FF‘nggu?‘lill& E@H%ga& Frequipn e?fﬁﬂ?fim ity of
execution ﬁroi’ﬁr(?%sﬁoi,sthea?&tﬁo&%ﬁﬁﬁné'ﬁxlsdstEﬁé dendi catl ng an assi gnnment
of the

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 instruction slots O 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 %- l ,"l"’ mlu I"" "I,l " l",
* 4 L M S *

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.
-23.
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instructions to the execution ordered slots, wherein the one or nore branch
I nstructions are assigned to the execution ordered slots beginning with a
slot that is last in the execution order. 13. The instrug%#&g /P! ate of
claim 12, VYO8 conprising a stop field for indicating whether an _
instruction group termnates with an instruction assigned to the |ast ‘sl ot
in the exewpti Qheofrdtliod bf- claiie 9,n6émpeikingn thes M@tichaPlstép dfM 12, wherein
the tenplate field further indicates whether an instruction group

t er m nat eordering ofhei ane rarcmose iasunefien hundlgse softhahdhe| emealorty of sl ots.

15. The instryctign .tenplate of claim 1..whergein the last slot in
execut i on BPHfe PR e‘%&.@‘ét@‘? o#u%fﬁ%%rﬁSFeQr%rrﬁ‘ﬁcﬁsgnsp ructi on when one of
the branch j nSidIGhiRASidP Rufpite! for RpeEHPing  Thithidtio; ihbludihe =~
instruction tenplate of claim1l, wherein a conplex branch instruction is a
| oop br anadnei o5t moce i branch imstrections,f themtemphate ugimprisinguct i on. - 24-

a plurality of execution ordered slots; and

a template field for indicating an assignment of the

instructions to the execution ordered slots, wherein the one or

more branch instructions are assigned to the execution _
ordered slots beginning with a slot that is last in the ”mm m'" '"" "m" ’"’
execution order. TE oM

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 ome 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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