WO 01/ 40935 PCT/ US00/ 27887 Met hod And Apparatus For Constructing A

Pre- Schedul ed I nstruction Cache FIELD OF THE | NVENTI ON The present
inve_nti\gQOm{’]ﬁges to the field of conputer processor arghit€siMes | N
particul’ar thé present invention discloses a nethod and apparatus for
schedul i ng conpyeBiiod ASid Aplpapdtts FEACHAREUYENGMA Pirk-SchedilédN Early
conput er processors executed conputer instructions one at a tinme in the
original program order. Specifilasirugtio&@akbheonputer instruction is | oaded
into the processor and then executed. After execution, the results of the
conmputer instruction are then witten into a register or into main nenory.
After the execution of a conputer instruction, the next sequenti al

conput e FIELDOEFTHHEINVENTFIGNN | oaded into the processor and executed. To

i mprove performance, pipelined conputer processors were introduced.

Pi pel i ned conputer_processors proces[s mul t.i pl. cof uter _instructions

si mul t aneousl y. HIRERIESCTHARY SNEHTHER RtER {0 Etlfr%éfie? %W%@EBF%CQS%%%M e the
instructigns in the oridi A i L QGHetNoRCESEOr s operate
by di vi GF%B?GF ep&%@%%égﬁg?g}eoé%g%r uc??gﬁénpﬁcgggbger?eg of pipeline stages

such as g Eﬁ%e&ﬁﬁé&&hﬁeébﬁhg coRffutecinsecdenade, execution, and resul t
write-baCck. The processor is then divided into a set of |inked pipeline

stages that each performone of the instruction processing pipeline
stages. In_the Brgﬁi esel i exanpl e, the processor woul d be
di vi ded u;g§§#¥g%ﬂ?g H Eﬂgage, an instruction decode stage, an
execution stage, and wite-back stage. During each clock cycle, each

processing stage processes an instruction and then passes it to the next
sequential processHdily adragater Prosessoisexecoteelssunputer instructions one ata

time in the original program order. Specifically, each computer instruction is
loaded into the processor and then executed. After execution, the results of the
computer instruction are then written into a register or into main memory. After
the execution of a computer instruction, the next sequential computer instruction

is then loaded into the processor and executed.

To improve performance, pipelined computer processors were
introduced. Pipelined computer processors process multiple computer
instructions simultaneously. However, early pipelined computer processors
execute the instructions in the original program order. Pipelined processors
operate by dividing the processing of instructions into a series of pipeline stages
such as instruction fetch, instruction decode, execution, and result write-back.
The processor is then divided into a set of linked pipeline stages that each
perform one of the instruction processing pipeline stages. In the previously
described example, the processor would be divided into an instruction fetch
stage, an instruction decode stage, an execution stage, and write-back stage.
During each clock cycle, each processing stage processes an instruction and then
passes it to the next sequential processing stage. Thus, the processor is

processing several instructions simultaneously in the original program order. In
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processing several instructions sinultaneously in the original program
order. In -1 WD 01/40935 PCT/ US00/ 27887 an ideal single pipeline

processQig o1ldgsasPr ocessor will conplete the execution of Pé?,uisﬁb%-,gy,cti on
during every clock cycle. To further inprove processor perfornmance,

super 5CaalnaiHeQIVﬁﬁgﬁe?géhn@?y&eb@ﬁﬂthdﬁﬂo@%edvilli@h@pl&ﬁ@ﬂk@rex@t@ﬁ@@ 8br' s
process nore tha ne instruction at a time using parallel pipeline

st ages. abyinstractibn dgringsaveny clasksycle. paral | el, superscal ar processors take
advantage of the parallelismthat exists in the instructions. Parallelism
exi sts when sequential conputer instructions are not dependent upon each
ot her for source ¥ g&p}g L { kstsrkl ons can
be executed in pa?%ﬁlg:aq%vilt ou?gﬁg&gata %ﬁﬁl?%ﬁ.gﬁ@%t%?r E(Z&edi fficult
aspect s Hivedrehdnirogusethesspakealapproessws process forkithen ane issthedidre
instructions in parallel such that there are no data . depender‘i vi ol ati ons
and suf fatei time usingpawdlel pipshne stagesr BY Lx8F ARG ENStrustona Ry Papa | NVENTI ON

Accordi ng to onpe enbodi nen '!ptg LOSES; LoNs in a
conput ersqﬁﬁe&“fégaard?mf%ssﬁlfsow(ﬁ3??’%@8%?&%%%2%%% et E?%Egc fths i nstructions
to creatigAclind Baallbigh edEtd WheRdbigéntiArdngaltediflstii@tionsate tiot i ons from
the in-order 1 nstruction buffer into instruction slots within instruction

vect or s depemdenhaponentiontherdonsourasloperdnsdst rihese sendepesdentar e t hen

di spatched fromthe instructjon vector table to,a preschedul ed jnstruction
cache, sgquential ipgiryrtiens ca(rbb%?g(qugeECfgbmrghe} %’é‘iﬁ‘«?“g Aty .J]agﬁF%ﬁ&lﬁESCRI PTI ON
OF THE DRAWNGS Figure 1 illustrates a prior art out-of-order conputer

processor.. Figure 2 illustrates a bl ock diagram of the processor
architecture One of the difficult aspects of designing superscalar processors is

to find and schedule instructions in parallel such that there are no data
dependency violations and sufficient processor resources are available.

SUMMARY OF THE INVENTION

According to one embodiment, a method of scheduling
instructions in a computer processor is provided. The method comprises
fetching instructions to create an in-order instruction buffer, and scheduling
instructions from the in-order instruction buffer into instruction slots within
instruction vectors in an instruction vector table. Instruction vectors are then
dispatched from the instruction vector table to a prescheduled instruction cache,

and, in parallel, to an instruction issue unit.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 illustrates a prior art out-of-order computer processor.,

Figure 2 illustrates a block diagram of the processor architecture

with a prescheduled instruction cache according to one embodiment.
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with a preschedul ed instruction cache according to one enbodi nent. --2 WO
01/ 40935 PCT/USOQ 27887 Figure 3 illustrates a fl ow di agram describing the
processiwigoifbisor med by a processor having a preschedul egcirRishé gkt on cache
according to one enbodinent. Figure 4A illustrates one enbodi ment of a
schedul ed i nstructFigare 8eltisitatbablflow Hiapiam dddctibinstheapresessiveg enbodi ment
of the contents of each instruction slot in fromthe instructjon vector
tabl e ofperfeumed hypa progesser bavingapreschedwad anstenctinrecachs dgronsing & a
preschedul ed .instruction vector table. Figure 6 illustrates a cache nenory
t hat sto‘?ré%erf‘hga’rrﬂﬁ?“ons along with an acconpanying rel ative scheduling

ti me-stanp. DETAI LED DESCRI PTI ON OF THE PREFERRED EMBODI MENT A net hod and
apparatus for providing a pre-scheduled instruction cache in a conputer
processor is di sclBigade 4Anllukirafesidnewinnippdiesatiopaischeddiled inglmugtses of

expl anati on, specific nonmenclature is set forth to provide a thorough

under st afRfitPtagte-t he present invention. However, it will be apparent to one
skilled in the art that these specific details are not required in order to
practice the present invention. Figure 1 illustrates a prior art

out - of - order super Bigara aBANPEARE onBleatiRsdififent bh thderaenpufeacipr ocessor  of
Figure 1, an instruction fetch unit 110 fetches instructions froma first

| evel | oipatruictien sladtin froms sheinstogtion vectaritablesfdiiguredA. 103. |f the desired
instruction is in the first level local instruction cache 105, then the
instruction fetch unit 110 fetches fromthat first |evel I|ocal

Figure 5 illustrates an alternate embodiment of a prescheduled

instruction vector table.

Figure 6 illustrates a cache memory that stores instructions along

with an accompanying relative scheduling time-stamp.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

A method and apparatus for providing a pre-scheduled instruction
cache in a computer processor is disclosed. In the following description, for
purposes of explanation, specific nomenclature is set forth to provide a thorough
understanding of the present invention. However, it will be apparent to one
skilled in the art that these specific details are not required in order to practice

the present invention.

Figure 1 illustrates a prior art out-of-order superscalar computer
processor. In the computer processor of Figure 1, an instruction fetch unit 110
fetches instructions from a first level local instruction cache 105 or a main
memory unit 103. If the desired instruction is in the first level local instruction
cache 105, then the instruction fetch unit 110 fetches from that first level local
instruction cache 105. Otherwise, the instruction fetch unit 110 fetches the
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instruction cache 105. O herwise, the instruction fetch unit 110 fetches
the --3- WD 01/40935 PCT/ USQ0/ 27887 desired instruction fromthe min

Menory W di44633- | n sonme enbodi ments, a second | evel cagphguiBy27Rsy Present
as an alternative to the nmain nenory. The fetched instructions are passed
to a decgedred iRdridin flenviesmainheefretrghedt 108 t Insonmeembodireedscaded
instructions are then passed to an allocator / renaner that all ocates

ent ri es stend leyel casheanay ba paeseas as ¢a @i tsnaltvg todhe TyE IHEMOSY s r egi st er
renamng using a register file and register map. A scheduling unit 140 then
schedul es the instructions for execution. The scheduling unit 140 sel ects

the instructions thatfewhed iRStreXes £1d padteditya dey@iercho0l thadiedddes
processor. The schedul ed instructions are dispatched fromthe reservation

st at i onghalffetnigedvintstruspionandbe idecpdedinstmigtions ar¢ thea passe@teanti on units for
execution. During each, clock cle,. the scheduling unit 140 selgects a set
of i nst%“@éﬂ%ﬁ%e%a&‘?fi tQBE%i‘?FaE %ﬂ%‘é‘eﬁ%&}ﬁrt}ﬁhw ]?'sa. repﬁlévaim %ﬁ%‘ber ands
for the i [ QL L 27q : ihster file) or wll
o avo AR B LA R A AURL AR s oRd rBEIslRdhap el e

Furthernore, execution resources should be available for the sel ected
instructions. In nost processors, the individual execution units are not

i dentical such tha sebedilingenitildp then schedylesghengrections teert ain types of

instructions. Th t.he, schedul i nj 4 er i type of
execut i GYEEMIQNy Eﬁﬁﬁ%edi@ﬂ& %E&%E#Fg%lt%e. g‘sﬁq‘%ﬁw }Q%ﬁ”%é g)?n%cgttl rren%/pt he
schedul iﬂ%n?%%erl@dé%kﬁ%ﬁrd@@sdrﬁ%é SeHeldaied iribetuctionk hredispatdhled program

to execute ter.” As such, in one enbodinment, this is acconplished by

sel ect i nNgoirhtbeakskershtion atatiabk @longswithooperasd$ fnos theTragister file toschedul i ng

unit 140 attenpts tq service instructions in a First-In First-Qut (FIFO
execution units for execution.

During each clock cycle, the scheduling unit 140 selects a set of
instructions to dispatch to the execution units. The source operands for the
selected instructions are available (in the register file) or will be available (a
result from an execution unit) at dispatch time. Furthermore, execution
resources should be available for the selected instructions. In most processors,
the individual execution units are not identical such that each execution unit can
only process certain types of instructions. Thus, the scheduling unit 140
determines whether the type of execution unit required will be available.
Finally, in one embodiment the scheduling unit 140 selects the instructions that
will cause the program to execute faster. As such, in one embodiment, this is
accomplished by selecting the oldest available instructions first. Thus, the
scheduling unit 140 attempts to service instructions in a First-In First-Out (FIFO)

manner.

Due to these difficult constraints and the typically short time

period in which a scheduling unit 140 must make a decision, most schedulers are
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manner. Due to these difficult constraints and the typically short tine
period in which a scheduling unit 140 nust nake a decision, nost schedul ers
are --+4{vo0idodss 40935 PCT/ USOQ 27887 unabl e to schedul epciiaisosigisgons i n
the optimal manner. Thus, although there is nore fine-grain parallelism
avai | ablmabte tosehedujeinstructipecin thedptirsaledmhémdrhumatthotighitbedeliy onl y

t ake advantage of a limted anp of the parallelism A Pre-Schedul ed

| NSt r uctmeye BEAIPRSERIS M AY%‘%%%H% theccompeies o l?&&ﬁ‘?%r‘ﬂ:]:r‘e%‘ﬁn?glst ruction

cache has.. n. e ' ¥ ' Lnstruction

o ocess UEH BBl SR Ml ibog 00F 4 HEklbRGRAF e pltp 2

I nstruction schedul er the instruction scheduler can create "pre-schedul ed”
vectors of instructions and store the pre-scheduled instruction vectors in
t he instructionABeh8cheduleddnstruction Gashedraegssor Architeeture eed t he
execution units with pre-schedul ed instruction vectors fromthe

I nstruction scheduler or fromthe preschedul ed instruction cache. Figure 2

illustrates a bl ogk dHeagheditherithsh HsBSRESACath& Rhd B&rLpRcedatief #hNg to one

H
enbodi ment. At the top of Figure 2 is the nmenory 203 where instructions
are i ni tihstrigtidrescHedaldrriarthe Tisrudion proee&dingpipetinei By placisgdhdard  mai n

nmenory or the nenor 03 consj st of [ nenory .and an,i.nt ted

i nst rﬁctinﬁiﬁu%h@c%@%ﬁ%égg é@ﬂ‘{?ﬁloﬂéﬁt}?ﬂ@% a‘ezli‘étrf’éFEHééﬁ?%erg r? r 3ct i ons
to be executed f y T0. ) LI lon execution
path in %ﬁ%eeﬁﬁeé%‘%?gﬁf?e,ed Sﬁ%%rﬁé)? ?rﬁsc lllor?ggtg?l gh@t% t{l"la;)fgr%?fnlé%ﬁ%gr at esXa -

branch phegiifidPBettdtd in2Bé indthectiirafiehe predinstriuetion MisuedGit earethet S an
execution path of the programand fetches instructions al ong that

pr edi ct dded dezendcotionpatits withywe-schedulad insfrugtion veatets fyamithe10 fet ches a

continuous streamof, in-order . .
instruction scheduler or tgom the prescheduled instruction cache.

Figure 2 illustrates a block diagram of the processor architecture
according to one embodiment. At the top of Figure 2 is the memory 203 where
instructions are initially fetched from. The memory 203 may consist of standard
main memory or the memory 203 may consist of main memory and an
integrated instruction cache. An instruction fetch unit 210 fetches the
instructions to be executed from the memory 203. To determine the instruction
execution path in one embodiment, the instruction fetch unit 210 incorporates a
branch prediction unit 207. The branch prediction unit 207 predicts an execution
path of the program and fetches instructions along that predicted execution
path. Thus, the instruction fetch unit 210 fetches a continuous stream of in-order

instructions, according to the predicted execution path.

The instruction fetch unit 210 passes the fetched instructions to an
instruction decoder 220. The instruction decoder 220 isolates in the processor
instructions and determines the necessary resources. In one embodiment, the

instruction decoder 220 translates the processor instructions into small micro-
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instructions, according to the predicted execution path. The instruction
fetch unit 210 passes the fetched instructions to an instruction decoder

220. Tr\@oio'f'/%ﬁé’c“ on decoder 220 isolates in the process&rT,U%dagt,gsycti ons
and determ nes the necessary resources. In one enbodinment, the 1nstruction

decoder o I TRESRiefo-bPSs hfdifHdnafrocested el M cro- --5- WO
01/ 4093%5%%26(%%%%% I:tgfi)sj{grati on codgs (mcro-ops). The mcro-ops are

t hen pr ecrasisetdr oy théyprocessmaipigelinesf t he processor pipeline. The instruction
decoder 220 passes the decoded instructions onto the instruction schedul er
240. The instruction schedul er 240 pl aces the decoded instructions into a

buffer 241 in the-qri.gl ; FIB: 9b§ ShssebNBe UBSddiEisRuctioffBAd er then
selects instructi gﬁglgértgﬁnét%(ﬂ{e&%l-ordeg%bﬁefere241 to plsaceC in one of a

nunber @he indstuctiohisehedislet 246G The mstafrtidnlseledwlst P4@ plawes thecdenodedbl e 247.
Thus, the in-order buffer 241 provides a set of candidate instructions to
schedul énstrurtionsdntec butfer 24k inibeisiginalRrogramarde 4 he RRTUGONGt 5 nunber

of instructjon .sl|ot hat . ar oCi ' LE ution
i s e felests B ol et nfioRf lveeatt TRECL IR oRIFE,
schedul g5, JMBéf HChkQRStbR N ettBEs inf £5@RMlMBIrBX R HbhORC EIrGhblel Y. cor r esponds
to an operation of the respective instruction. Wen the schedul er 240 can
no | ongdhusj the iarordeehuffas 24Liptavidesa set ofjcandidate inssridtionsita sehediteon

vector table 247, then the schedul er_ 240 dispatche t he .ol de execut i
vector (Megchedpledipstrpchion }SS?Ft%Eatbi‘?z gﬂnsh%gg%a X %ﬁrlﬁm?%%‘%s%neé aﬁ on

i nstructj I [ - ; eRrgsceltle ol dest
execut i SLOC%QQE%tg ?e 1(:3 gabggegggﬁgﬁﬂg%l % ﬂg’}t‘?&gg %gh&%%%ﬁgn%a% ar?d to an
i NSt r uctdy@RutidrPaHRSs HAY hot2ADthel samgtiaé s@eduler schedules instructions for the

respective execution slot that corresponds to an operation of the respective

instruction.

When the scheduler 240 can no longer find an open instruction slot
in the scheduled instruction vector table 247, then the scheduler 240 dispatches
the oldest execution vector (e.g., the instruction vector that least recently
received an instruction). In one embodiment, the scheduler 240 sends the oldest
execution vector to prescheduled instruction cache 250 and to an instruction

issue unit 260, in parallel.

In one embodiment, the instruction issue unit 260 issues
instructions to a set of execution units. Since the instructions have been
prescheduled, instruction issue unit 260 can simply send a prescheduled
instruction vector to the execution units. To increase the speed of execution, the
instruction issue unit 260 can issue prescheduled instruction vectors received
linearly from the scheduler 240 or the instruction issue unit 260 can issue

prescheduled instruction vectors obtained from the prescheduled instruction

cache 250.
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I n one enbodi nent, the instruction issue unit 260 issues instructions to a
set of execution units. Since the instructions have been preschedul ed,

instrucwd)d]“bg%gue unit 260 can sinply send a preschedul efcraR§d7pet 1 On
vector to tf1e execution units. To increase the speed of execution, the

instruction issue unit 260 can issue preschedul ed instruction vectors
received linearly fromthe schedul er 240 or the instruction issue unit 260
can issue presch@tohednibwslimeat,ithe exeattmrsumnitt etevate insamctines pnéschedul ed
instruction cache 250. --6- WO 01/40935 PCT/ USOQ 27887 . I n one enbodi nent,
the exestore dhe shate in aspaculativesateRutfesn dhgspesilgtize shde i H?@SfFFfea

| at tate buffer. Th ' ' : i ot |
o oceseltoR FeLPERer e pdrel RS e Bt b iRiohs ok SEREDL Snegd 0 2 e
branch s, rsieedbrdBeted! R spReGMLREisvRe genbaitgeafteattRimadpiredictiba is

msprediction is “throw away. In an alternate enbodi nent, the specul ative
state t tierovembwayodessaitesnaeembegdiownapheshecaative state dre egali a real state

poi nter map can be used to i.ndicat he current real .state. Figure 3

PP Ust r FeSesaon 181 L Grasbia Fens RUFERT B1oprSEERaRt e FiTHed by a
processor. : ' > enbodinent. Initially, an instruction
fetch u%s?gfé(;?x%chgé;ttegﬂ%?\ﬁférgﬁ?%t%gisﬁge?ructi ons at step 310. To fetch a
continuous stream of instructions, the instruction fetch unit perforns

branch prediction. The output of the instruction fetch unit is placed into
a buffer of in- ofigure hilustretesohBowrdingeam oé the stRITtORIIAGESINE Thi s

buf fer may. al sqo .be known as the |nstruct. . t Re. i m-order
instr ucthester _ Rya pmsg[s,soractongFrélrg{ _ Fog%m%%a%%%?é%lﬁ@ érgh tehgllﬂagl L élghequl es
the in- qrdet HdMRtdiiahit 9aehéd 5blia dfisstruaidrdmt Bidd 310.1T6 eetétogt ruction
slots in the instruction

continuous stream of instructions, the instruction fetch unit performs branch

prediction. The output of the instruction fetch unit is placed into a buffer of in-

order instructions in the instruction scheduler. This buffer may also be known

as the instruction buffer, or the in-order instruction buffer.

Next, at step 320, an instruction scheduler schedules the in-order
instructions from the instruction buffer into instruction slots in the instruction
vector table. The instruction scheduler schedules groups of instructions taking
into account the data dependencies, the available execution resources, and/or

the execution latency.

Since the instruction scheduler can select from a instruction buffer,
the instruction scheduler can extract parallelism from the instruction code.
Furthermore, since an instruction cache resides after the instruction scheduler,
the instruction cache can supply instructions to the execution units thereby

providing additional bandwidth to the complex task of instruction scheduling.
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vector table. The instruction schedul er schedul es groups of instructions
taking into account the data dependencies, the avail able execution

resour {OI%Q%/%M the execution latency. Since the i nst%m'h‘ﬁ)&ﬁsghedul er

can sel e

a instruction buffer, the instruction s an
extract paralleli [ i CRSuler BHE dslidgs an
instruction cache%gsrl{’gggagﬁ g?%hgq?’n&@rsucfg?%ﬁrschgﬁﬁf g??&et he 1 nstruction
cache capuswHph¥aniddétetiairiesnkat io catreotegdecuthednstrnction irtterastavailpblevi di ng
additional bandwi dth to the conplex task of instructjion scheduling. --7- WD

01/ 4093B1shoTHOB®YtIngBy inspptionaeeckardable, the sehegulzghen passesileul er
tt t dul i t i . ] i t | th
st rocoldsat FREeHRT 3 AR eb A A AL R GE LT RS phihelilicBEONOL PLACE

table, fRenEBRULRE. Abarfems,sgﬁsew%Gpt?hﬁgspcﬁmbéa@f isDAv RBIOIo Bed an
instruction issue unit and a prescheduled instruction cache. As a result,

a new empdd. Imene embodimert; the instruatianiselidulenatiemptstedplake one enbodi nent

the instruction scheggl r attenpts to ?Iac i nstruct.i.on nto the ol dest

| nst r UCHISTCHERE S0 R LAty IRATHIGHOR Vo5 (P Berehy TRETEEFREJ21EI Yt ep 350, the
instruction issue unit selects instruction vectors to issue to the
execution units. During sections of code without branches, the instruction
issue unit may isRefereppectp 350, ithsirsticiction iyeetntis seleets énstauttionrom t he

instruction scheduler. However, when_a |oop occurs in th pr ogr am code,
for exawptters tchissuets thecxeention spis.uRuringseciene ef cq#%%ﬁw| ed

instruction vectors frogmthe preschedul ed instructi []Ace the
instruc _F%ﬂfhle@sthg s ?&Wr} ]ISS%GFP'EL% P4t ﬁ%?sreﬁgﬁ?’%hs?q@%%@‘te‘ﬁeec IS(%)ljrgesc hedul ed
i nstructl o, &aeBe tHRsirislibn séHAUISS HeeWeoEr, 98 AopI6&%rS th @Rner at e
instruction vectors at the full execution speed of the execution units.

program code, for example, the instruction issue unit can select prescheduled

instruction vectors from the prescheduled instruction cache. Since the

instruction issue unit will often issue instructions from the prescheduled

instruction cache, the instruction scheduler does not need to generate instruction

vectors at the full execution speed of the execution units.

The scheduled instruction vector table 247 of Figure 2 may be
implemented in a number of different manners. Two different possible

embodiments are described.

Figure 4A illustrates a first method of implementing a scheduled
instruction vector table. In the embodiment of Figure 4A, each instruction
vector (row) of the scheduled instruction vector table consists of fixed
instruction slot for each execution unit. In the embodiment of Figure 4A, there
are five execution units such that there are five instruction slots: EU1, EU2, EU3,
EU4, and EU5. In alternative embodiments, the number of instruction slots in an

instruction vector can vary without departing from the scope of the invention.
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The schedul ed instruction vector table 247 of Figure 2 may be i nplenented
in a nunber of different manners. Two different possible enbodinents are

descri bgg o1 zhg34re 4A illustrates a first nmethod of inpl epeRykamh7as7schedul ed
instruction vector table. In the enbodi nent of Figure 4A, each instruction

vector (row) of tiThessdteditcersdhedulatcitienmptseo tetiedidbha instractsdrsinad fi xed
instruction slot for each execution unit. In the enbodi nent of Figure 4A
there al¢hé instrustionsiotsrbutrdata d§9@ﬂd€m@€5 and pxecartionf latencydsay uct i on sl ot s:

EUl, EU2, EU3, d E er iLwve, enbodi ne t he nunber of
mstrucPF%‘f?”él%F%Wh“é?E Sd'i‘er%{l %n\;g Bl?edclgﬁr%Wﬁ?%gut departing from
the sco tHIctltoE\ec Jﬂé(@emn't@ﬁn instBacti §1{ 4083 msRGbtibROYEASBYat The

|nstruc I on sc 8 l'er attenpts to schedule an instruction into all the

i nst rucmsbm@ﬂo&tﬁot1btﬁﬂledavahdé1mert¢&nam<ms mdttwfem%eonsﬂraCMyecrtay prevent
such optinal scheduling VQ LSe schedul er ca n&g rLd i nstruction to
pl ace |Fﬁ‘élsﬁﬁtchﬁ§t Ntﬁrﬂé‘ﬁ Vothen ading isfaceied: 8l siatg ipthe l1“I"f?aﬁfreinstructlon
slot is.fi 1 W&}PN‘(‘) 51no operation" code before the instruction vector is
dlspatcl‘fé1 ﬁﬂerna ive when a line is vacated, all slots in the line
are initialized with NCPs Figure 4B illustrates one possible enbodi nent

of the contents of each instruction slot in the instruction vector table
of Figure 4A Ref @ﬁgmwgm alusmageﬁ@mwssda@ﬁmb@m@tt péﬂ\%mnte%témfai ns an
instructl n. code i rst,source per ond ur,

rosul t @aSH inRRRICHAN slpfgRah? g\%ﬁ%ﬂ&%ﬁ? bl iighre 1o erl

I nstr uctpl ﬁ%agﬁ th&frﬂélhgﬁntlﬁstl?ﬁctﬁ)&{ £ eRCkirsRBskiche sour ce
operands at e operation is perforned upon. The result

dest i natdp@fdxfd, a%é@@mdyoﬁﬁglqieea{r(&)a wsultidegtinitiod, fack ®celbtive peogrger ati on. I n

counter (PC) value. The instruction code defines the operation to be performed
and the source operands are the data that the operation is performed upon. The
result destination(s) specify register(s) or flag(s) affected by the operation. In
one embodiment, the relative program counter (PC) designates a position of the
instruction relative to a program counter value for the instruction vector. The
relative program counter (PC) may be used for determine when speculative

results can be committed.

Referring back to Figure 4A, in an alternative embodiment, each
instruction vector may include two fields in addition to the instruction slots: a
wait value and/or a program counter (PC) increment value. The wait value is
used to determine how long the instruction issue unit should delay before
issuing the next instruction vector. Considering execution latency and data
dependencies, the instruction issue unit will sometimes need to wait one or more
cycles before issuing the next instruction vector. As a result of using the wait
value in one embodiment, a need to store an instruction vector with empty slots

to provide a delay, is reduced.
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one enbodi nent, the relative programcounter (PC) designates a position of
the instruction relative to a program counter value for the instruction

vect or . widi¢/4098 ati ve program counter (PC) may be used f@erASh@7a8Ne when
specul ative results can be commtted. Referring back to Figure 4A, in an

al ternative enbodilmeorie erohotimeénts theyprognameseinder (F5) inereimerd vialwe i el ds in

addition to the instruction.slots:.a .wait value and/or a program.counter
(PO) i nanembsiusedtgdeterpinghiow yajchdojincrepany %Rfoﬁé%@r%%&h‘(ﬁ%l? ghgr t he

| nStr uct 00, LisSEor DbdioP UL ISl NI o il SEABoliNRERE MR | NS T uCt i 0N

vect or. nsidering execution cy and data dependencies, the

| NSt 1 uCt hreRedsds dechifiicturei dxkcistesistrrsions edit bb thieotigivad pesgrant erderycl es
before issuing the next instruction vector. As a result of using the wait
val ue i rartshmtgﬁpkmm@n@t,loxas magperexestedduring pach exde dhexeds nef 2 enpt v

slots to provide a delay, ks regduced. --9- 01/ 409 [27887 In
one enbolb‘?e%érﬂrf)gfaﬁg CBPBE%’&?‘&%L@PS’F%?%P%%%&% t%ra aﬁlelg%éggggﬁ%ed to
det er mi ng, MW h SpprERERTbcatidH BBERFAIOpIgRAmYEeLgtioht er  the

i nstruction vector has been executed. Since in one enbodinent, the
processor architecture executes instructions out of the original program

order and nultiple instructions nmay be executed during each cycle, there
is not a strict I&H@%}Flebﬁt?g‘?x&ﬁ’i‘%ls PBH“%F%P&?“VB%BQE?’%aE“BSogram count er

val ue CapRECHaRds 4,9, SSTALMIE AN PBRAKIATRASehARBAGY. ety ent program

executi on. nsider 't he’exa an | on vec cont ai ni ng

| nst ruct ¢3eder, alf the inskhictisnsl up 3o (Fliave Beea soheduled! Aftaghemeotaddiay. Furt her
consider, all the instructions up to 7 have been schedul ed. After_the

vect or hbeen hmeessfulty exenuted, the respecive instaiciionpaintey sanheadyanreshtdoi nt er

can be ag.vgrsl%er%sal% if an exception occurs during the execution of instruction in the

instruction vector, the program counter value can be used to determine where to

resume executing instructions following completion of an exception handler.

Figure 5 illustrates an additional alternative embodiment of a
prescheduled instruction vector table. In the prescheduled instruction vector
table of Figure 5, there are no fixed instruction slots. Instead, the embodiment of
Figure 5 uses a flag to determine if there is an instruction included in the
respective instruction vector for each execution unit. If the flag for an execution
unit is set to zero, then there is no instruction for that particular execution unit.
If the flag for an execution unit is set to one, then the next bits specify an

instruction for that particular execution unit.

For example, referring to the second row of Figure 5, the execution
unit flag for execution unit one is set to one such that an instruction for
execution unit one immediately follows the first executing unit flag. After the
instruction for execution unit one, there is a flag for execution unit two. In this

example, the flag for execution unit two is set to zero such that there is no
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7. As a result, if an exception occurs during the execution of instruction
in the instruction vector, the program counter value can be used to

determ Ry Yhfpss t 0 resume executing instructions foll owpeg @ipisesi on of
an exception handler. Figure 5 illustrates an additional alternative

enbodi neipkstrattion for @schednhedt twist The hextnbiv éxcdroexdcatibe. fldgnfor legeqrteschedul ed
instruction vector table of Figure 5, there are_no fixed instruction
slots. |writéhree. SircedhpsyperiiAn Bag 19n exgration yaithzed IS8t FO0RREEY i ne i f
there is._anp ipstruction,.incl i T [ Ve i UCt | ctor for
each exelé‘ﬁ{}iuSﬁoﬁ b ‘?qufmf)ﬂé’r? ?‘3‘39‘% grp}r{a%ﬁhaetggcﬁ:%?% E)A}ns tﬁﬁ 1l ?' &litg&ﬁsg? 2 4 ec{)rezer 0,

then theé)?echﬁoﬂ%ﬂi{‘t?{réé!CB%Q{@irfgoﬂagmtdéléfridrféuf an iexAeoroskiseifbra | f the

flag for an execution unit is set to one, then the next bits specify an

i nst ruct pamiciiar exeantipannitcthemizeabthetinemuchion vegtor tablefgscke masteering to

the second, ro f Figure 5, the execution wunit flag.for execution unit one
is set t’é?déﬁégsg‘éﬁﬁ? VEFTR! %f"c?r#l?g)mayg%f’e{fﬁ??gh“ ?‘ie.aéhe i medi atel y
foll ows wfmhbmé g?éa%‘éflrgdé dtRbdnohlddge el Blont bt WitRS Gt nk GForix ecut i on

unit one,fthere i or execution unit two. In this  exahple, the

fl ag fortiexeedé bbthainvientioh. i s set to zero such that there is no --10- WO
01/ 40935 PCT/ USOO 27887 instruction for execution unit two. The next bit
is an execution flag for execution wunit three. Since the execution flag

for execution unit three. is.set , ' I UCE | : ecution unit
three i mediately %’b?‘?‘gﬁémr Hg?eea?éa(gfuﬂﬂ&rf’ r%?caﬂge@?%@é 1%1)5(12@5 ‘ig)%shgé_ni t three. By
using fl agsmbpe SabBATSE: 4 Faﬁfhl ipRSdchiahiing of stiktions. Spe@atiliyunar
execution unit, the size of theinstruction vector table/cache my be

r educed. instratibaschedwingubids piaced beforklaagnstyctien eanhe arel thedi cat e an

ti [ t f [ i, [t., wth i
operati on L s BreSent L or 8cforL eSPOndi g, eXecltl,on UL, LY departi ng

along with the scheduling suggestions are then stored in the instruction cache.
The scheduling suggestions can be created in the form of relative associated with

each instruction.

Figure 6 illustrates a cache memory built according to the
teachings of the alternate embodiment. In the cache memory of Figure 6 each
instruction is stored along with an accompanying relative scheduling time-
stamp that could be used by a second scheduler near the execution units for final
scheduling. In one embodiment, the relative scheduling time-stamp could be
computed based upon such factors as probability of correct branch prediction or
probability for cache hit/miss. Alternatively, the second scheduler may
schedule instructions in a different manner depending branch mispredictions

and unexpected latencies.

The foregoing has described a method and apparatus for providing
prescheduled instruction cache. It is contemplated that changes and

modifications may be made by one of ordinary skill in the art, to the materials
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In addition, instead of fully prescheduling instructions, an alternate
enbodi nent a partial prescheduling of instructions. Specifically, an

i nstruc{iPfigeeddedul ing unit is placed before an instructpefuseniigsand the
instruction scheduling unit nmakes schedul i ng suggestions. The instructions
al ong Wiy Ah8ngehedts dfrderaugiges the peeseneiriveationtwithdut depdreinigrfsomuct i on
cache. The schedul i ng suggestions can be created in the formof relative
associ atthe seppérof hednvenden.ucti on. Figure 6 illustrates a cache menory
built according to the teachings of the alternate enbodinent. In the cache
menory of Figure 6 each instruction is stored along wth an acconpanyi ng
rel ative schedul | ngod diBimplethaffiethbiad apQedhited dbeRd Bliingenad schedul er
near the execution unit final scheduling. In one enbodi nent, the

rel ati vealserthetiué emipodiments, eoylddwiinuplementedhpsiirstristioed taperxettedf act or s

as probability of correct branch predicti r r oba f.or cache
hi t / mi ssby APresesaes vepsesentsd %Hﬁ&ﬁé"@ﬁ@&g{?@% lu@cﬂtﬁtﬂ‘ HiR&t ructi ons in
a different nner, K pect ed

d%ﬁ% xpggluqﬁ R&R %&ng’ 5%8&]’@%&13 FSOL tﬁﬁg%

| at enci €52 egoi ng ‘has descr apparat%s for providing

pr eschediydnkhiish g denQﬂ réaddbte by ta tnactansi@gpcetrptited)aFoe brmppte, and
nodi fi cati ons may be nade by one of ordinary skill in the art, to the

mat er i al machink-readrble/mediznn Pehidmoead edy mermaraRAN)erndaM 8FCesf enent s of

For oxanBeq ”Vﬁ?ﬁé{dﬁﬁaé“gé%%%ggﬁ RBabe Biksie Shcel Siareer meie By nac i ve
enbodi mepl g, rgodgﬂcége BRI SITRpRAL BEoUdIREI UELIRASolA i propagkead by a

processor, resente I ne-readabl e nedi um The nMachi ne-
signas (e.g., carrier waves, infrared signals, digital signals, etc.)
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readabl e nmedi um can include a nechanismfor storing or transmtting
information in a formreadable by a machine (e.g., conputer). For exanple,

a machiw@et/feskabl e nedi umincl udes read only nenory ( RO¥cirisanefagy access
menory (RAM; magnetic di sk storage nedia; optical storage nmedia; flash

menory d viﬁ\%g; el ectrical, optical, acoustical or other formof propagated
si gnas (@%—.—,—carri er waves, infrared signals, digital signals, etc.) --12-
WO 01/40935 PCTI USOQ/ 27887 CLAIM5S W claim 1. A method of scheduling

i nstructi ons Wackigonputer processor, said nethod conprising: fetching
instructions into an in-order instruction buffer; scheduling instruction
from said in-orderl.i nstA nedthod of séiestuling imstruntonsint a oompludérs Wi t hi n
instruction vectors of an instruction vector table; and di spatching

i nst r uctRTefessebAIkIRRAE SMBTISHE r ucti on vector table to a preschedul ed

i nstruction glg%p\%g ﬁ}@&#é:%igngﬁ{tg!aln%vqrtd%r% 'llfgr%]ité)}l%fifeqp issue unit. 2. The

nmet hod of cl conpri sing: execu I'n parallel, instructions

pl aced into achbMglig irtiuctiohifesmwatd f-ordet indthectiont beflepinte! ai m 2 furt her
conprising: issuing an instruction vector fromsaid instruction issue unit

into a set of estutioorslataivwithindnstTuetioreveearsodf ag mistuctignaiegtor sai d
di spatching ins ction vectors fromsaid instruction vector table

tr
i ncl udes di spat Earhtf?rjmé]n ol dest

dispatching instruction vectors from said instruction vector table to a
prescheduled instruction cache, and, in parallel, to an instruction issue

unit.

2. The method of claim 1 further comprising:

executing, in parallel, instructions placed into a single instruction vector.

3. The method of claim 2 further comprising;:
issuing an instruction vector from said instruction issue unit into a set of

execution units.

4. The method of claim 1 wherein said dispatching instruction
vectors from said instruction vector table includes dispatching an oldest
instruction vector from said instruction vector table when an instruction in said
in-order instruction buffer cannot be scheduled into an available instruction slot

within said instruction vector table.

5. The method of claim 1 wherein said instruction vector table

includes instruction vectors having fixed instruction slots.
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instruction vector fromsaid instruction vector table when an instruction
in said in-order instruction buffer cannot be scheduled into an avail abl e

i nstruchiffigeset W thin said instruction vector table. periReyBinod of
claim1 wherein said instruction vector table includes instruction vectors

havi ng fixed instrgicti ofheShetifod of daim NOvRdrefV8a38 iREGTutIXet8k/of 6. The
met hod of claim 1l wherein said instruction vectors of said instruction
vect or tsahl mstmctodeeatordiblevntludercypis yalie represendinga delagde @ccuhef or e

i ssui ng .a_subsequent (nstructign vector. 7. The method of claim 1l wherein
sai d i ndEfQREIPBHNG AP IRHTYCHGILY?YR% i on vector table include a
program counter increnent value. 8. The nethod of claim 1 wherein each sl ot
of an instruction vector in said instruction vector table includes a flag
representing whet Her arThopetladd oficthim lavheepesaidvsstenetdon veetorawt is
included in the respective instruction vector. 9. The nethod of claim1
wher ei n seid insgrustiopfvestor tABlernElidsf PRASERRY CAURNIEINGTSTRERY YA EFon vect or
tabl e i ncludes a scheduling suggestion for subsequent scheduling. 10. A
machi ne-readabl e medi um representing instructions, which when executed by

a processor, causegsai T AEERGOLS tiairAdrwhereih bach $lot bbah gstrifceioohi ng
instructions into an in-order instruction buffer; scheduling instruction
from sai eectorsinrsaid irotr ustiohevectar tebleriacludes pdlrgsiepreseniingtivhethes &R uct i on

vectors of an instruction vector. tabl.e; .a i.spat chi ng..i.nstr. ian
vectors ‘?R%ﬁ’flg’éi?‘ar 3 RSPEGYS S’ﬁe%‘@f‘d%m? gﬂpgldutdggéngﬁe ehpeil 8isiHfdio

vector.

9. The method of claim 1 wherein each slot of an instruction
vector in said instruction vector table includes a scheduling suggestion for

subsequent scheduling.

10. A machine-readable medium representing instructions,
which when executed by a processor, cause said processor to perform the

following:
fetching instructions into an in-order instruction buffer;
scheduling instruction from said instruction buffer into instruction slots
within instruction vectors of an instruction vector table; and
dispatching instruction vectors from said instruction vector table to a

prescheduled instruction cache, and, in parallel, to an instruction issue

unit.

11.  The machine-readable medium of claim 10 representing
additional instructions, which when executed by a processor, cause said

processor to perform the following:

executing in parallel instructions placed into a single instruction vector.
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preschedul ed i nstruction cache, and, in parallel, to an instruction issue
unit. 11. The machi ne-readabl e nedlun1of cIa|n110 representing additional

i nst ruciy@agaeoyi ch when executed by a processor, cause $irfisoRbREESSOr to
performthe foll ow ng: executing in parallel instructions placed into a
single instruction vector. --14- WD 01/40935 PCT/USQQO 27887 12. The
machi ne-readabl e medi um of claim 2 representing additional instructions,

whi ch when execut gg. by Ehddhaekineteadstiteediaintlof faiBOSepredentipgr f or m t he
followi ng: issuing an instruction vector fromsaid instruction issue unit

into a seldigbnaldrstructions, wiiick whes exprateddesna peogesaeralbaesentadd um of cl ai m 10
wherein said d| spat_chi ruction vectors fromsaid instruction vector
PaiSrmifle PR

tabl e | RICGERSST tPEIQTE WBl&est instruction vector fromsaid
i nstruction V?ﬁ.ﬁﬂg EQ§U| u ve@Br O3 Eéiﬁtlhﬁ'?u&ﬁb&%bge LRTHARESE sbtsit ruction

buf f er cannot into an available instruction slot within said
instruction vecéﬁafcdtmbdlﬁntsm. The machi ne-readabl e nmedi um of c¢laim 10
wherein said instruction vector table includes instruction vectors having
fixed instruction slots. 15. The nmachi ne-readabl e nedi um of claim 10
wherein said instruction vectors of said instruction vector table include
a wait val ue repr]@sentTh@,rmch'Eieagead@bleanadiUMbbcleimslé)ui\lhgr@nsaildsequent

i nstruction vector. he nmachi ne-r.eadabl e. nedi um o 10 wherein

said i @FP%}NW“\?EBFB?% VERtOESITam SALE LRI HEHPT, ¥RGHET ta&é%}rbclhﬂ %sl ude a

program cﬁgﬂg'ttcﬁfng an oldest instruction vector from said instruction vector table when
an instruction in said in-order instruction buffer cannot be scheduled into an

available instruction slot within said instruction vector table.

14.  The machine-readable medium of claim 10 wherein said
instruction vector table includes instruction vectors having fixed instruction

slots.

15. The machine-readable medium of claim 10 wherein said
instruction vectors of said instruction vector table include a wait value

representing a delay to occur before issuing a subsequent instruction vector.

16.  The machine-readable medium of claim 10 wherein said
instruction vectors of said instruction vector table include a program counter

increment value.

17.  The machine-readable medium of claim 10 wherein each slot
of an instruction vector in said instruction vector table includes a flag
representing whether an operation for a respective execution unit is included in

the respective instruction vector.
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increnent value. 17. The nmchi ne-readabl e nedi um of claim 10 wherein each
slot of an instruction vector in said instruction vector table includes a

fl i whet h ti f ti j it
ag ;‘38{02’56\%3 i ng whet her an operation for a respec |vel,§i{/?§%b?§§§, unit is

i ncl ud e respective instruction vector. --15- WO

PCT/ USOQ' 27887 18. The machi ne-readabl e medi um of claim 10 wherein each
slot of an instruction vector in said instruction vector table includes a
schedul i ng suggest8i on T mavhihegeadablevhediuh afjclaiir.10Asherepaeattugot o
process conputer instructions, said  apparatus._conprising: an instruction
fetch umfantipstreedon VASOF U 6318 {8StEREHqI ‘é%‘?io"sEﬁ%ée} 14efca Fhieelulingt o an

i n-order_instruction,buffer; i ruction vector table conprising a
plurali tngSFStf%f%f@PF%%uWetéflg%islglﬂ%ai d instruction vectors having two or

nore slots for instructions to be executed in parallel; and a scheduler to
schedul e instructions fromsaid in-order instruction buffer into said

instruction vect orid ab'ﬁna ?iagaat%FE@?%&gs E&ggﬁﬁghﬁggcﬁg@,@mﬂ on vectors

fromsaid instructi’on vect 0O a pre I nstruction cache,
and, in dﬁ{aaéﬂlglcorﬁpﬁgiﬁgi nstruction issue wunit. 20. The apparatus of claim
19 further conprising: an execution unit to execute, in parallel, all

i nstructi ons a1 imstgichandetgh uiihig fetqhisshrustiornand plage said Instetig®ar at us of

claim19 wherei ?ntsoaa{ndin§grr(]i%(rjli|rl1§1r'uction buffer;

an instruction vector table comprising a plurality of instruction vectors,
said instruction vectors having two or more slots for instructions to be
executed in parallel; and

a scheduler to schedule instructions from said in-order instruction buffer
into said instruction vector table, said scheduler to dispatch
instruction vectors from said instruction vector table to a
prescheduled instruction cache, and, in parallel, to an instruction issue

unit.

20.  The apparatus of claim 19 further comprising:
an execution unit to execute, in parallel, all instructions placed into a

single instruction vector.

21.  The apparatus of claim 19 wherein said scheduler
dispatches an oldest instruction vector from said instruction vector table when
an instruction in said in-order instruction buffer cannot be scheduled into an

available instruction slots within said instruction vector table.

22.  The apparatus of claim 19 wherein said instruction vector

table includes instruction vectors having fixed instruction slots.
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di spatches an ol dest instruction vector fromsaid instruction vector table
when an instruction in said in-order instruction buffer cannot be

schedul g@) dingsssan avail abl e instruction slots w thin sapgriyRedI7eet i on
vector table. 22. The apparatus of claim 19 wherein said instruction vector
tabl e includes instruction vectors having fixed instruction slots. --16- WO
01/ 40935 PCT/ US00/ 27887 23. The apparatus of claim 19 wherein said

i nstruction vect ops. of TR pLRRLE Halih 108¢heFeih SRArAGLEGR vacia { val ue
representing a delay befor I SSui ng a subsequent instruction vector. 24.

The appaf edidinstfuctian wedr tibde rdudaa avdihsalueceprasentng ardelaypbefoaé d
instruction vector table include a program counter increnent value. 25. The
appar at iBSUbTg @ PaPspqueNhSHRICHOBYER!X| ot of an instruction vectors in said
instruction vector table includes a flag representing whether an operation
for respective execution unit is included in the respective instruction

vector. 26. The appar atfhe aplpacatalsdf ERimhEsr wheretAshidsinetruefioarectionst r uct i on
vectors in said instruction vector table includes a scheduling suggestion
for subsésidrinstsutietuieetgr tablg include a program counter increment value.

25.  The apparatus of claim 19 wherein each slot of an
instruction vectors in said instruction vector table includes a flag representing
whether an operation for respective execution unit is included in the respective

instruction vector.

26.  The apparatus of claim 19 wherein each slot of an
instruction vectors in said instruction vector table includes a scheduling

suggestion for subsequent scheduling.
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