2 8 APR 2001 WD 01140935 PCT/ US00/ 27887 Met hod And Appar at us For
Constructing A Pre-Schedul ed I nstruction Cache FIELD OF THE | NVENTI G\ #Rig 2004
present invention relates to the field of conputer processor architecture.
| n parwioqulsegsst he present invention discloses a nethod gy @pRaRat us for
schedul i ng conputer instructions. BACKGROUND OF THE | NVENTI ON Early
conput er pr oceNkbhed exed W parhretumpkareC onstsgctung Kobme-Soeedatled tine in the
original programorder. Specifically, each conputer instruction is |oaded
into the processor and then exkbwtmetionAfadre 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
computer_instruction is then |oaded into the processor and executed. To

i Mprove i N VIR EIWPYed conput er processors were introduced.

Pi pel i ned conputer processors process nmultiple conputer instructions

si mul t aneously. However, early pipelined conputer processors execute the
instructions in ﬂﬁ@I@ﬁﬁ?ﬂﬁﬁWeﬁpegfﬁﬁﬁﬁﬂaéheﬁPFb@fﬁN@H”HVdE@§§%¥§ oper at e
by dividi,n roce instructi S series,of .pi peline stages
such a§r?hr|get hfc,et BrPafr ﬁ‘% tﬁ?ﬁ? ?558% nvﬁg dd 1856%ec ethiod a8dy resul t

write- %@ﬁéramw PEAEESHAL dotn omphen ndididiRmsi nto a set of linked pipeline

st ages at eac% perfor one of the instruction processing pipeline
stages. In the previously described exanple, the processor woul d be
divided into an instruction fetch stage, an instruction decode stage, an
execut iEARCKCRRUNAO oINYENE MNe ~ During each clock cycle, each
processi ng stage processes an instruction and then

Early computer processors executed E:omputer instructions one at a
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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passes it to the next sequential processing stage. Thus, the processzgérpw
processi ng several instructions sinultaneously in the original progr 2004
order. In -1 2 8 APR 2004 WO 01/40935 PCT/ US00/ 27887 an ideal single

pi pel iwe® @rozwdssor, the processor will conplete the exedadligsoafssian
instruction during every clock cycle To further inprove processor

per f or rmndeal snglrmipaline ppecesees the progseoriedhcomprasd tiee exeoiveralcal ar
processors process npre than,one instruction at a tine using parallel

pi pel i A& EEEHEEON BPIHEERY PTG ict i ons in parallel, superscal ar
processors take advantage of the parallelismthat exists in the
instructions. Parallelismexists when sequential conputer instructions are
not dependent UpPpNrEAREr PhpRIvel RHocSRUE periePRianRE Supthtat o cespendent
sequential instructions can be executed in parallel wthout any data

conf | i diasie Hora infrodheedi Bhipersctlaappectssomsfprdesisgnorgttempersicsactipnocessor s
is to find and schedule instructions in parallel such that tgere are no
data ddpehmensing paralel prrelmecstagass iy efcupngdBeRBfneRsHURaateh
avai l able. SUMVARY OF T I NVENTI ON Accor ding. .t e,.6 ient, a nethod
of scheRer§ig an SFRTers @?g%aﬁ%&%@ﬁsfaﬁ?%ﬁ Sé’gélgaqi%‘ %? % ed. The met hod
compr %ﬁgn ERLEN! PYral BRLANUGS 4t Q«shetnoseghﬁﬂﬁﬁl @b DR H8F LSS tetricen buffer,
and scheadul | ng instructions fromthe in-order instruction buffer into

| NSt 1 ucddpiden@upon daththémisl suatdeasperand or hese ram des¢ndeotti on vect or
table. Instruction vectors are then  dispatched fromthe instruction vector
tabl e tseqaepfiakiclbastions car be gxeswad énpaeallel snghovtmrydata onfligty an
instruction issue unit. BRI EF DESCRI PTI ON OF THE DRAW NGS

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
instructons in a computer processor s 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.



Figure 1 illustrates a prior art out-of-order conputer processor. %u

2 illustrates a block diagramof the processor architecture wth a28 PR 2004
preschedul ed i nstruction cache according to one enbodinment. -2 2 8 APR 2004
WO 01/ 4003p4M®ET/ USO0/ 27887 Figure 3 illustrates a fl ow pragsemm@escri bi ng
the processing perfornmed by a processor having a preschedul ed instruction
cache according t Figwrs Biusodiesen{lowriliggranlesilibingt thatpescemssgenbodi nent  of
a schedul ed instruction vector, table. Figure 4B illustrates one enbodi ment
of the peHoBmed tofa paetesSeTRRAFNE A RIssTestuled instirioReache erREdiRthtd ect or
tabl e of Fi A4A. Flgure 5 illustrates an alternate enbodi nent of a
prescheaﬂ?ég1 dEentiction vector table. Figure 6 illustrates a cache nenory
that stores instructions along wth an acconpanying relative scheduling

ti me-stanp. DETAI LED DESCRI PTI ON OF THE PREFERRED EMBODI MENT A net hod and
apparatus for pro¥ighruA ipegrsehedekatbddisientof & ethedidedéndtrudigronmput er
processor is disclosed. In the follow ng description, for purposes of

expl anavedmor tdpeci fi ¢ nonencl ature is set forth to provide a thorough

under standi ng 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
D e aar® Pr CS5Rhrd A Bdcflcs BROBER O EERHS RIER Bk BLcA ¢

out - of - order supers cornpu rocessor he conput ér processor of

Fi gure InstARtddsdloust et flﬁtaﬁbl—ru%én ¥éBor ksl @l@eslgu}&tqmctl ons froma first
| evel local instruction cache 105 or a naln

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 2 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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menory unit 103. If the desired instructionis in the first |evel Ioﬁal
instruction cache 105, then the instruction fetch unit 110 fetches BPIR 2004
that first level local instruction cache 105. G herw se, the instruction
fetch wo 4174045 fetches the -3 2 8 APR 2001 WD 01/ 40935 PRt AUSR 789887
desired instruction fromthe main nenory unit 103. In sone enbodi nents, a
second desiretl insizhetomjrare the sednmersoghuaittldSndnisome anbbéiments, arenory. The
fetched instructions are passed to a decoder 120 that decodes the fetched

i nst r uSEFYHS leVRh E2HECBAE PG PREERIIAS Yhd! U8 VR R thadeun memaRy-
allocator/renamer that allocates entries for instructions in a reservation
station and perforns register renamng using a register file and register

map. A schedul i ngrH@idicHAD dshertisabaskbeseting 4 Aslddss hb@nsatf Ricogexecut i on.
The scheduling unit 140 selects the instructions that will be executed at

any gi tha fetybé@ indtradteorpr ddesdaode@hastsobtechs &d thes tpassdd @nsn ar e di spat ched
fromthe reservation stations along wth operands fromthe register file to
execut i2ecairy senaperiad allpestes PRITISSJ OB HERT R t5E K 1e>¢d1€é¢r\ftaﬁ@n§2ﬁéam ing unit’
140 sel ecfs 2 set of. instructions to di StFaF‘ﬁeh tcf th§ execution units. The
sour ce 3(5)&{9?% QETP SFEIPIFE TERANUG B BfSTOBUEET OIfs?T M EF&VET Pkl e (in the
register file) or wll be available (a result froman execution unit) at

di spatch time. Furthernore, execution resources should be avail able for
the sel ected inst aughiedolng luminbKX theneckesdales the ierucidnyifslual execution
units are not identical such that each execution unit can_ only process
cert ai rexegpenoflhersshedeling neit MR selectndedppauctiomrgthanmill berexegatesr ni nes

whet her the type of, e ution unit-required will be available., Finally, in
one. oYY Bt e IR A e da e s eneSo R At S d it
from the reservation stations along with operands from the register file to

execuhon 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 urut 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 ime

period in which a scheduling unit 140 must make a decision, most schedulers are
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wi |l cause the programto execute faster. As such, in one enbodi rrent,BhFﬁ i
I's acconplished by selecting the ol dest avail able instructions first. ‘
Thus, the scheduling unit 140 attenpts to service instructions in a
First-wwo#H/#0935 Qut (FIFO manner Due to these difficul tpeposéwasgts and
the typically short tine period in which a scheduling unit 140 nust make a
deci si omabho i sehekadriirstmicaions i th@optimrRRTROOG r Wh0 s/ 21 G835 B £JB00/ 27887

unabl e to schedul e i nsiruct iong jn . the optinmal \nner. Thus, although there
is nprROTS BREGFANPIIA lshlfrrmai@ﬁ?%k?dn|t§%F§mPHt%$e@rﬁ%&eeﬁd@@ju@@g code,

hedul j nJ ' - f lim,ted t of th
var ol |G Bl SR RS pdh Atk oF S HARUAIRAGK (e LI oot ur e 1n

one enbodi nent, an instruction cache has been placed after an instruction
scheduler in the instruction processing pipeline. By placing the

i nstructi on cach®refScheduhel Insdtuaien Caclechedaser Ahdifeesttreuct i on schedul er
can create "pre-schedul ed" vectors of instructions and store the
pre-schedul ed instruction vectors in the instruction cache. An instruction

i ssue unit can then. fee h itl,on . units,with.pre-sche ed
instruction vect rC}Ir%s0 ?%rrrﬁgf)ﬁlel%elﬁr(lgﬁligc ﬁl%hn?ns%:ahcgﬁﬁaérljpeg? §?c§r%d#kueéan

pr eschegdidy §&idMSEHdEOH ﬂ;@fihﬁ?uﬁﬁcﬂ%ﬁ)c%séiﬁ%%ﬁdﬁél%@%}apm&@é{ttqz’ agram of the
processor architecture according to one enbodinent. ‘Al the top of Figure 2
i s t he inetroctyo? 03cheeter thee isstrudtdrosthednkerithe insathgidredatleddidrrcam  The

menory 203 may caonsist of standard main nmepory or the nenpry 203 may

1 ” M y
consi stcredtengrers lod awertars ofiipsteyelaansrridhetore e pre-sdreraled an

instruction fetch unit t2]110 fetches the Jjnstructions to beecgmx(?ﬁéjr'%ed from

the menBry U563 V76 et M Ra RIS RRdFudt Gis T con Bsudurl

feed the execution units with pre-scheduled instruction vectors from the

instruction scheduler or from 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 deterrnine 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 isoiates in the processor
instructions and determines the necessary resources. In one embodiment, the

instruction decoder 220 translates the processor instructions into small micro-



execution path in one enbodinent, the instruction fetch unit 210
i ncorporates a branch prediction unit 207. The branch prediction uriiﬁiﬁ%?ﬂ“ﬂ
predi cts an execution path of the program and fetches instructions al ong

that py@gisdoses execution path. Thus, the instruction fettlseyrks210
fetches a continuous streamof in-order instructions, according to the

pr edi cégetaesceides fmpaoropsTh@hiensicroopis ane tietrcprombsedtiptipnsses the fet ched
instructions to an instruction decoder 220. The instruction decoder 220

i sol at esnaindehef greopessesor pipskRéict i ons and deternines the necessary
resources. In one enbodinent, the instruction decoder 220 translates the
processor instructions into snmall mcro 2 8 APR 2004 WO 01/ 40935

PCTI US00/ 27857 IRETALL 00 GPUES 200 9ol ne HaEolbd TRaRT A kbED

processed by the renai nder o rocessor pipe e I nstruction

decodejn220rRag R SchétbuldeeagieThé hsftruttionoskbednled 240 headenshe detodel schedul er
240. The instruction schedul er 240 places the decoded instructions into a

buf f er irdé&Lictiont ietocr byffaa?d birogreamgindeprogiam orterr dbeiinsirugiidredul er t hen
sel ects instructions fromthe in-ordg#ebuff r }:ﬁ@% to.pl acfe i.n one .of a
nunber sdtediuhen thepselasts iBerTacEony rem P rderithdfer 281 e pIarser el e 247.

Thus, the in-order buffer 1 i . i | ructions to
sch_edu?é‘.umﬁ‘ﬂeoﬂeﬁgaﬁvgﬁVlecﬁ{s})tr? ﬁ{c%g%h%%\ﬁljég?%r%r{lg%o?‘é% co%lsélg}é of a number -
of | nsghug,tth@@n-o%'d@% putifbaPpeoRAEH 2 3666CIAIeda e th T BctitisCldl safle@ilecut | ON
unit. Since the execution units are not all the sanme, the schedul er
schedulas stineduledtihomaction vetter tatde BT rongstsxd eutiohesphbinstriigtiosor r esponds

to an operation of the respective instruction. V\henoatjhe chedul er 240 can
no | onglets fhat@ranadpessoriated Hath dMAFYNE ©RLRRN StHe RN enst ruct i on

vector table 247, then t schedul AL - e ecution
vect or SF&LYION YRES FFFS'E“?EFQF pbensa\/ng%ttﬁ% s&ﬁe%{ﬂ%i%@%ﬁﬁlg%éﬂ%ﬁ?gc%r% o i
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 cldest
execution vector to prescheduled instruction cache 250 and to an instruction

issue unit 260, in parallel.

In one embodiment, the tnstruction 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.



received an instruction). In one enbodi nent, the schedul er 240 sends hgﬁ

ol dest execution vector to preschedul ed instruction cache 250 and td R 200k

instruction issue unit 260, in parallel. In one enbodi nent, the

i nstruckb@nadessue unit 260 issues instructions to a setppiR¥EENMES ON

units. Since the instructions have been preschedul ed, instruction issue

unit 260 can sinply send a prescheduled .instruction vector to the

execution units. To increase the speed of execution, the instruction issue

unit 260 can i ssuln pneschedidnedt,ithe exemtticonuviece-@csts eaaiucedns hhdearly from

the schedul er 240 or the instruction issue unit 260 can issue preschedul ed

i nst r ucitPtnthesdriGrin aoieghisly efstom i Eerplbespeaur ey e ske iugangarredache 250.

2 8 APR 2004 01140935 P /%§00/27€87 én oge.enbodinen% t execution
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buffer. : i (=W ; | state
b%ﬁtﬁﬂ?ﬁg %Hx&@d%@wgts?)ekﬁlahb@@ﬁtg%%ﬁ%g;é%ﬁe@tﬂe%@%sgggﬂ&ﬁ?ﬁ%

buf fer as nch pre ons are ver en a

m spr editgbReh awhe. BPeAUleinate epiRidingenahatpecdbties stahethd sptedi ction is
throwmn away. In an alternate enbodi nent, the specul ative state the rea

pr ocessprocssurstataynae oopipit the ssamebbiier and aneklstateglointeatraapoamber nap can
be wused to indicate the current real state. Figure 3 illustrates a flow
diagran?%?iFﬂﬁ‘1%%?F®&F?%ﬁnb¥@£@§§?ng perfornmed by a processor constructed
according one enbodinment. Initially, an instruction fetch unit fetches a
stream of instructions at step 310. To fetch a continuous stream of

instructions, therjfigeryglusgatdsel Gowihiraeof eamshiatieh proe@dirgt i on. The
output of the instruction fetch unit is placed into a buffer of in- order
i nst r ucperdosmid byteepioressaconsiTusieldsthabating Tiies ihddierentayndladly, &2 known

instruction fetch unit fetches a stream of instructions at step 310. To fetch a

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 instrﬁction scheduler schedules groups of instructions taking
into account the data dependendes, the available execution resources, and/or

the execution latency.

Since the instruction scheduler can select from a instruction buffer,
the instruction sgheduler 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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as the instruction buffer, or the in-order instruction buffer. Next, at
step 320, an instruction schedul er schedul es the in-order i nstructi bBAAPR 2004
fromthe instruction buffer into instruction slots in the instruction

vect orwicallgessThe i nstruction schedul er schedul es groups,Gfydggstdgyct i ons
taking into account the data dependendes, the avail abl e execution

resources, and/ OIWI\&@ £Xeealliiqntd 3@%\3 sc%eﬂ%@eﬁé’t@emﬁﬁsttro%hb&msé}hedu' er
can select froma instruction buff the instructi on schedul er can

ext r acinsparcabhelrics defer ormeshtnat nsfarulot plone codmstrietichhetoren eyasilrlee an

instruction cache resides after the |@truct| on  schedul er, the i nstruction
cache wﬁ%aﬁww RS BE T BHEOT Beqi Ak tadn@ diie sehedieT §“9crhlé%5éﬁ§/t %rovi di ng

ddi ti d dtht th I t k of t, t dul 2 8 APR
5004 VB TR Bt RS TR oh e Unil PSR iR bR REEE A L 09 S e
attermﬁ%%n%ﬁ*t%@ﬂb%% féaéttré'ﬁkwoéinﬁ@ﬂ reﬁt&herhmee%tdrh@tavbﬂa&@ma% pl ace the

instruction into an avail instruction slot in the instruction vector
tabl e, utde Behedohtodihent,nhssesrudien sehddalerianhnpistto @ladeect or to an
instruction issue.unit and a prescheduled instruction cache. As a result,
a new amptyctionsintectheoridestdnarustiomvestpantherely minirnizéng latenohe embodi nent
the instruction scheduler attenpts to place instructions into the ol dest
instruction vectors thereby mnimzing |atency. Referring to step 350, the

instruction !ssu Qirin gg?d b S50 RE (G L & ‘é?&éﬁh%steféc'tssﬁﬂﬁ-umoﬁhe

execution units. r| ng® sections of code W|t out ranches, the instruction

I ssue wBttordTRYiskSs te tikofeRatbh\ ulsh ThirisE bedtiorgcifaosie wrkeirved fromthe
instruction schedul er. However, when a |oop occurs in the program code,
for exbmpiahestthe inagurben issne |ug1stlma;a mssuemnsgreﬁé@tmplrreshmagtt@ds

instruction vectors fromthe p | ed- i.nstructi.on cache. nce the
i nst r ucgsesYeEd g’é’ﬁét}ﬂﬁﬂr’tswdcanéF{‘@iPcl EsEWeYSir Y FP@HEOPPGH‘\”@HB%? eschedul ed

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 4 A, 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 EUS. 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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i nstruction cache, the instruction schedul er does not need to generate
instruction vectors at the full execution speed of the execution urd§4PR 2004
The schedul ed instruction vector table 247 of Figure 2 may be i nplenented
in a nuibersoefs di fferent manners. Two different possibl ecgrbedhsagnts are
described. Figure 4A illustrates a first nethod of inplenmenting a schedul ed
instruction vect drhd mbtrectibn sthedeebatiempns toofchedaly en dfstrieach inest ruct i on
vect or grovv)_ of the schedul ed instruction vector table consists of fixed

i nst r uetlitha iBstouctian slebe bub detudependamicies ang exesuBabdtenentaf Fi gure 4A,

there are five, executjo ni.ts h t.hat .there are five,instruction slots:
Eul, E@EvEsuchgphm frﬁ?‘ﬁggimgn%gﬁ?%ﬁ%?q}\?gu@t‘féai%M 2% he nunber of

i nstructi,on i i g r: i departing from
the sogpel e plTplabe Bto Aa el b g USRS OR AT Hst5E B, eho 27887

The i nshiGéticsloe hetlle®vigt & enpbetNicsC Redubefxa thasistiediovddido  al | the
instruction slots, but data dependenci es and execution | atency may prevent
such ops displatdede dultemgtiveherwiherea dinkhétiuaeated .zl slots ihithd liave arenst ruction to
pl ace i.nto. an in'StNé}’i on slot of an instruction vector, that instruction
sl ot i dnalized with fro operation" code before the instruction vector is

di spatched. Alternatively, when a line is vacated, all slots in the line
are initialized with NOPs. Figure 4B illustrates one possibl e enbodi nent

of the contents ofjgue@qB illisihlesion@Hostible éMbbaRméMsdrhelcoatertest or table
of Figure 4A. Referring to Figure 4B, each instruction slot contains an

i nst r uctaich Ainstoakejoraslbt irsthesipairuetionpectandabla of Eogure SouRetervpgrtand, a
result destination, and a re]ative program counter (ch val ue. The
i nst r udtiBBFe $BRACHANFRESNPMEIS SRREINON NS ICtgB 08 nR §rot source

operand, a second source operand, a result destination, and a relative program
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 1s
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 urut will sometimes need to wait one or more
cycles before issuing the next instruction vectar. Asa result of using the wait
valﬁe in one embodiment, a need to store an instruction vector with empty slots

to provide a delay, is reduced.



and the source operands are the data that the operation is perfor WESZ/HBE@?UM
The result destination(s) specify register(s) or flag(s) affected
operation. In one enbodinent, the relative program counter (PC) designates
a posi wie/ap3z he instruction relative to a program coupteusyed7ese for the
instruction vector. The relative programcounter_(PC) may be used for

det er mi ne when spbronaempodizgst|the PERETabe cownter (e diNRBFERt Valehack to
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i ncrenment val ue may us eterm ne to increnent a program
counter value after the instruction vector has been executed. Since in one
enbodi nent, the processor architecture executes instructions out of the
ori gi nal program Eodeiderghe emamnpigtian stugdphomwstarepriveingx@cut ed duri ng
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order) . b diREssfully executed, the respective instruction pointer can be advanced to

7. Asaresult, 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 urut.
If the flag for an execution unit is set to one, then the next bits spedfy 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

10—



consider, all the instructions up to 7 have been schedul ed. After the

vector has been successfully executed, the respective insttuction p%iﬂrﬁtPBrZUUﬂ
can be advanced to 7. As a result, if an exception occurs during the

execut mamowfedknstruction in the instruction vector, the@EFoSf@zgEount er

val ue can be used to determ ne where to resune executing instructions
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unit is set to zero, then there is no instruction for that particular

execut i partigniar exetfitiomentt, e fioe chthesturtion venior taldededciteanepde t hen t he

next bits specify an instruction for _that particular execution unit. For
exanpl ef,f-’dluéf-’gf I Aferp ivserabedren ove 028 FrgLrerao tehadisRitai on  unit fl ag
for execution unit one:is se hat _.an instryction for
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t he img@rsggﬁggptﬁ@{nv@ﬁg@mi on unit one, there is a flag for execution unit
two. In this exanple, the flag for execution unit two is set to zero such
that there is no --10 2 8 APR 2004 WO 0] 140935 PCT/ US00/ 27887 instruction

for execution unit twy. The ngg{({j Fit is an execution flag for execution
unit three. Sinceln aédisioreinstert of Byl presehedulingiRsancionha®e is set to
one, a i nstruc n for_ exec ee . di_a ol,] ows the

n i tio it thr ely..f
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instruction vector table/cache nay be
instruction scheduling unit makes scheduling suggestions. The instructions
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 tirne-stamp could be
computed based upon such factors as probability of correct branch prediction or
probability for cache hit/muss. 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 materiais



reduced. In alternative enbodinents, a flag may be zero to indicate an
operation is present for a corresponding execution unit, wthout depattPhdlll
from the scope of the invention In addition, instead of fully

pr eschedudii40gpsi nstructi ons, an alternate enbodi ment a partrisdez7587
prescheduling of instructions. Specifically, an instruction scheduling

uni t i sarpl agerdghekntseobaeinests ofctheqresaahinvemdbrt hathdutstepactingfreschedul i ng
unit makes schedul i ng suggestions. The instructions along with the

schedul thegcepe gethd iBisn8P8- t hen stored in the instruction cache. The
schedul i ng suggestions can be created in the formof relative associ ated
with each instruction. Figure 6 illustrates a cache nenory built according
to the teachingsref il 2 ABSRIBRIRI abdvd BraGaRleyEROry of
Figure 6 each |nstruct|8n Is stored al ong wlt% an acconpanhyi ng rel ative
schedul ilpgnhiite entcdithenligicoatdibe ilpe ] drettelasanstecatishsiohtedeneeutebar t he
execution units for final scheduling. In one enbodinent, the relative
schedul hyng processet, aapresented e a rgarpoe-eehdrdethashom. slivhrfagbingrs as

probabil ity of cqrrect hranch prediction.or robability for cache
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modi fications may be made by one of ordinary skill in the art, to the

mat er i atremdry (RAMARRagoetic WRkostprpe3sedaTrpIS0)/seT8g? medid: Bastangenent s of
el enents of thg presept i, n\{ent ion withou de;gﬁlrtfi n% f}r om theé gcope of the
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signas (e.g., carrier waves, infrared signals, digital signals, etc.)
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For exanpl e the nethods as descri bed above, including the alternative
enbodi ments, could be inplenented as instructions to be executed by BAPR 2004
processor, represented on a machi ne-readabl e nedium The machi ne- readabl e
medi um can include a nechanismfor storing or transmtting information in
a formreadable by a machine (e.g., conputer). For exanple, a

machi ne-readabl e nmedi um i ncl udes read only nenory (ROM; random access
menory (RAM); magnetic di sk storage nedia; optical storage nmedia; flash

menory deyi ces; electrical, optical, acoustical or other form of propagated
signas (€' 9"*"arrier waves, infrared signals, digital signals, etc.)
28APR2004 W claim 1. A nethod of scheduling instructions in a conputer

processor,, sai thod conprising.. fetching instructions into an.in-order
i nstruct ilon bu‘gﬂ"gﬁ%?ogé’gﬁ%‘&gﬁ’iﬂ%’srﬁ‘é‘f?ﬂ&ai%ﬁ'p FafPsEry sp! HBP’HQF"W‘H&“@UCH on

buffer into i ngtchingtih@ictbh®ingo M ihltder inBGiclibiChifReR sW@ahieSn®hcih foRSdajguct i on
vector table; and dispatchi ,ng instruction vectors fromsaid instruction

vect or t abpile igstaichenytice in BEructionssioty withis nstruction vecters of aninsimetignivestor t o an

i nstruct iy i SHSpattiRids instructiRCedtbrk RO @fd ihALtn Vedib i fo LRPRAISIAT:
executing, in parallel, instructions placed into a single instruction

vect or. 3nstrppfionpaghsondoin paralielnto an fngireqier isseiii si ng: i ssuing an instruction
vector fromsaid instruction issue unit into a set of execution units. 4.
The nmethod of claim 1 wherein said dispatching instruction vectors from

sai d i nst¥ uct i ghe meded of claigbl Brthgcpyadsingdi spat chi ng an ol dest instruction

vector from saiggeduisd FfdIRD inGhishs 1RRH Sito YETe ABricISE Tdigki on in said

i n-order instruction buffer cannot be scheduled into an avail abl e
instruction slot within said instruction vector table. 5. The nethod of

claim 1 whereifySabiflod HSiFHS SR y&%&g{n tabl e includes instruction vectors
i i'on slots. 6. The ffe

having fixed instruction slots. 6 e fethod of claim 1l wherein said
instruction vectwing apfsteeetion ¥estor fromtshidnnsirueston nsseeislitanto 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 mstruction 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 mcludes instruction vectors

having fixed instruction slots.

6. The method of claim | wherein said instruction vectors of said mnstruction vector tahle

include a wait value representing a delay to occur before issuing a subsequent insiruction vector.

7. The method of claim 1 wherein said instruction vectors of said instruction vector table

include a program counter increment value.

8. The method of claim 1 wherein cach slot of an instruction vector in said instruction
vector table includes a flag representing whether an operation for a respective execution unit is

inclhuded in the respective instruction vector.
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include a wait value representing a delay to occur before issuing a
subsequent instruction vector. 7. The nmethod of claim1 wherein said § APR 2004
instruction vectors of said instruction vector table include a program
counter increnent value. 8. The nethod of claim1 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

i ncl uded % n t h&he Iﬁ&bﬁﬂkﬁf o‘l(ﬁinilﬁﬂicfcﬁlﬁdabl@ﬂot\tﬁ'@ﬁ siruction ZecBor APRIZIAOAicBan The

met hod of cl ai ﬁ‘q | of. of an |nstr on vector in said

i nstruct i*6H" ¢ lg]‘c’:fnS f’saao’ic ‘W&%?“%P EHRSRARST & éﬂj’é‘gstl on for subsequent
schedul i ng 10. A nmachi ne- readabl e nedium representing instructions, which
when exec a, . pro sor . cause sai ¢ processor tq performthe

fol |l ow nd fetg aﬁb‘ F‘ﬁ?g?eth%‘i“f“gﬁ‘g TEPHRSENUIRR INSHUGOR %iﬁtié‘thF’EJE’feF'(’}ﬁdeer

schedul i Rgockddst, Calgé s proéRstr SPpctfotn Bl FMlfkwig? buffer into instruction slots
within instruction  vectors of an instruction vector table; and dispatching

i nstruction veeEHPEIsIGlipasApig ap Hserderdestyptiopdetie: table to a preschedul ed

instruction C%Ellﬂﬁulu?]ﬂslrubfbrﬂ?{fnﬂdl@ﬂnsmfcﬁo@ﬁhffe} et MR 1S S HEn Witrhetiog 1. The
machi ne-r eadabl e lumof claim 10 representing additional instructions,

whi ch  WBHOE RERUANEIICHON YeCloF Bblesand dispelghysgingtaiciopyastossisam said per form t he

fol | owi ng:  exeriptubish uc&op@meltd@ rcgcﬂéﬁrcu%str@%nremgea@ldnmc)s}a@ez shagl e
instruction vector. 12. The nachi ne-readabl e medi um of ¢laim 2 representing

addi tional i ndPYIYUEHANGFYE UREhi ch  when execut ed by a processor, cause said
processor to performthe follow ng: issuing an instruction vector fromsaid
instruction issue unit into a set of execution units. 13. The '

machi ne- ridadablTee medhingrirasinble mailinvmod claive Feicprescatiog efldyivasldmmgianpsthidict i on
vectors wﬂeﬁ'gle%@ieﬁib%l Eﬁ?ofcék%r' QlseaiatpPdcedsBth Serrdifl tH@'f%ﬁmgi %ﬂat ching an ol dest

instruction vector fromsaid 1nstruction vector en an instruction
in said in-ordaecubpg inrnatallelopstiyeticne plaesdnpto @ sipele lwﬁh@@m\’eﬁﬂn nto an avail abl e
instruction slot within said instruction vector table.

12. The machine-readable medium of claim 2 repregenting additional instructions, which
when executed by a processor, cause said processor to perform the following:

issuing an instruction vector from said instruction issue unit into a set of execution units.

13. The machine-readable medium of claim 10 wherein said dispatching instruction vectors
from said nstruction 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.

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 ¢laim 1¢ wherein said instruction vectors of said
instruction vector table include a wait value representing a delay to occur before issuing a

subsequent 1nstruction vector.

16, The machine-readable medium of ¢laim 10 wherein said instruction vectors of said

instruction vector table include a program counter increment value.
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14. The machi ne-readabl e nmedi um of claim 10 wherein said instruction Vﬁﬁéz{
tabl e includes instruction vectors having fixed instruction slots. 15 !
machi ne-r eadabl e medi um 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

machi ne-readabl e nmedi um of claim 10 wherein said instruction vectors of
sai d i nsit’r uct Thamuwehirtcacadablb hediumodfuben 40 phoginaachctnl of arinitnchementor mal ue.
14 2 8 APR 2004 P. The chi ne-readabl e nmedi f claim10 wherej.n each
siot of ansmenrismEa RE SRR AL R R erRie ot Ry ABRREI R Edes o
flag repreeaifibh agt wirvldded indhe efettideiimruftion vectorespect i ve  execution unit is
included in the respective instruction vector. 18. The machi ne-readabl e
medi um of claim 10 wherein each slot of an instruction vector in said

i ns t § u?:_t 0 Y g?hﬂhaéhﬁw—ﬁadaﬁl@ kedRe of chah edluhireiy cadhgun of hroingtﬁmﬁorsm@gmuent
schedul i ng, .,19. An apparatus, to process conputer instructions, sai

appar at us“a@dﬂ%‘F’F‘é‘l“ﬁg?mhﬁ&F el feBiuPs WRECTHFT fof B0RSLEN HdHingct i ons and

pl ace said instructions into an in-order instruction buffer; an
instruction vector table conprising a plurality of instruction vectors,

sai d i nst¥Yuct i &R aPREREDI STIEVICAGPYTIINTYUCHRYP Sa1d RBREANYFHOMPHEPR UCt i ons to be
execut ed innHREddn Blch uAfS facip AR N Pla&ChRdMBchdRS inid!s! inQig: f r om sai d
in-order instruction buffer into said Instruction vector table, said
schedul eringtpcti¢nspdieth i nstruction vectors fromsaid instruction vector

table to a pr e&%ﬁ&%ﬁi&ﬂ%@ﬁ%ﬁu%Bxh&%irf‘gaacd?ﬁan@Bﬁlfn;thﬁti&a{?éa{olrs?!said InStnifon

instruction issue unit e apparatus of "claim 19 further conprising: an

execut | orvegiershavisg sxeermae slols [pyapsmrugns odiejexsqyied impargllshiand| aced into a

singl e instrucf i a0Y&ed Qhedufelinstrbbfond BOAsH Ui ofdbr iRl HonlshithRiALRA Sai d
schedul er di spatches an ol dest I nstruction vector fromsaid instruction

vect or t aipsteicigrevrctntablestaid schadgler forlispateliinstruchprigrctarn&ern ged inshudbar F&#or cannot
be sc hegegps% 4 PHeQnéfd 'Rtk alh@adBShb YR bhrdie Sb 9 Mstictibh RaRad. 1 nstruction

vector t e,

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.

23, The apparatus of claim 19 wherein said instruction vectors of said instruction vector

table include & wait valug representing a delay before isguing a subsequent insinuction vector.

24, The apparats of claim 19 wherein said instruction vectors of said instruction vectar

table includc a program counter increment value,
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22. The apparatus of claim 19 wherein said instruction vector table

incl udes instruction vectors having fixed instruction slots. 23. Thild APR 200
apparatus of claim 19 wherein said instruction vectors of said instruction
vector table include a wait value representing a delay before issuing a
subsequent instruction vector. 24, The apparatus of claim 19 wherein said
instruction vectors of said instruction vector table include a program
count er i26Gremdht aptakdis.of Hain? | BwiNPEn ¢AY0sRbof ahhestapRanattts i0faidinsiudicd
wherei n each s%&t qf an . nstruct.ion vectors in said instruction ,Lvector
tabl e i ncYStEEPR ipqlugs  Opy ERlEHPIRg ™ IHRA AR PPEIHIOB U FEPTONe PHFUYBIBES i ve
execut i oninbNddd ih $he rbdpedtivel adtridiioh &tdrespect i ve 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

schedul i ngs 16 The apparatus of claim 19 wherein cach slot of an instruction vectors in said instraction

vector table mcludes a scheduling suggestion for subsequent scheduling.
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