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PROCESSOR AND METHOD FOR SPECULATI VELY EXECUTI NG | NSTRUCTI ONS
FROM MULTI PLE | NSTRUCTI ON STREANMS | NDI CATED BY A BRANCH

I NSTRUCTION 5 BACKGROUND OF THE | NVENTI ON 1. Field of the

Invention wosesmers The invention relates to the field of
systens. 10 Specifically, the invention relates to efficient processing of

i nstruction streans whi ch include conditional programflow control

I nstructions, such as branch instructions. 2. Description of
Rel ated Art 15 Many m croprocessorfs enpl oy a techni que known as

har dwar e pi pelining to increase instruction throughput by processi ng
sever al I I nst Wﬁnmgﬁﬁumﬁlw l%y,gﬁ

concurrently. To ction executlon |C|ency, it is
desirable to keep the%ﬂﬁt hﬁé%ﬁ ONS F&P’ﬁl MF&P"F%I |l (with an

i nStructi on bei ng INSGRUCTION STREAMS [NDICATEDsBYjeh BRANCHn as

possi bl e such that the pipeline mg)fﬁgt@pmﬂseful out put every cl ock
cycl e. However, whenever there has een a transfer of programflow
control to ot her section of software code and instructions have been
specul atively fetched and processed and it is determ ned that these

I nstructions shgy NVERTIORd. the output fromthe

pi peline is not 1 E li et ' eptTons and program flow control
I nstructions su tructions, provide exanples of how the
program fl ow cont r ol Theainvbstion relates‘lwlgedialﬁfadbnhpdtaswmkon& whi ch may be
condi tionaly@®r specifically, the invention relates to efficient processing of instruction

streams which include conditional program flow control instructions,

such as branch instructions.

2. Description of Related Art

15 Many microprocessors employ a technique known as hardware
pipelining to increase instruction throughput by processing several
instructions through different phases of execution concurrently. To
maximize instruction execution efficiency, it is desirable to keep the
instruction execution pipeline full (with an instruction being processed in

20 each pipeline stage) as often as possible such that the pipeline
produces useful output every clock cycle. However, whenever there has
been a transfer of program flow controt to another section of software
code and instructions have been speculatively fetched and processed
and it is determined that these instructions should not have been

25 executed, the output from the pipeline is not useful.

Exceptions and program flow control instructions such as branch
instructions, provide examples of how the program flow control can be
changed. Branch instructions, which may be conditional or
unconditional and may transfer program flow control to a preceding or

30 subsequent code saction, are used for frequently encountered situations
where a change in program flow controi is desired.

A conditional branch instruction determines instruction flow
based on the resolution of a specified condition. "if A>B then branch to
instruction X" is an example of a conditional branch instruction. In this



uncondi tional and may transfer programflow control to a preceding or 30
subsequent code section, are used for frequently encountered situations

where a change in programflow control is desired. A condi ti onal
branch instruction determ nes instruction flow based on the resol ution
of a specified condition. "If A>B then branch to i nstruction X' is an
exanpl e of WO®8M i onal branch instruction. In this PCTUSHINYEY 00778
PCT/ US97/ 11153 -2- case,

if A>B, programflow control branches to a code section begi nning

with instruction X, also referred to as the target code section. If Ais
not greater than B, the instructiaps sequentially follow ng the
branch instruction in the programflow, referred to as the sequenti al

code 5  secidagh, if ACB, pfodtEmARFESIRFSI branches to a codeR® .§°§f‘”‘§bi nes in

SOme mi Cr opr ocessors, can ny . st ages eep, condl anch
i nstructions ar pleyetion, rﬂ%é@r@‘gt"t@ﬁhe targete&ﬁjﬁqtlgﬂ. $hisnoted in the
branch i nstr uctgreater thancB othednistructions sequentially fdllewing the tpanctessor cannot -

reliably deter rﬁ‘aﬁ_‘%ﬁt& fHe @'Bgﬂﬁﬁ {'wer&é P’c# e ggquéﬂga, dodilken. and thus,

cannot deci ge from code“sectioh to fe sequent
i nstructions. 159cHMhRretebeexeswedr anch prediction |ogic operates to
pr egi ct the gut cone Betaasepipelinas inrsdmemidroprosbssors ican beanany stages on a

r edet er m ne c A en
g pecul atively %et@@hgoﬁlﬁr%? Bf@ﬁg?ﬁ%@tﬁ Q‘? St{aééﬁdgg@g?%ﬁéo{rhgt he 15
sequenti al cod&ORgPD 59%‘3%&8‘ the krapchyinstiuetionds resplyedat IBdhigycasacther anch
predi ction | ogiprocessor cannot reliabfy déterrpinetwinsthér grrmatiteé bamchosiiibacy may be

| proved Ok ot URgkhn, and thi] cdihSttetidel A5 Wnick B0 'setiBA'G gh 2l gor ! thns,
P subsequent instructions. in many processors, branch prediction logic

operates to predict the outcome of a particular branch instruction based
onh a predetermined branch prediction approach. Instructions are then
speculatively fetched from either the target code section or the

15 sequential code section based on the prediction indicated by the branch
prediction logic.

Although branch prediction accuracy may be improved or tuned
by using different branch prediction algorithms, mispredictions still
occur. By the time a misprediction is identified, many instructions from

20 the incorrect code section may be in various stages of processing in the
instruction execution pipseline. On encountering such a misprediction,
instructions following the mispredicted conditional branch instruction in
the pipeline (or multiple pipelines) are flushed, and instructions from the
other, correct code section are fetched. Flushing the pipeline creates

25 bubbles or gaps in the pipeline. Several clock cycles may be required
before the next useful instruction completes execution, and before the
instruction execution pipeline produces useful output. Because
conditional branch instructions and other similar program flow controf
instructions are prevalent in software applications code (in some cases,

30 they are encountered as frequently as one branch instruction for every
five instructions processed), the cumulative microprocessor
performance penalty caused by branch mispredictions can be
significant, even where branch prediction accuracy is relatively high.
Previous processors do not provide a means for identifying which
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occur. By the time a msprediction is identified, many instructions from 20
the incorrect code section may be in various stages of processing in the

i nstruction execution pipeline. On encountering such a m sprediction,
instructions following the m spredicted conditional branch instruction in

t he pipeline éor nul tiple pipelines) are flushed, and instructions fromthe
ot her, corrée¥ B section are fetched. Flushing the pi pelwg’se'('b‘é%s 25
bubbl es or gaps in the pipeline. Several clock cycles may be required
before the next useful instruction conpletes execution, and before the
instruction execution pipeline produces useful output. Because

condi tional branch instructions and ot hek3d-sim | ar programflow control
instructions are prevalent in software applications code (in sonme cases, 30

they are encounbedrih instrictiops ars Lifilaly @R Pretititéd aoQiratel s@wh fhat every
five instructio i@ifﬂ@qﬁg ros b‘a\g %L tive m croprocessor

per f or mance pena caused ﬁéﬁ'r nc predi ctions can be

si gni ficant, even wh&hes.dtigsiesirphlede bevea means fos yedusingorelimivatingi gh.
Previ ous pr oces $w pedsimizivice (peind folatedRE Nispreticting e bitcame\dti Ch

\Igngg 3/88%7 ﬁ 133 Pprogram flow control operations to provide for more efficient ingtruction

i nstructions ar exegutiorelRurther, lilds glesialle el have armearisfos identitying

mtigati ][19 Weaz bf@aﬁ%vbﬁqﬂtﬁﬂﬁ%_tmcﬂons tha{ are uﬂﬂk]y&to'ﬁe pfédféﬁl {abl el t ? rd1a;/e
a neans for re | na.. e perfornmance pen related to
m spredicting t ﬁgé‘%a{?&ﬁ’z?howagf%ebﬁ&v&'gﬁ?ﬂ%ﬁ/"&?yn?? 8?_ em@%&t’ﬁ‘gﬁ f?b provi de
for nore effici e partiedlaginstruetions thatgre unlikely to bepredietediaccuratelysi rabl e to
have a neans for identifying program flow control instructions that

are unlikely to be predicted accurately such that preventive neasures
may be selectively utilized for

br anch



the particular instructions that are unlikely to be predicted accurately.
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SUWARY COF THE | NVENTI ON A m croprocessor for efficient
processing of instructions in a program fl ow i ncl uding a conditional
program f| ovwo®snoe?e8 | nstruction, such as a branch i NnSRGCTARSTAXSI | S
descri bed. The branch instruction has a 5 condition to be resolved and
indicates a first code section to be processed if the condition is
resolved to be nmet, and a second code section to be processed if the
condition is resolved to be not net. The .4- processor includes a fetch

unit that fetches instructions, branch prediction | ogic coupled to
the fetch unit t\ataviAR ) = i Fiogn of 10 the condition and
det er mi nes whet Rer T &S0l U ’ inltlon [ S nlikely to be

predi cted accur at el y A MicEoRypeesses for efficient prosessing ipgtryglions in apm nagerent
| ogi ¢ responsi veprograhhﬁownmhdmg)aecbrﬂumal program tflowt controd iristruction,

specul at i ve pro%%ﬁ'a%%ﬂfanbﬁﬁsw&ﬁé rié Ot‘l*?letﬁ}ﬂ &t indtr étf%oﬁé‘%?”t he 15

code sections prior to.r e con L eSor
condition is dgtceppr\t‘f?@@ 8 "B%‘”M?R‘é iGates,a i (9 EISQG“%M%t ely.

processed if the condition is resoived to be met, and a second code
saction to be processed if the condition is resolved to be not met. The
processor includes a fetch unit that fetches instructions, branch
prediction logic coupled to the fetch unit that predicts the resolution of

10 the condition and determines whether resolution of the condition is
unlikely to be predicted accurately. The processor also includes stream
management logic responsive to the branch prediction logic that directs
speculative processing of instructions from both the first and second
code sections prior to resolution of the condition if resolution of the

15 condition is determined to be unlikely to be predicted accurately.
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DESCRI PTI ON OF THE DRAW NGS The invention will be understood
nore fully fromthe detailed description given bel ow and fromthe
acconpanyin dramn s of enbodi nents of the |nvent|on

however, shot®? ?Pbe taken to 51limt the invention to fﬂﬁnéﬁg%§*lc
enbodi ments, but are for explanation and under st andi ng only.

Figure 1 is a high-level block diagramof the conputer systemin

accordance with one enbodi nent of the invention. 10 ) Figure 2 is
an illustration of instructions in a proggamflow as processed by one
enbodi ment of the |nvent|on F|gure 3 is a block diagram of

t he processor OBRIER DESCRIPTION MHE DRAWINGS t he invention.

Figure 4 illustrates | ne
enbodi nent of the i mﬁa’%?llt' %gr??lgﬂ%'!ihg%ggg?s%& v?\og%hﬁﬁf ffh H'LE %et?ée@

i |1ustrates the dgsedrtian given belew andfremybaiassompanying drawings of nyent i on.
Figures 6A and Ghbddimehtsaifthd iventivn) hicH, honever igheulaidt beftaken to t he
' NVeNtion. 5 imit the invention to the specific embodiments, but are for explanation

and understanding only.

Figure 1 is a high-level block diagram of the computer system in
accordance with one embodiment of the invention.
10
Figure 2 is an illustration of instructions in a program flow as
processed by one embodiment of the invention.

Figure 3 is a block diagram of the processor organization of one
15 embodiment of the invention.

Figure 4 illustrates features of the branch prediction unit of one
embodiment of the invention in tabular form.

20 Figure 5 illustrates the stream tables of one embodiment of the
invention. '

Figures 6A and 6B illustrate the method of one embodiment of
the invention.
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DETAI LED DESCRI PTI ON OF THE | NVENTI ON A processor and net hod
for efficient processing of instruction streans which include a
conditional programflow control instruction are descri bed. The

oper ati on O#BMTIBvention is described herein with 5 PCIUSPEHAB to
conditional branch instructions for sinplicity, although it is
understood that other types of programflow control instructions are

Wi thin the scope of the invention. Further, in the foll ow ng description,
nunmerous specific details are set forth,.s.such as specific functional

bl ocks, instruction forrrats tabl es, etc | n order to provide a thorough
10 under st ape 1 Dt DESORIE , NVERN m\ be appreci ated by
one ski |l ['ed 2 practiced w thout

t hese speci fi @Rf@?%"’ﬁo%a“qi me ?@F‘”lq\f@%{ﬁ&ec OfRW'QFr uct ur es,

circuit bl ocks streams whickinsiudei 4 eonditirial fprograimotow conteolringtniction afescr i bed
in detail in oydetrded. The opﬂ'ﬁ rﬁiof)@‘%(i{'l&érﬂﬁn lg‘aeh&’iiféﬁﬁé}gm Vhih Program

Fl ow Control I nstructions

i |l ustrates® i FPIREANGRIP CPB&H? '@}QIH‘HFE"‘E}P@JQ@?"H!P"C‘W' a'thP'l‘E;'? Fl}‘ét ions in a
program f | ow t andémstoddythatothentypes pf progiamfioheoritail instwiotipns are

descri ption. Toaninhe é&%bé‘af‘ﬁ\e‘:Hvéﬁlﬁnprw%'tﬁ’é"{ﬁgﬁﬁuﬂ Jogiabn! 0 code 20

sections. The term"co cf%? E“rﬂ re a bl ock of
code between t%“ﬁf%%ﬁﬁqﬂ tl "P(ﬂet H@B A sRecitie, ncHieRal i ncl udes
the second of bloeks vinstpuation donrdtswabless etol, in ader toprovite @xthordugh ast

} l”ngr ggtnlt (r)g(i) understandln of the lﬁ%ﬁl h one lﬁ%l' qg\{vmcb§§p&e&§ dd Gfbﬁé pr ogr am
referred to he?@pﬁ‘?%‘ t?‘afﬁ\? ‘g?'g'r?f‘ payee ?é%qq%ﬁﬁ W“'&’HB '@883 sect i on 205

i medi atel y fobpemilmgetalls In othet natances; wvidll-lerrooivrt Steuctamds, airoiti iocks) 7

begi nni ng wi t hah&%‘i'éﬂil%tct&é‘l faoQ&tQJns have ndf beén 'dﬁsétfbe@ﬁpgfé%ﬁhedjrdélf td he branch

S resol ved to gi %en ar&‘ referre as chi e sections. The
| abel s " par ent 2VOIAPLSEHTING °d8}5%'m?“on t he 30 rel ati onshi p between the code
section beldg eval uated and ot her code sections. Thus, the parent

code section 2@ge g?dhua#%h t@v.n?trsh Ihétrbefidns and N6Afdrlatupbal i ve 1o one or
more other code s lggpes 2 lms}rates, bular form, an example of several
instructions in a program flow to clarify terminclogy used in the following
description. The instructions in the program flow are divided into code
20 sections. The term “code section” is used herein to refer to a block of
code between two program flow control instructions, and which includes
the second of the two program flow control instructions as its last
instruction.
The code section including a particular program flow control
25 instruction being evaluated at a particular time, is referred to herein as
the parent code section. The code section 205 immediately following
instruction 12 and the code section 207 beginning with instruction 2000
which is to be executed if the branch is resolved to be taken are referred
to as child code sections. The labels "parent and "child" depend on the
30 relationship between the code section being evaluated and other code
sections. Thus, the parent code section 203 may aiso be a child code
section relative to one or more other code sections (not shown).
The code section 205 is referred to as the sequential child code
section in relation to the code section 203, as it sequentially follows its



The code section 205 is referred to as the sequential child code

section in relation to the code section 203, as it sequentially follows its
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par ent code section 203. Simlarly, the code section 207 is referred to

as’ the tar geWOPRYB code section in relation to the code seEYEHAHS as
the first instruction of the code section 207 is the branch target
instruction, instruction 2000, of the conditional branch instruction 12 in

5 the parent code section 203. An instruction streamas the
termis used hereinis a flow of I ngtructions including one or nore
code sections. An instruction stream including the target child code

_See][ i 3” 20t7hi S pdranidiidel suetion203. Osilﬁﬂér@ame code sedtibfl 207 ik 'i‘ﬁfeﬁ’éetﬂt)on stream
including the s 0 n.r nto a
particul ar br anca%u'ﬁﬁtt%&%%h @ncodé sg%ygrgﬁhﬁ?#}!ﬁ%ow mg%?%???‘f?&a#% 8% ream As
each condi ti onalthefiggtinstiugtion otthe sade sectiero2Qzis the branchtargeti cr opr ocessor

identifies t he Ciﬁéthﬂﬁbncﬁéﬁudﬁﬁtém bPthel cbriditional ¥anch mstru'éﬁél‘?@ﬁ‘tﬁ ncl udi ng
t he code sec 0 architectural state.

exanple, if %?Qﬁéw?cgg?égﬂf‘\&‘g%ﬁ%o be taken, the results of 15
execution f rom t he t Angestrugtioh streanicassthetternn issuseddhareintis adlowoot he

processor state. mstructlons includin néBPHJo?e %&é)s&ﬁtoﬂgt ﬁlQﬁ‘&otioW‘Ht}a%rﬁ he two
code sections indicat

instruction are ?‘a%‘ﬁ{‘? 2l g‘f‘ 5859 Section %'S&%Qﬁ%ﬁf&g{%é 'tgr@& i ons
whi ch are part @indtar ipstruction stregoeincludingthe sequentialidhild codesantionit i s

DOZS' blt e E hap a Zﬁsﬂﬁ'r%lhﬁ&ﬁio Q&)Qﬁfc%lﬁriﬂr%tﬂﬂgfrﬁ&ion is a sedu@ﬁflélUCt ion will
sequent  al Iy { ol FRHEUCR SRR AR eaerLooreb AP ARG AT, & resolyep) e
the microprocessor identifies the correct code section {or instruction
stream including the code section) to be committed to architectural state.
For example, if the branch is resoived to be taken, the results of
15  execution from the target child code section are committed to the
processor state.
it should also be noted that, while the two code sections indicated
by a conditional program flow control instruction are identified as target
and sequential code sections which are part of target and sequential
20 instruction streams, it is possible that a conditional program flow control
instruction will indicate two or more target code sections neither of which
sequentially follows the program flow control instruction. It will be
appreciated by those of skill in the art that although sequential code
sections and sequential instruction streams are referenced below for
25 exemplary purposes, each such reference is equally applicable to an
alternate non-sequential target code section or instruction stream as
well.

Overview of the invention

30 The invention provides for efficient execution of instructions in a
program flow including a branch instruction having a condition to be
resolved. The processor of the invention includes means for predicting
the resolution of the condition and thus, the conditional branch
instruction. The processor of the invention also includes a means for



appreci ated by those of skill in the art that although sequential code
sections and sequential instruction streans are referenced bel ow for 25
exenpl ary purposes, each such reference is equally applicable to an

al ternate non-sequential target code section or instruction stream as

wel | . Overvi ew of the Invention 30 The invention provides
for effici eWDoReElti on of instructions in a pr ogr anRGE/GA7TiIHEI udi ng a
“branch instruction having a condition to be resol ved. The processor
of the invention includes nmeans for predicting the resolution of the
condition and thus, the conditional branch I nstruction. The processor
of the invention also includes a neans fg WO 98/ 00778
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identifying co u di m whi ch
are unlikely t%gmgzgc?&aﬁ'ghg %’?ﬁ'gﬁ%f con % er wor t#e%vent I on
identifies brar®@fY ?Vﬁe Pde W&Fcn Helye in pthon wards, ttBB iveBtor ondi t i onal
branch instr ucttdemfuesrtauactalnsuuenionsewulom mhelatnbnémboodtm‘r dmdiugnaﬁ

m spredicted. Iy g@argga
I nstruction is I ent |r?ﬂ& as bel ngqﬁﬁtﬁﬁwgﬁhkﬁg B?é’gl c[ d accuratel y, if
suf fici ent od@@&d"m’gﬂl’n ene erMme@soag%am fign ina brapehyr ocessor ~ of
t he |nvent|on finswdtionds ientitiod as bieiry unlikelyto el predictedt fcdunatelya ifget and

sequent | al (0 SRRANA HBLARL) APl ldotRbea' 4 RIS 18 bdk ot b 10

condi tional branc 8ck- end
resources are dpgimvantien fetghes apd dgeades instrugtiopsfrem W‘hﬁ@e targgbandind
sequenti al i nstsegquential (ot sexom tangetcinstraction streams indicated by the

10 conditional branch instruction,

Then, if processor back-end resources are available, instructions
from both the target and sequential instruction streams (which have
been fetched and-decoded) are forwarded to the processor back-end for
processing. Execution resources of the processor back-end are shared

15 between the multiple instruction streams providing for their concurrent
execution. Once the condition of the conditional branch instruction is
resolved, instructions from the incorrect stream are canceled while
instructions from the correct instruction stream continue through any
additional processing stages. Valid, executed instructions are

20 subsequently retired and committed to architectural state. In this
manner, the performance penalty incurred for branch mispredictions is
significantly reduced if not eliminated.

In one embodiment, once instructions from both target and
sequential child instruction streams indicated by a branch instruction

25 have been fetched and decoded, if sufficient processor back-end
resources are not available for concurrent processing of both
instructions streams, the instructions from the instruction stream
predicted to be taken are forwarded to the processor back-end for
further processing. Instructions from the other instruction stream which

30 have been fetched and decoded are placed in an instruction buffer for
temporary storage. In this case, if resolution of the conditional branch
instruction was mispredicted, only the back-end of the processor
pipeline is flushed instead of the entire processor pipeline. Instructions
from the correct instruction stream are then immediately available in the



been fetched and decoded) are forwarded to the processor back-end for
processi ng. Execution resources of the processor back-end are shared 15
between the nmultiple instruction streans providing for their concurrent
execution. Once the condition of the conditional branch instruction is
resol ved, instructions fromthe incorrect streamare canceled while

i nstructi onSVPO#MThe correct instruction stream continue tHTONYHIUR
addi ti onal processing stages. Valid, executed instructions are 20
subsequently retired and conmtted to architectural state. In this
manner, the performance penalty incurred for branch m spredictions is
significantly reduced if not elimnated. -g- I n one enbodi nent,
once instructions fromboth target and sequential child instruction

Zt-r egnr*«cs]I i_n]gi ca}g ?ﬁbthmiﬁnlliuﬁéﬁfbricﬁﬁﬁlﬁwdbMGgﬁng inihé\mobmmbam-bﬁg and_I o
ecoded, if su - . not avail abl e
for concurrent péru %‘C'lZ‘S&Stltﬁ%%%ﬁsﬁgérh&aﬁﬁaﬁgﬁ?}csqwe&fpf gi@%@?ﬁ%@éﬁst he

i nstructions fr@ignifieantiygeduead. on stream predicted to be taken are
forwarded to the progeanQitehnrtdembddintent, if a contitiohlipecifibd #¢ & Brakch

and decoded Br ¢ Iheaa s, Repbal by Bbing hrilsb AL éhrpicitd acifiiBlyy .y |7
storage. |n thi avaiiahilityiof resoiscen agpssthe processatipipalinglis prvaluated only
i nstruction vas difcéfas diffr@stiatstrom(the dnitsddinest ddschibed Abeve Whero

Py om ¢ he cor r ec e RiRiTGCY ufCert BibeBad TolieRniRadiats Riassbbsed B 1 (e

WO 98/ 00778 1o forking and then availability of processor back-end resources is
PET/ us97/ 11153b assessed once!thé liﬁéﬁﬁlbtiﬂ% h&\{lé( Béerl ?&ctﬁ@rﬂﬁd Mdlaﬂf? cgssing Idnf
the processor bag (c?er}mq processin%urgso&rcgst, a}re detBfhined 16 bé availa ef y tneurred tor

a msprediction’ )
instructions from both the target and sequential instruction streams are

fetched and processed until the branch instruction indicating the
streams is resolved and the incorrect instruction stream is canceled.

15
Overview of the Computer System of the Invention

Referring to Figure 1, a computer system in accordance with one

embodiment of the invention is illustrated. The computer system of the
invention includes a system bus 100 for communicating information, a

20 processor 101 coupled to the bus 100 for processing information, a
random access memory (RAM) 102, aiso referred to as system memory
or main memory, coupled to the processor 101 for storing information
and instructions for the processor 101, and a read only memorty (ROM)
103 or other non-volatile storage device coupled to the bus 100 for

25  storing fixed information and instructions for the processor 101. The
computer system of the invention also includes an externat cache
memory 106 for storing frequently and/or recently used information for
the processor 101. The cache memory 106 may be configured within
the same integrated circuit device package as the processor 101, or in a

30 separate device package. Other components such as a mass storage
device 108, a display device 110 such as a printer or monitor, a
keyboard 112 or other input device and a cursor control device 114 may
also be included in the computer system of the invention.



significantly reduced. In an alternate enbodinment, if a
condition specified in a branch 5 instruction is identified as being

unlikely to be predicted accurately, avai lability of resources across
the processor pipeline is evaluated only once (as differentiated from
t he enbodi nent descri bed above where avai lability of sufficient
processor twomserad resources i s assessed prior t o POT/KSITQLIESAd t hen
avai lability of processor back-end resources is 10 assessed once the

i nstructions have been fetched and decoded). If sufficient processing
resources are determ ned to be avail abl e, instructions fromboth the
target and sequential instruction streqqp_are fetched and processed
until the branch instruction indicating the streans is resolved and

the incorrect instryctio Lo i el.ed. .ew Qf. the
Comput er System of F‘h%Aq %Wgh?'lﬁ%ﬁ} Oﬁh%qmem’%g' E@f%’?????r/ tEi §¥I’—f Bﬂﬁ'éte , a
conput er syst efifghitegiure MmisrepocREIA syrb as is mansfactureddivtintel t he i nvention is
il lustrated. TOerpuraten of SantatCiarapCalifoenia. Othef protebssrarchitdcngies a system -

bus 100 for_pr HEY S Mot H SddRIdrRG with 42 ipliEf> Filob€ 1 8100 S0ty 16,
al so referred appresiatgdbythaseskiliod in the arbthatether compuler systeprsed to t he
processor 101 freludiigadditiond) compahéms not illustrattd ihFiglrect,iggns for the

processor 101, %&@ nl n . 1 é or other non-volatile
storage device’® %%%ﬁgo@hc%eg%hgg%gustat%q Ih 'gf'ﬁ(gtﬁn?ynﬁléf’rmt i on and
i nstructions fbe usd tgpractice the ingantionhe conput er system of the

i nvention al so includes an external cache menory 106 for storing

frequentl y, and | i ' ] processor 101.
The cache 1rr(?::lrrt)'/rrﬁgl %&%e&%%;@%’%&ﬁwﬁqﬁl %Pﬁhe 'm’?ﬁéggame I nt egrated
circuit device packBigures iliustates aduiadiodiagram obthe progesspr 193 mfionee devi ce
package. O her emboHipelo tiss idberftiond TRSproekesc?AD1, includég\dnce 108, a displ ay

Gevice ang o ek (pTop2 IS bl o sod SEOERSARYEL .° 1T ™
conmput er syst efentiykeing {edehedo A second instruction pointer 303 is also

15 included in one embodiment for managing a second stream of
instructions as described in more detail below. A different number of
instruction pointers is included in other embodiments to manage
concurrent processing of a larger or smaller number of instruction
streams.

20 . Fetch unit 304 has inputs coupled to the instruction pointers 302
and 303 and operates to speculatively fetch instructions from an
instruction cache memory 301, or from a next level of memory, such as
the main memory 102 of Figure 1 if the instructions are not available in
the instruction cache memory 301. In one embodiment, the instruction

25 cache memory 301 includes two read ports such that two fetch
operations may be performed concurrently. Two virtual read ports may
be provided by supporting two interleaved cache memory banks, each
with one physical read port. In an aiternate embodiment, the instruction
cache memory 301 includes a multiplexed read port such that the cache

30 memory can alternate between multiple read access request sources.

In one embodiment, a decode unit 306 is coupled to decode
instructions received from the fetch unit 304 into operations which are
more easily processed by the processor 101. One or more instruction
buffers 307 are coupled to receive instructions which have been fetched
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I n one enbodi nent of the invention, the processor 101 is an Intel
Architecture mcroprocessor such as is manufactured by Intel
Corporation of Santa Clara, California. Qher processor architectures
may al so be YO accordance with the invention. Further, Y1153
appreci ated by those skilled in the art that other corrputer syst ens

i ncl udi ng additional conponents not illustrated in Figure 1, or
configured w thout conponents that are illustrated in Figure 1 may al so
be used to practice the invention. 10 ¥#he Processor of One Enbodi nent of
the I nvention Figure 3 illustrates a bl ock diagram of the

processor 101 ofamhéecoded. FgiasinmGtioh bulfer 807 operands wtempofarily seesor 101,

of i nstructi ons st on? renﬁvé’%(@%ﬁrof%%’ tardon gRlubhfi i PibubbfioR L0ZD°
303 is also 15 strﬁmﬁjmlqated)bwamé prelhranely instiietipngs disgusseddnst r eam of
i nstructions as :aefetaetame!ow NB4ch 6thaiabolé LRI albng iwithedtRiaim nunber  of

Concurr ent ”p ol % ripht]5ok 108 & Thetldhgl 'Piﬁgﬁﬂ?%gg&sfféﬂ%?r@f%we
streans. embodiment. u it altesnate iembadipents, theupsreassebfronle anddackct i on
poi nters 302 end¥fap ttiRiRAifGOhEESRpoeritd OF thedrovddsor rRlyadbtibest r uct i ons

from an I ns nory 301, or froma next level of nenory,
such as theéﬁi?dﬁgr@SﬁWof Figure 1 if the instructions are not
avai l able in t helhengrocessor back-aot 8 1Bdndugessd Tenamerdaliocatidvonitent , t he
i nstruction135 sugckcoresmbudinieht Whichus @subléa t6 ﬁwﬂdé&fdb&:m ht'?@ihé wo

mmy | be.pr oMty BSEsRt! Tt m@aﬁ%‘?’ afiLinitage Bedleiaa® | Loks Ponch
wi th one physi cdterfosncregistar repaming and allogatien fumsionsrehbis indludeshst ructi on
cache nmenory 30lalioBatioHebspacEln i Blarysicbuffrdwillsih retireAtent Bad write-basghe 30

ETESE Tttty P vt ol
recei ved frdf t Hiynpetie Bxesytion m»ut-nt-@rdepmsyum:vspmemr In altemate
embodiments, the processor of the invention does not include a rename
unit.
A micro-operation queue 310 is coupled to the
renamer/aliocation unit 308 in one embodiment, and operates to
20 dispatch micro-operations to execution logic 320 which may contain
Al Us, shifters, mutipliers, and even data cache memories to execute
load operations. Logic blocks, such as those discussed above, with the
exception of the instruction buffer and the instruction cache memory 301
are considered to be part of the instruction execution pipeline, as they
25 perform various operations in the instruction execution process. It
should be noted that, in other embodiments, the processor of the
invention may not include all of the above functional blocks. For
example, the processor may not operate on micro-operations and thus,
certain functional units related to micro-operations may not be included
30 or may perform different functions.,

The back-end 318 of one embodiment also includes togic blocks
such as registers 324 for temporary information storage, a data cache
memoty 328, and the retirement and write back logic 326 for retiring
instructions and committing the results of properly executed instructions



nore easily processed by the processor 101. One ornore instruction

buffers 307 are coupled to receive instructions which have been fetched
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decoded. The instruction buffer 307 operates to tenporarily store

i nstructi o'OPIMT8one or both of the target or sequenti al HAYS7INE ruction
streans indicated by a conditional branch instruction as discussed in

nore detail below Each of the above units along with stream 5 nanagenent
|l ogic 109 is included in the processor front-end 300 in one

enbodi ment. In alternate enbodi nents, thg.processor front- and back-

ends may include different conponents or the processor may not be

arranged in th'téa‘?@rﬁl‘%@{uralstat ThebackT WE E" 5318 i ncludes a -
renaner/ al | ocat.i gn_, un

d h
decode uni t 306 H%esméditlonal reQ'ﬁéF%g{:]ﬁ' ??g?qerﬂsmgmﬁagg% dor 10 1he

r enamer / al | ocatdoptext infornggiondprthatprecessor 101. perform regi ster renani ng and
al l ocation functions. This includes al I ocati on of space in a re-order

buffer (within ' i te- Qqi I nstruction
retirenment Pn J@%bﬁmm%f@éROF@# T ﬁgﬁU)E—N‘ on or

out - of - or der instrud’h‘ecpmpsssoe&m ngthelinverhﬁoaralsmmcludesstmahod! nments, the
processor of thgah 96§f6}% hﬁﬁhg% s&ﬁaadf%ne or motd)! U

A m cro-operati,o eue al l ocation unit

NANEY
308 in one enbd pn sHﬁﬁ'"ﬁ&?P‘é‘t"é tg’o‘"iﬁe 'rﬁ?@ﬁm%ﬂipﬁﬁ?ﬁg? erations to
execution | ogi cpr@@smhﬂﬁh ithe streamainanagementAbgis ,1091of fonerembaodiienpl i er s,

and even dapa GR&AHEed'Bran i i C
e I Pt o 6 i ol
in the instruction pipeline of processor 101 such as the fetch 304,
decode 306, and renamer 308 units. The stream management fogic
109 is also coupled to the instruction pointer 302 and logic blocks in the
15 back-end 318, such as the retirement and writeback logic 326 and the
buffers 322,

The branhch processing and prediction logic 316 of one
embodiment of the invention includes a branch prediction unit 336 and
branch processing control fogic 338. The branch processing and

20 prediction logic 316 of the invention performs a number of different
functions including branch prediction, and branch history maintenance
in some embodiments. The branch processing controt logic 338
controls the execution of branch instructions and provides the controf
functions necessary for the operation of the branch prediction unit 336.
25

The Branch Prediction Unit of One Embodi
Figure 4 iflustrates the branch prediction unit 336 of one

embodiment of the invention. Although specific fields and types of
information are illustrated and described in reference to Figure 4, it is
30 appreciated by those of ordinary skill in the ar that other fields including
different types of information are also within the scope of the invention.
Further, in the example illustrated in Figure 4, several fields which may
be included in the branch prediction unit 336 such as a tag field, and a



exception of the instruction buffer and the instruction cache nenory 301
are considered to be part of the instruction execution pipeline, as they 25
perform various operations in the instruction execution process. It

shoul d be noted that, in other enbodi ments, the processor of the

I nvention may not include all of the above functional blochﬁﬂgﬁgﬁ 53
exanpl e, the Bfﬂ@gggor may not operate on m cro-operations a M

certain functional units related to m cro-operations may not be included 30
or may performdifferent functions. The back-end 318 of one
enbodi nent al so includes |ogic blocks such as registers 324 for
tenporary informati on storage, a data caelg menory 328, and the
retirement and wite back logic 326 for retiring i nstructions and
comm tting the nadidlfiskt, $br exansple, gre avetickrionsh inthé antcdridomave not been WO

98/ 00778 PCT/ US97/ 11153
-12- to asrhgmntrgcc%rderﬁo avoxd[ obscﬁ[fng the knveméorgls of one enbodi ment al so

i ncl udes addi ti onal H%&?%?@Peame%dhﬁ@a@dé'zf'%? 45 pEanchpradiction iNlgs and/ or
cont ext infor rratermrreé are inbexetl acoosding td aa instruction Adliress RANLOK g VENT

LOG C OF ONEgEM Wons are within thefm&rt%g@@ﬂ{loﬁo%hgfbrﬁm I nvention

al so |ncludes strea managi ng processing of

one or nore predigtien ypit 334 “39?‘!@%1% P&ﬂ?@@mf@'ﬁ Ao W‘Qm@dPQQSQSr uction
pi pel i ne of the whether ipisanorsikelylthat théltrandt dita theeirantlogi ¢ 109 of one

embodi ment 10 métﬂﬁtrfiﬂ%%ﬂ%%ﬁkfﬁ&%fﬁé%h@&qom’e k(gﬁ'@rqﬂﬁl%%gc 316 and

stream control ream nme I s coupl ed
to logic bl ocks Fesolved th? Ret taken.r iés ?Eﬁfeﬁﬁf%‘l‘?m@%? %PB%’E%%@P" #i01 such as

the fetch 304, the art that any one or a combination of branch prediction approaches
may be used in accordance with the invention to determine the
prediction information to be stored in the branch prediction field 410.

The branch prediction unit 336 also includes a field 412 which

indicates whether the resolution of the branch instruction referenced by

15 the particular entry in the branch prediction unit is unlikely to be
predicted accurately. A branch instruction which is identified as being
unlikely to be predicted accurately is considered difficult to predict
accurately, or more fikely to be mispredicted than some other branch
instructions as discussed in more detail beiow. It is appreciated by

20 those of skill in the art that it is resolution of a condition associated with
the branch instruction that is predicted and identified as being unlikely to
be predicted accurately for branch instructions which are identified as
being unlikely to be predicted accurately.

The information stored in the field 412 assists in branch

25 processing by identifying conditional branch instructions which are
worthwhile to fork to avoid a potential branch misprediction penalty. In
other words, the invention determines, based in part on the information
stored in the field 412, when it is an efficient use of microprocessor
resources to execute instructions from both the target instruction stream

30 and the sequential instruction stream.

Processing both instruction streams only if a conditional branch
instruction is identified as being unlikely to be predicted accurately
provides an important advantage. For example, in some cases,
conditional program flow control instructions, such as branch



decode 306, and renaner 308 units. The stream managenent | ogic 109 is
al so coupled to the instruction pointer 302 and | ogic blocks in the 15
back-end 318, such as the retirenment and witeback | ogic 326 and the

buffers 322. The branch processing and prediction | ogic 316 of
one enbodi mrent of the invention includes a branch prediction unit 336
and W@ 98M07738r ocessi ng control |ogic 338. The branch PeTAISEEHINg and 20

prediction logic 316 of the invention perforns a nunber of different
functions including branch prediction, and branch history nai ntenance

I n some enbodi nents. The branch processing control |ogic 338 controls
the execution of branch instructions andgprovi des the control

functions necessary for the operation of the branch prediction unit 336. 25

The Branch Pre
illustrates thesghanch Pr‘agdwtlon unlt%%’gngyasomomoﬁwg‘}%#?r@%t of the

i nventi on. ﬁt’%rﬁe "PQ@PBE“@H&B stpation, that a;nfeeASSAr | on ar e
illustrated anﬂzcumsrid)mdelme stafes withadch stage tentdining fous irkructiduig eci at ed

by those of Orahfag%ﬁggah& tht Jn'%eof%wpgfn?etpﬁﬁn&o#@ugg%nh%&#ﬁ' ng

different types € SCO e invention.
Further, irPthB %WQWB‘@P‘PUL‘W%PWW@@@ fetch M@&Pmﬁ el ds whi ch may
be i ncl uded I ninstractioresfedm jpotioithet target and tsed@éntial instastion stegarhs of d, and a

WO 98/ 00778
PCT/ US97/ 1115 3e\‘rery conditional branch instruction encountered, the processor 191

valid field, fWeuldnggd® prayidefgsqurgesinexacute\a varny larganumber ¢fot been
shown in or der streamy eofcurtamiycongidelifg tHe 40 siage pipeline. in this casé,théhe

embodi mentyh |1 et |86 ekdbuibA Pigelifie vili BAEEmR G indicitiY dnd win
quickly run out of resources. To support concurrent processing of such
a large number of instruction streams significant additional instruction
processing resources would need to be added to the processor. By
identifying the conditional branch instructions which are unlikely to be

15 predicted accurately, and only forking to process both instruction
streams indicated by the branch instruction if the branch instruction is so
identified, the invention reduces or sliminates performance penatties
which may be incurred by branch mispredictions without significantly
increasing the hardware resources required for efficient processing.

20 The determination of whether a branch instruction is unlikely to
be predicted accurately, and thus, the determination of the information to
be stored in the field 412, may be based on many different factors and
may be determined using a number of different approaches. In some
embodiments, the information considered to determine whether a

25 branch instruction is unlikely to be predicted accurately, is the same as,
or similar to the information used to determine the predicted resolution
of the branch instruction. For example, in one embodiment, conditional
branch instructions are identified as being unlikely to be predicted
accurately if the particular branch instruction has not been encountered

30 before. In this case, the branch instruction is identified as being unlikely
to be predicted accurately based on the fact that there is no entry in the
branch prediction unit 336 for this instruction.

A branch instruction may be considered to be unlikely to be
predicted accurately based on information stored in a branch history



entries are indexed according to an instruction address although other 5
configurations are within the scope of the invention. The branch

predi ction unit 336 includes a prediction field 410 which indicates
whether it is nore likely that the branch indicated by the branch

i nstruction being evaluated will be resolved to be taken, or_wll be

resol ved to ¥@ 78 aken. It is appreciated by those of orMW’%‘I{'ﬁI I n
10 the art that any one or a conbination of branch prediction approaches
may be used in accordance with the invention to determ ne the

prediction information to be stored in the branch prediction field 410.
The branch prediction unit 336 also inclutss a field 412 which

i ndi cat es whet her the resolution of the branch instruction referenced by 15

the particul ar dRid sudhnad the fitida08. IHieThationGlorediih thesbranbh kistorytfiaid e

kel y to be o opbaribpUiBBiiobigatsito Bihol dfeh thg resiicn 6@@‘*3%3?2? °
accurately, or rsarch ingrugliongvasmispredictedcansiion o thenheangh lingtrustiomc h
instructions as vilissiedsned ouﬂomraeasieiumuermhmas thé biehchmmstRetioh Whsby 20

t hose of skikl in f, tion associ at ed
wth h ﬁp&h@ﬁeﬁ%th}eﬁ h ht"iﬂ%'ysfogl%kggm% 'ag‘gﬁg o?'b'e M Pred as bei ng
unlikely to providing iaformation wgearding the/lasblimp the brarichdustrudationmasahi ch ar e
1I'ggnlt In; Ioreslnatf1 ;Son fgttc gﬁg%r:%véfﬂ b@w”ﬁ?ﬁq‘)ﬁrﬁg{@hgﬂt faReaion o} fhany ocessi ng
by identifying FERAPYS BN u"fﬁ"ﬁr’fﬂﬁ tﬂﬁ a}roq{gn%‘ 8&“@%‘ lné’maﬁB'Pt hwhi | e
to fork to avoi deaarstngetheura$olmruncﬂ~eaqrswaadn msutr@nthmﬁaqqnymumnated ot her
words, the ipveRidn9thededdk-eRd S8 t@ﬁ%ﬂﬁ'ahéh afcbsaﬁ aha prédisticipfog

stored in the fi 1 e o cr gcessor
resources to exéﬁh%é’%rﬁsbﬁw(sﬁ%w?% %rg?}] g‘éﬂ t%er?f%[‘%n stream
30 and the seqiisterysachiting abranch tmotburwrogram flow control ipstpuatiopiisig bot h

i nstruction st reggavéml y i f a conditional branch instruction is

et o ey s Ui Bl e YisoE T 8, RSO Sy, an D 308
f1 ow controf5j ngpndmomai rhzanch iostractions avhich were mispredicted the last time

they were encountered are identified as being unlikely to be predicted

accurately. In embodiments in which a more detailed branch history is

kept, a branch instruction may be identified as being unlikely to be

predicted accurately if the branch instruction was mispredicted x out of

20 the last y times it was executed, or, in other words, the misprediction rate

is higher than a predetermined percentage.

The processor 101 may aiso use additional information in
determining that a particular conditional branch instruction, or type of
conditional branch instruction, is unlikely to be predicted accurately. In

25 one embodiment, additional flags and context information are stored in
the branch prediction unit 336 in other fields {not shown) to provide
more information about the branch instruction and surrounding
instructions on which to base such a determination. For example, in one
embodiment, all branch instructions associated with a server application

30 may be considerad to be unlikely to be predicted accurately based on
their context.

In another embodiment, the invention includes a counter 350
coupled to the stream management logic 109 which counts a number of
microprocessor clock cycles since the particular branch instruction was
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i nstructions, may be encountered as frequently as one out of every five
.dnstructions. Assum ng, for purposes of illustration, that a processor

i ncl udes 10 pipeline stages with each stage containing four instructions
on aver age WoihoTBat one of every five instructions is a PEWUSYVIAHEl 5
branch instruction. If the processor were to fetch and execute
instructions fromboth the target and sequential instruction streans of
every conditional branch instruction encountered, the processor 101

woul d need to provide resources to execy4ge a very |arge nunber of

streans concurrently considering the 40 stage pipeline. In this case, the

10 instructi O&sﬁwsas%dplrmb'mwr'dmm o8 sk Yhe Eﬁﬁii;h&&-e”t and wi ||
qui ckly run ouB of . resour.ces. '550 su&goeiqL gé)n rrent praqtessi n% of such

a | arge nunber PEaNchiagtryction wasdastmispradicied f5 a,aea symberather uct i on
processi ng r esbranchdnstrudtidn ieidantifiechas bdimgdurtiikelylte bprpredistedy . By '
i denti fying thgc&Qng\ i onal branch instructions which are unlikely to be 15

predicted accurately,” 'and only forking to process both instruction
streams i nd? cated bia¢hel heatone appiqackhes gy be psrd aleAROR M nstruction is so

identified, theombinationwithrarmbtiversapproadh toi identify ajparficidarbranctpenal ti es
whi ch may be i hsGsh 8Y bBREHIely wss%ga@gfac\egﬁ%w TRE Stdracant | y

I ncreasing the hardware. resources’ requir [ ent processing. 20
The determi nat P%?f; Eﬁmﬁﬂﬂ@i't?e‘?raﬁc'bm&'ghqm Fﬁdﬂﬂ"@ﬂwit% b&rﬂf?&ﬁﬁd to be

Er edi ct eg accuae:twhtpf ately mayl betselactédbastrt o tHambsioconrhotipeised fsofteriré on Eio

e store t . s s an

may be detie(?m' %23 %ﬁ'ﬁuéiigonnﬁé%ér %&ﬁ’i %ﬁ%ﬁ@%ﬁgg@ egﬂ.qé?f{r‘lﬁ%s}%?ré

enbodi ment s, t 8@NeTAL OF FaD befirestes) tawardia speilis setaf foftwate pwOramss  branch

instruction i sforwtisteihe grocéssopisatdrgeted] Icthis'mamner, thednvdrtionane as,
or simlar to f,ia%idé;fz & R fbsrﬁgettgﬁbr%%let{r@ﬁ%ﬁ%%‘égwrﬁ&%&t ed resol ution
r exanpre, In one e oal

of the branch T nstructrion. nment, conditional

branch i nst r uctMRIR¥ETRLRL [QQUKBMEMS: as being unlikely to be predicted
accuratel y15f the pahile the branbh predictiorstunitid36 ofthiecdsventionbe dlustratedunt er ed 30
before. In thigg Gﬁﬁ?ablél?lﬁ:lﬁﬁiﬁ%ﬁ{hlt?ﬁ@hélﬁ?,tﬁ E"aéﬁ?eéiﬁ@ﬂtﬂ t'PSQe%? bei ng

unl i kel to be predicted accurate ased on .t act, that there is
no entr§ in th%"d'"a'ysgﬂr‘%marﬁm?ai@g@r\"cﬁrﬂf? gttan wnit %F?Vi'ﬂ"é]i’aﬁction.

multiple buffers or other logic providing for storage and processing of
similar information.

20

e am | Logic of One Embodime
Referring back to Figure 3, when a conditional branch instruction

is fetched, if the branch prediction unit 336 indicates that the conditional
branch instruction is unlikely to be predicted accurately, or information

25 regarding the branch instruction is not available in the branch prediction
unit 3386, the fetch unit 304 of the processor 101 speculatively fetches
instructions from both the target and sequential child code sections if
sufficient additional processor front-end resources are available for
front-end processing of both instruction streams. The stream control

30 logic 314 of the invention controls the processing of the multiple
instruction streams including the target and sequential child code
sections, until the condition within the branch instruction is resolved, and
the correct instruction stream including the correct code section(s) is
identified. The stream control logic 314 operates to keep instructions



A branch instruction nmay be considered to be unlikely to be predi cted
accurately based on information stored in a branch history WO

98/ 00778

PCT/ US97/ 11153 field such as the field 408. Information stored
in the branch history field of one enbodi nent indi cates how many
times the re¥NPWOBE of the branch instruction was ni E‘E)T’Hﬁﬂ"@i@ﬂ
and/ or how the branch instruction was resolved out of the |ast nunber
of times the branch instruction was 5 encountered. The branch history
field 408 may include only one bit provi ding information regardi ng
the last tine the branch instruction was -17- fetched, or several bits of
i nformati on providing information for many previ ous encounters with

the particular bjgrmpg thfb'ixbh‘iﬁé ir@?mcinéﬁ f ipeline ovwwcgesar%1

resol uti on of eacHQbranc I nStr u

n| Cat
back-end 318 to M ‘f}rlgﬂgwngraoﬁg "&‘ffﬁa?ﬁ ﬁml RJGPRSSINg 316 over a
bus 340 (shown i resputpesdo pyovide tordee comuxmmpmeaengmmmme instrulctisn or y
each tinme a brangfedihs Ot her progr am flow control i nst ruct ion is
resol ved ch hi st or n one

embodi ment, &1 15 c‘Brﬁ]et?rgh%‘P rﬁ%’f'r‘i?ﬁi‘? RQ‘ c'ﬁb'ﬁg?%"ﬁ??ﬁredl ct ed
the last time  more stneamiables saﬁ.oilihestreamaaulelaseruperatesltmkeémimq( ohl i kely

to be predicted the multuﬁmHétﬁB&ibK oidiet%’ﬁ&ﬁ'tﬂ%hﬁokp‘l'o sgggafd'm gletail ed

branch history is ranch 1rnstru |ed as
bei ng unlikely t§stfuction am%ﬁl ?85"%?@59‘?%??%'? tﬁ’t“é!ﬂ% NURDEF yct i on
was m spredi ct edofdinstogctioh piintetshie avaitably ta bernssomamdtwnh)msmmmn or, in

ot her wor ds,1¢ hestidahid BEing [procbssal  the mswc'iiohlaaeﬁu&haaeug,c?ormﬁaer m ned
Pﬁ][ g?g;? iggh in embodimenti ustrited in ?gure% two w?lstructlon posintars are mcm%ed
although additional instruction pointers may be provided such that more
than two instruction streams may be processed concurrently. The
number of instruction pointers available is one factor in determining the
15 maximum number of instruction streams which can be "alive,” or in
process within the instruction processing pipeline at one time in one
embodiment. Thus, the number of instruction pointers available to be
associated with instruction streams can be selected by the processor
designer to meet performance and hardware resource requirements of a
20 specific computer system in accordance with the invention.

In one embodiment, a new instruction stream is spawned each
time a conditional branch instruction is fetched and identified as being
unlikely to be predicted accurately (assuming resources are available
as discussed in more detail below). In one embodiment, the newly

25 spawned instruction stream includes the code section {either the target
child code section or the sequential child code section) which is
predicted not to be executed. The code section which js predicted to be
executed is part of the instruction stream which includes the parent code
section, and is already associated with an instruction pointer to track its

30 processing in the pipeline.

The stream table 330 of one embodiment, is described in more
detail with reference to Figure 5. The information in the field 502
indicates the instruction pointer (IP) number or otherwise identifies the
particular instruction pointer referenced in that particular entry of the



determining that a particular conditional branch instruction, or type of
condi tional branch instruction, is unlikely to be predicted accurately. In
25 one enbodi nent, additional flags and context information are stored in
t he branch prediction unit 336 in other fields (not shown) to provide

nmore informati on about the branch instruction and surroundi ng

i nstructi onYOMOFBch to base such a determ nation. For exB@PUSNiS3one
enbodi ment, all branch instructions associated with a server application 30
may be considered to be unlikely to be predicted accurately based on

their context. I n anot her enbodinent, the invention includes a
counter 350 coupled to the stream-ggnagement |ogic 109 which counts a
nunber of m croprocessor clock cycles since the particular branch

i nstruction wasstream table 396 ¥Pakéhhafe embodiments, the stream table 330 does last

/ 3
chlﬁggrctl 255 | Fotinglude adield 592 far the IR cumber. andthe {7 pumber iscul ar
branch instr uctdﬁiﬁfmlasdIIMOad'rb)snSdnbahbnm the sthemne table 830ai n nunber t he
oot at el ruct on Iﬁ‘é&%?éﬁﬁsgé a@e‘“ﬁ'ﬁ%&%?? \&'S%f&%g%@e% one or in
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instruction as ma;tmgamlstm@ioya pamtbesmretﬂlattrfuinmfoﬂtﬂiehm Jﬁiﬁb?reld;f g{ Ieg
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for which Hiee RaesyingoneSndtRictSh Stteai adsBbiatd WIS & firkf RstridgRt ' ON
pointer as the sequential instruction stream indicated by the branch
instruction and the other instruction stream associated with a second
instruction pointer as the target instruction stream indicated by the
branch instruction. Then, when the branch instruction is resolved, the
15  information in the tag field 504 identifies which instruction stream will
continue processing and which will be canceled.
In embodiments providing for concurrent execution of a larger
number of instruction streams, the tag 504 may include several sub-
fields providing additional information for each instruction stream. This
20 additional information may include for example an address identifying
the parent branch instruction, whether the instruction stream associated
with the particular instruction pointer has spawned any child instruction
streams, and possibly the instruction pointers associated with any child
instruction streams such that concurrent execution of multiple instruction
25 streams may be properly managed.
The stream table 330 may also include other fields 506 such as a
field indicating whether the entry is valid and/or a field indicating
whether the instruction pointer is still alive or whether the instruction
stream associated with the instruction pointer has been canceled. In
30  this manner, the stream table 330 is used during the instruction
retirement process in one embodiment to identify the instructions to be
committed to processor state.



provides the flexibility to meet general or specific performance

| mprovenent requirenents. 15 Wil e the branch prediction unit 336 of
the invention is illustrated as one table including nultiple fields,
it is appreciated by those of ordinary skill in the art that the
branch prediction unit 336 may include mul tiple buffer t.her

| ogi c providWﬂ ?8storage and processing of sinilaﬁxﬁﬁﬁgpﬁgg on. 20
The Stream Control Logic of One Enbodi nent Referring back to
Figure 3, when a conditional branch instruction is fetched, if the
branch prediction unit 336 indicates that the conditional branch

instruction is unlikely to be predicted at®urately, or information 25
regardi ng the branch instruction is not available in the branch prediction
unit 336, the fetch uptio@R94ielf 51618 giswinehsied id Ohe wpssodirmbitvand isf et ches

i nstructions fr : -5@‘9" ek | ieqﬁ'osif
sufficient addi ﬁ%ﬁ%gg%tr"gg’gs@or ‘r or‘1 - gﬁggr es&%ég@éggﬁgﬁ? a %at (Bor
front-end proced¥PRFIOF BRAUCESast ructi on streans. The stream control 30

| ogi c 314 of the inv&iie streatwodrited] $ogid 814 atsviasludes 6bntidldogit[3BR1H €

09 ¢ o t Thiel stre .
soct i ons. unt, | GHEEemBEHfnE cofiol 68 oo 9 1y flocfidhe Pty o
and the cdPARRQIng storage of ipformalian i thecstiaam tpble, 83@.Jnvalidatipg de

section(s) is entries inethbistreanh tablec330 whémprogtdrhdiow ewit@l hbtrugtienat es to

keep instructio . .
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f1 owi ng t hr ough avadability; and diregtingrtbe vise ioh farsiwase irprousees focprpvidedosor 101,
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resources to prq*ﬂgﬁ.for t he concurrent processing of multiple instruction

If the program flow control instruction of the code section is a
conditional branch instruction which is unresolved, the branch
prediction unit 336 helps in determining the next instructions to be

15 fetched. If the particular branch instruction is identified as being uniikely
to be predicted accurately as discussed above, and sufficient processor
resources are available, instructions from both the target and sequential
child code sections will be fetched and at least partially processed until
the branch instruction is resolved.

20 In one embodiment, sufficient additional front-end processor
resources are available for concurrent processing of instruction streams
inciuding both the sequential and target child code sections if one
additional IP is available as indicated by information stored in the
stream table 330. In one embodiment, the control logic 332 determines

25 the availability of IPs in the stream table 330. In one embodiment, this is
the only point at which an assessment of availability of processor
rasources that is made. Once it is determined that sufficient processor
resources are available, concurrent processing of the target and
sequential instruction streams proceeds through the processor pipeline

30 until the conditionai branch instruction is resolved.

In another embodiment, a second assessment of the availability
of processor resources is made by the control logic 332 once muitiple
instruction streams have been spawned, and instructions from both
streams are in the process of being fetched and decoded. Processor



streans. 5 I n one enbodi nent, the streamcontrol |ogic 314 includes
one or nore streamtables 330. The streamtable 330 operates to keep
track of the nultiple instruction pointers used to control processing
of multiple instruction streans in the processor pipeline. A

pr edet er m ned nunber of instruction pointers is available to be
associ at edWi 98807 st ructi on 10 streans bei ng processed | RCYVHEIASEr uct i on
execution pipeline. In the enbodi ment illustrated in Figure 3, two
instruction pointers are included al t hough additional instruction

poi nters may be provided such that nore than two instruction streans
may be processed concurrently. The -ophunber of instruction pointers
avai lable is one factor in determ ning the 15 naxi num nunber of

instruction stpeqEnd'Risolrde®iVvaiGbilify is Hetemithed Snd instruci?&%cﬁ%ﬁ\ hni n the
i nstruction processing pi at one tImMe in,on enbodi nent . Thus,

el ne 4 e
the nunber of W‘ﬂj‘@tﬁwgmﬂ'm% ign streamsare fonarded to thghagkrended wi t h
i nstructi on stomyifssufiivieniadditional prbcbysdriresquroes asoavailable fodesi gner to neet’

per f or mance angu i BHAbRcifSR bF GaNIFGHIGBA S ChefetrRfs 1 c_comut er

systemin accor I nvent | on. n one enbodi nent, a
new i nstruc i o¥eterpiping whetbargyficienhback-end resourgesare @vailable s bybr anch
i nstruction i scdwitingdee aomber enbutsiapdingsmbmongaccesses ltbadhieisgubg, be

' or e det ai | SRt #76 HRB: SEGAHEE Blocie MiBVpAREerecution 3ol 11 00T
st ream i ncl udeetiramenthyllers. if sufficient bagl-end,resoyreestare not availabley code
section or theorigtheinsiradtiontstiednt prilicted to be pxudutedis forwarded totiesli ct ed not
to be exeqy ethaclihdRHf ??%ﬁ%h%d egﬁﬁép iﬁgtﬁﬂ:tiﬁﬂ sp‘éam js executed is
part of the instruction Stream whi chH 1 ncludes the parent code
section, and iemaoraiystored kthgdrsirugtion byﬁeﬁ?»%?f Pﬁ%’ﬂpfﬂﬁ BBAMNS: to track its
S?rb glr (r)nca ﬁfSi inga\gaélgbh_dopinmiﬁbﬂiaﬁ processing i a mis'ﬂnecjieﬁdreisngteiilnierttiﬁaﬂ.F?f u? 2 e5
‘el'heoi nf or m151t lon | nﬁﬂgﬁﬁpe& 3“8‘69“’ s?ream %gg?gsf:@#eéfsh'g%@??%n pgi nt er -
(1P) nunber oringicatad thebiageh instiuction peing evalugied {5 WRfikely toR8 r uct i on
poi nt er r diSer epredittadiacdurdtelyaand adsopuate ndasourceis drbavailable), the stream
table 330 is updated for the new [P entry as discussed above with an
appropriate tag for the new instruction stream.
The stream table 330 may also be updated with the appropriate
tag if instructions are fetched from only the code section predicted to be
20 processed. Instructions are fetched only from the code section predicted
to be processed if a branch instruction is not identified as being unlikely
to be predicted accurately or if adequate resources are not available as
discussed above.
In one embodiment, if instructions from both the target and
25 sequential child code sections indicated by a particular branch
instruction are speculatively fetched and speculatively processed as
discussed above, processing of both code sections continues until the
condition indicated by the branch instruction is resolved. Processing of
speculatively fetched instructions from both the target and sequential
30 child code sections or instruction streams may proceed through ail
aspects of instruction processing, including execution, and up to, but not
including retirement.
In one embodiment, once the branch instruction is resolved,
processing of instructions from the “incotrect” code section is aborted
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streamtable 330. In alternate enbodi nents, the streamtable 330 does

not include a field 502 for the I P nunber, and the IP nunber is

determ ned instead by its location in the streamtabl e 330.

The stream t MOWO¥I® 4l so i ncludes a field 504.for storing BEEVEFMEY which
uni quely identifies the instruction stream associated with a

particular instruction pointer such that the instruction stream can be
properly managed in the instruction execution pipeline. In a sinple

case in which two instruction streans arefei ng processed in the
processor pipeline concurrently, the tag field 504 stores a sinple tag 10

i d_ent i fyi ngt (r)]ne Wﬂ‘idutt végdrato ﬁdﬁ%ﬁhﬁﬁ@fﬂa@é%@tﬁﬁdhbt@ctfdd’ssé?%ﬁ%r uct 'hO”
poi nter as e sequent i stream indi.c e .branc
RSt ruct on and SHHeD i Bp swRein dble $ib coreshiiniiBtlss Hice £a4 reysag A
i nstruction poi rinvalidated byetheagomtrol logict 332: t Inmthet erobodiments; sheed by t he
branch instruct uﬁ&rucﬁbﬁa fro»hsahtths tdthenaniy sébﬁfew rérma do'ilers%%ﬁbh@e&‘v the 15
i nformation i.n the ta é&ﬁ |dent|f|es F I on trean1mn||
conti nue proCesdt sf%ﬂ tmugh H@%&%ﬂé&%&mf o refirement, and fhednh o di nent s
providing for cmmmvmmm corregt” lingtgistion streamrinelodingdiie i nst ruct i on
OB Tonal ' ol e Ao 1Y s Smitedso g tdretn 1
iti i uct | iti
i nformati on may ﬂa??c':P W@WM%‘"&W'%@%%{“?‘H%??WW mf" free u;g he parent
branch i nstruct iforysenbyeahethet tade santlnncfl'heriPsma}ebmfraed cpitytindicating w th
the particuhagr 'tﬁa’ittthH i?u%ﬂi 86 A4 3% erfbodime B& N
streans, and possi m§ lﬂo I& St ﬁctrL on, Jﬁf@ %%igassom ed Hﬁ%ﬁ any child
i nstruction st ré’:?ﬁ'\g OelPrRRSh MsHHENAN 5 fPsaly ? §1F 6?"#1’\553{ Pf)tl"@ i nstruction
25 streans nay Stkeapy ispdentifiedwasanpd deing live any longerTang g0 additionabl e 330 may
al tso i ncl udle gt hﬁﬁ;&cnshsifﬁomﬁaﬁb%fhca& Rstructionfstidafh aMef#ﬁbungt whe{ her the
entry is valid and/or, a f.i Lndi c e instruction
pointer is still ali \9é‘°8rm 'RR PXP "g ﬁgff’ﬁ'@h\i\%ﬁ msetructt;gW gh&\ ®associ at ed
with the i ndfrugrogmmliowars retised beprngranm otdesd Resyltgproduned bitanner, t he
stream tabl e 33Qpp éulHﬁ\%h{ éidédd?&i H%ﬁubﬁbﬂsrfktﬁﬁ 'aoébde sectlbﬁtidlérﬁiﬂﬁﬂfaspf ocess in
one enbodi nent tbo I d 3/ ctl ods %
processor st at e. eing an mc rrect ion, an thus, mvalxd are not comm ed to
the processor state. In thls manner, the speculatively executed
instructions from the incorrect code section do not affect the architectural
20 state of the processor.
By executing instructions from instruction streams including both
the target and sequential child code sections for conditional branch
instructions identified as being unlikely to be predicted accurately, the
invention reduces or eliminates the performance penalty associated
25  with branch mispredictions. In accordance with the invention, once the
conditional branch instruction is resoived and the correct code section is
identified, further processing of the incorrect code section is aborted.
Instructions from the correct code section are aiready in process in the
pipeline and instructions from the incorrect code section which are in
30 process in the pipeline are invalidated. In this manner, the delay
caused by flushing the pipeline upon identifying a misprediction is
avoided for conditional branch instructions identified as being unlikely to
be predicted accurately.
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Apriority field 516 is also included in one enbodiment and is
.discussed in nore detail below in the section regardi ng managenent of

processor resources. The stream control logic 314 al so

i ncl udes cO¥R98M07Bogic 332 in 5 one enbodi nent. Contr oPCEH§IH#I1E332
perfornms many functions including managi ng storage of information in
the streamtabl e 330, invalidating entries in the streamtable 330
when program flow control instructions are resol ved, determ ning
stream control |ogic and processor resoupnce availability, and
directing the use of hardware resources to provide for 10 concurrent

processi ng of B Inshabtid PridcbESRE FRskof ussed beI OW.

section is
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streamtab e eterm nes
a pamcular umt are increased to provnde ad tlon erformance

enhancements. For example, the execution logic 320 of one
embodiment includes a sea of execution units such that several
instructions may be processed through the instruction execution phase
15 of the pipeline concurrently. The determination of hardware resource
requirements in one embodiment, is based on space, cost, and
performance trade-offs.
In one embodiment, processing of multiple streams is time
multiplexed such that the instruction processing resources can be
20 effectively shared. Hardware resources are thus, alternately dedicated
to the various instruction streams in process in the instruction
processing pipeline such that the instruction streams proceed through
the pipeline stages in parallel. Time-multiplexing of the hardware
instruction processing resources is managed by the control logic 332 in
25 one embodiment. Any number of approaches may be used to
implement time-multiplexing in accordance with the present invention.
In another embodiment, the stream table 330 includes an
additional field 516 for storing information indicating a relative priority of
a particular live code section in relation to other code sections being
30 processed in the instruction execution pipeline. In one embodiment,
where instructions are fetched from both the target and sequentiat child
code sections indicated by a particular conditional branch instruction,
the child code section predicted to be executed by the branch prediction
logic 336, is identified as having a higher priority than the other child



25 the availability of IPs in the streamtable 330. In one enbodinent,

this is the only point at which an assessnent of availability of
processor resources that is nmade. Once it is determ ned that
sufficient processor resources are avail able, concurrent processing of
the target and sequential instruction streans proceeds throu h t he
processor pi JEPPH®OTBD until the conditional branch instructFCIASPEIISI

resol ved. I n anot her enbodi nent, a second assessnent of the
availability of processor resources is made by the control |ogic 332
once multiple instruction streans have been spawned, and instructions
from both streans are in the process.28t being fetched and decoded.
Processor WD 95/ 00778

E’CT{( US95/ 11153 code section. For example, if the branch predlction unit t:336 erlgncts bot
ack-end resourc erm. ctions from bo
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determ ni ng et her,. suffl CI sour,c aval | a I
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only the instruc nstr s forwarded to the 10
back- end for fuerg’Pr Bre %?@%ﬁﬁg%ﬁﬁPﬁ@ 'B}E)‘He'f‘gﬁﬁéﬁ" Pﬂﬂ"yt‘?"@&m i's
tenporarily stpredct!qm the instruction buffer 307 of Figure 3 and thus,
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processing. Additional information available during processing of the
program may be used in some embodiments to dynamically adjust the
priority assigned to a particular code section to respond to changing

15 events, For example, a condition affecting the predicted resolution of an
unresolved conditional branch instruction may cause the controf logic
332 to switch the relative priority of a target child code section with that
of a sequential child code section.

it will be appreciated by those of ordinary skill in the art that other

20 approaches for sharing instruction processing resources are also within
the scope of the invention. Thus, the invention provides for efficient
processing of instructions in a program flow including conditional
program flow control instructions. By identifying conditional branch or
other program flow control instructions that are unlikely to be predicted

25 accurately, and executing down both the sequential and target
instruction streams, the invention reduces or eliminates the performance
penalty due to branch mispredictions. Further, the invention manages
concurrent execution of muitiple streams to reliably maintain the
processor state, and to provide for efficient processing of muitipie

30 instructions streams concurrently without a significant increase in
hardware resources. The invention thus provides for significant
instruction processing performance increases.

One Embodiment of the Method of the invention



15 predicted accurately and adequate resources are available), the stream
table 330 is updated for the new IP entry as di scussed above with an
appropriate tag for the new instruction stream The stream
table 330 may al so be updated with the appropriate tag if instructions
are fetched fromonly the code section predicted to be 20 processed.
I'nstructi oroas?teet ched only fromthe code section predi CIWS11153 0 be
processed if a branch instruction is not identified as being unlikely

to be predicted accurately or if adequate resources are not avail able as

di scussed above. I n one enbodi ment, if instructions from both
the target and 25 sequential child codg%éect lons indicated by a particul ar
branch i nstruction are specul atively fetched and specul atively

processed as BRI NE BHASE R L WA TEror 7

conti nues until_the I on 1n ructlon S

resol ved. Procddg4rag 64y and B which,illustratethe methed Q'n‘(‘!lp pmbpdiment &ithe r om bot h
the target and imvemtiontbeginniy inqitoteksirapisiosie 602.0As stap 60% tan ipkiradtion r eans -

may proceed thrg ‘ﬂﬁ? (#‘L;s upda e@%ﬂﬁ%ﬁte@% dg%sé ot’ﬁet%d WhicH ﬁ'l%?/sbse ng. including

execution, and'u I'renen In
one embodi nént Mﬁ@eﬁmpﬁﬁaﬂﬂ'dﬁ soma ‘P’BE@("@W the instrugtion or processi ng

of i nstructi ongndtruetivhd didabedby thal (P sedetched! arsdtHesbrahét pAstiction VO
Igagfno 8;;3 /11153 tabie‘ is re‘fer?nced for branch prediction information where appropiate.
wi t hout regar d Atdhis oI, ibthedostyrliondy a bsanatriestyationuand thesbragel t he
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step 610, it is determmed whether the fetched instruction(s) is a branch
instruction. This determination may be the resuit of the instruction
decoder or it could be a guess by the machine based on the address of
the instruction. If it is not a branch instruction, the instruction is executed
15 atstep 627, and is processed through the remainder of the instruction
processing pipeline.
if the instruction is a branch instruction, then at step 612, it is
determined whether the branch instruction is unlikely to be predicted
accurately. Step 612 may alternately be completed at the time that the
20 branch prediction logic is referenced at step 608. If the branch
instruction does not have a high likelihood of being mispredicted as
indicated by the branch prediction logic, then at step 615, instructions
are fetched from the code section predicted by the branch prediction
logic to be executed, processed by the processor front-end and
25 forwarded to the processor back-end for further processing in step 616.
Processing of the instructions then continues at step 627.
If the branch instruction is identified as being unlikely to be
predicted accurately, at step 612, then at step 614 in one embodiment, it
is determined whether adequate additional processor front-end
30 resources are available to process instructions from both the target and
sequential child code sections. If adequate processor front-end
resources are not available, then in step 615, instructions are fetched
from the predicted stream only, the fetched instructions are processed



5 processed through all processing stages prior to retirement, and then
only instructions fromthe "correct” instruction streamincluding the
correct code section are retired and conmtted to architectural state.

The I P associated with the incorrect instruction streamis then freed up
for use by another code section. The IP may be freed up by indicatin 10
that the ent WP 180T yvalid, for exanple. Also in one enbodinﬁﬁppsﬂﬂéﬁgthe
condi tional branch instruction is resolved, the incorrect instruction
streamis identified as not being |live any | onger and no additi onal

I nstructions fromthat particular instruction stream are fetched.

Once instruction execution is conpleted, 2®structions in the 15 program
flow are retired in program order. Results produced by specul atively

execut ed It nstr gcw mri)éesaoaﬁ@?tﬂen@a_ﬁa iPStep®36} hfe ﬁdmmed_tct) tthed btei ng an o

i ncorrect" code | AV ed to e
or ocessor st at . PERGHHY Dagkfid, Pioessiiiidrinuft & BRbBTT .
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ST UGt i ona o £ ond (esoBrcds drb GBI IREA I stap 017, instruotidé ASRaNRAT
sequenti al clﬁ I dfp%'ﬂg’é’sggﬁ*a% aPSF"SBﬂ'&‘fﬁ"’I?ﬁ'&FH‘H? siiegms which ?’ﬁstf%ct I ons
identified as betheg predessed pyithe processatifrant-endc dn pne émbodiment, this

i nvention reducesroBéssing chfe8 decbaingahé MstcfiondaAd tdnipsanRctalifgl 25 with
branch m spredictions,. I.nvention, .once the

condi tional bran¥f ?ffrg?t @gﬂfegﬁggggcq‘%gssﬁetegﬁtig% IDFHLCtiGP BUBBT B8 e section s
i dentified, furtdascribed@bovéng of the incorrect code section is aborted.
I nstructionsgd rom t hexGiicisisii bleek! 618,.5hbi filabifty f a@aRisnalprdbesspys i n the
pi peline and instructi U f&PnHtae |ncoarqﬁ£ cod? Sﬁﬁ%lgﬂ mhéch are in 30
process in the 3?"1?&?’1&‘2 SPUrceR Ja, fetganingd. |1t adgquate & PralRIRCHRECLy
caused by fl ushibagktang respwicesarapohavaisbleitb\progess beth parget and on i s
avoi ded for condidquential dbildHsrubtish ¥édrhethen desiepfatedonly thei ng unlikely to
E,&.I/O [Jgg'?ftlﬁg Sgc %Hétﬂ}c?ilox ‘stream predictemogo% &%Z?ea is forwarded to the
15 processor back-end and processing continues at step 627. Referring
back to decision block 618, if adequate processor back-end resources
are available to process both the target and sequential child instruction
streams, then both streams are forwarded to the back-end either directly
or from the instruction buffer and processing continues in step 619. In
20 one embodiment, adequate resources are available if one instruction
pointer is available and two section names are available as indicated by
the stream table.
In an alternate embodiment, when a branch instruction is
encountered, overall processor resources are evaluated to determine
25  whether to fork to fetch down both the target and sequential child
instruction streams. In this embodiment, processing of both instruction
streams continues until the branch instruction spawning the child
instruction streams is resolved. In this manner, evaluation of processor
resources is not divided into evaluation of processor front-end resources
30 and evaluation of processor back-end resources.
At step 619, the rename table is copied, or in embodiments which
do not rename registers, the instruction stream is tagged appropriately.
At step 620, the stream table is updated to associate a free instruction



-22- Managenment of Instruction Processing Resources The
I nstruction processing resources of the instruction execution

pi peline of the processor 101 are managed, as di scussed above, to

provide for the concurrent execution of nultiple instruction streans 5

W thout requiring a proportional increase in instruction processing

har dwar e r cWOPBBEI | n one enbodi ment of the invention, thRCHPIEALSYHr

i nstruction execution resources are not increased beyond the resources
required to execute a single instruction stream al ong predicted paths of
branch instructions. In other enbodi nents, particular stages of the 10

i nstruction execution pipeline are dupli.pgted, or hardware resources in

a particular unit are increased to provide addi ti onal performance
enhancement s. Fogsinr il the iy PrLOAUE otA2in Gha Biher fielag? 00T ment

i ncl udes a sea of exes éion u s suc at severa instructions may
be processed t h, Lfﬂﬂf’eatﬁ I on execut I on phase 15 of the pipeline
concurrently. The deAtstap 67| mstmétidmralwecmedomlnding speculativgly r enents in -
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i nstruction prohemlre@mpamneicem step 630 dosddmrined whetheothd ogi ¢ 332 in 25

one enbodi t Sy r d I mpl enent
ik lsgsh:@ Wp%ﬂ%’tgé’gﬁtﬁﬁ if t, then

tinme- nultipIeX|n I nven I n
anot her enbodi ni e%‘lmcetﬁiww éﬁﬁ%s@aﬂhﬂ'ﬂ:i’@@e@‘e&ﬂ‘mﬂ '“s‘fuﬁlﬂ’d‘ﬁtﬁ"ﬁnal field
516 for stori ngretirdcdhr Atdecision bidck 8562 if there aratviove instructidrisitodfe retired, a

parti cul ar "vep.angsiﬁfgilngg,es%aeeaagi&esé.n?%tlégﬁ 508fheiGfal e bei ng 30

processed in the |nst eé ut1on pipeli one enbodi nent,
wher e instruct i BRSO, om both the target and sequent lal child
code secti difs i ndi cdBefarring backdo decisionrblecin@3a, iiithelindsrustion(s) issa r uct i on,

the child code hia‘ﬁ%lgrfétéhéél Rbtretidts tﬁé&sva@éisnsu bi&f( d@uaﬁqét prediction
logic 336, s eieitn"n];wle whe%heraﬂwe m%trucﬂongg fronﬁ) an mstrl.}é:tlon %tnregrrr]tethgtt ipvgg child
forked (because the parent branch instruction was identified as being
unlikely to be predicted accurately). If not, then at decision block 6386, it
20 is determined whether the processor mispredicted resolution of the
parent branch instruction. If not, at step 642, the branch history is
updated and processing continues at step 650. Referring back to
decision block 6386, if resolution of the parent branch instruction was
mispredicted, in step 638, the branch history is updated to reflect the
25 resolution of the parent branch instruction and in step 644, the pipeiine
or portion of the pipeline is flushed as discussed above. Processing
then continues at step 652.
Referring back to decision block 634, if the instruction is part of a
child instruction stream spawned by a parent branch instruction that was
30 forked, then in step 640, the branch history is updated. In step 648, the
instruction is canceled if it is from the incorrect stream and resources
dedicated to the canceled instruction are reclaimed. In step 650, validly
executed instructions are retired in program order and committed to
architectural state. At decision block 652, it is determined whether there
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section. For exanple, if the branch prediction unit 336 predicts t hat
t he branch being evaluated will be taken (even though the branch

prediction unit 336 also indicates that resolution of the branch

i nstruction WO%TRely to be predicted accurately), the t SFEVSOMIY code
5 section is identified as having a higher priority than the sequenti al

child code section. In this manner, nore of the instruction
processi ng resources in the instruction execution pipeline may be
directed to the hi gher priority ins2yuction streamincluding the
hi gher priority code section. 10 In an alternate enbodi nent,

the ItOFI O:j i L y 'tﬂdét%ahefe inSPEstions Bslretiré Bind |f not, theMéthbé of ahe éﬁ%gﬁféﬁt' O|n i's
{rﬁ?:)r %ra'?l onyaval ?@ﬁ?g "F'{"?Cighﬁsr %@%‘gg% of the T OCESSI ngam maly Ib(camzlsed in
sorre enbodi ments to dyisdinderstegd bythese of pedinary skilldn ﬂ!ﬁ @Fﬁ %ﬁié@ﬁgned to a
particul ar code fgipélinedproBesses iAsiFudtions WilNBb a8 vaflous g of exddutieanpl e, a
condi t1 onal Sﬁ'%ﬁvhgﬁwﬁ il Al a8od o 10 BB o e il 8GS,
swi tch the rel atperformedasancyrrentiyaandicoptinuobislyd code section with that
those of ord ﬁérg“'s'kﬁ*ﬁ@.d The gé"{’“ﬁ"h';'f“‘%;t:;g"’f"@*‘* 3}}%3‘3%2"?2?%%?%?
i nstruction here
: R\S/ent i on. TELg?ianCh@ ﬁ'zé%n?ﬂsdvf tbemamgiﬁd} bgipp@icmd by one qirowagfm Lgeof
instructiongg n ék:lpthBé%i’ﬁ éftdaWamn |rdé’dﬂﬁa Qéb’ﬂnptlon, itisprogram f | ow
b ogr am {1 ow corRRTSPRY 41 36¢ By wy%a?%h lg‘ru%ﬂ ﬁe?vﬂ%ﬁbfgescpead Bed

way of illustration are in no way intended to be considered Ilmntlng

Therefore, references to details of the individual embodiments are not

intended to limit the scope of the claims which in themselves, recite only

15 those features regarded as essential 1o the invention.



25 accurately, and executing down both the sequential and target

I nstruction streans, the invention reduces or elimnates the performnce
penalty due to branch m spredictions. Further, the invention manages
.concurrent execution of nultiple streans to reliably maintain the
processor state, and to provide for efficient processing of nultiple 30

i nstructi oD MWOBENs concurrently without a significant | RETASYALISY
hardware resources. The invention thus provides for significant

i nstruction processing performance increases. One Enbodi nent of the
Met hod of the Invention WD 98/ 00778 -

PCT/ US97/ 11153 -28- =
The operation of the invention is further clarifi HH'MML“ HH!E to
Fi gures 6A andm_sh illustrate the method of o o+ the

i nvention beginning I n processing block 602. At step 604, an instruction
pointer (IP) is updated, and at steps 606 and 608, which may be 5
perforned in pWeatlhie: i n some enbodi nents, the instruction or

i nstructions indicafed : -1 . diction
table is referenceglf'for Pgér}gﬂkgc?g%?ggfgﬁ&?%% %t'}%ﬁoﬁ@?@aggp‘opri ate.
At this poitht,branch ipstiugtien haying g gandition teheresalved, 2 firss gode sectione br anch

prgdi cti O\rllmt abtoche processs] iftheeednditionas résotvdd e mietisdriducbesond it will 10
i ndi cat e et ; ' I he. n. At
step 610, it :%: eﬁ%%ﬁ'ﬁwﬁﬁ‘ggg\ﬂ@?%%?g%ﬁég%@ﬁgﬁ’%%5?&8@?? g%%’s?? ﬁ@' a branch
i nstructi on. SHEERIPERSP! COMPHENObe the result of the instruction

decoder or it coul dafatcraumitifos fetohing istruetinsrornasménmoiny;t he address of
tngCLt”Z fjr UG 1 on- | Trbhott prodfititioR 18i8 36 0pleB 36 tHEFfetcH unit et bRy Hhd O 1S
resolution of the condition and determines whether the resolution of the
condition is unlikely to be predicted accurately; and
stream management logic responsive to the branch prediction
logic that directs speculative processing of instructions from both the first
15 and second code sections prior to resolution of the condition if the
resolution of the condition is determined to be unlikely to be predicted
accurately.

2. The microprocessor as set forth in claim 1 wherein, if the
20 branch prediction logic determines that the resolution of the condition is
not unlikely to be predicted accurately, the stream management logic
directs speculative processing of the first code section if the prediction
logic predicts that the condition will be resolved to be met, and the
second code section if the prediction logic predicts that the condition will
25 be resolved to be not met. '

3. The microprocessor as set forth in claim 1 wherein the
branch prediction logic includes a buffer that indicates a predicted
resolution of a condition for each of a plurality of branch instructions and

30 an address of each branch instruction for which a predicted resolution is
indicated, and wherein the branch prediction logic determines that
resolution of the condition is unilikely to be predicted accurately if the
address of the branch instruction is not indicated in the buffer at a time
that the branch instruction is fetched.



15 at step 627, and is processed through the renainder of the instruction

processi ng pi peline. If the instruetionis a branch
i nstruction, then at step 612, it is deigmned whet her the branch
L

instruction is unlikely to be pren“mﬁ\m rately. Step 612 may
alternately be conpleted at the tli branch prediction | ogic

i s referenceWOMAGRp 608. If the brdnch i nstructi on YoEESHHhave a
hi gh |i kel i hood of being m spredicted as i ndi cated by the branch
prediction logic, then at step 615, instructions are fetched fromthe
code section predicted by the branch prediction |l ogic to be executed,
processed by the processor front-end and-2s forwarded to the processor
back-end for further processing in step 616. Processi ng of the

i nstructions then continues at step 627. I f the branch

instruction is identifiedsas heing unlikely to be . redi ct ed
accurately, at step 6412, 'E'ﬁgﬁm foP. %rlﬁsg?ff8ﬁ€"b%%i1r?@?ﬁ',emit{w S
det er mi ned whet Heanchiprasictiondogic furtherlingicates ydwthenresclutioniotthe r esour ces
Sequenti al o | o orCRER fas Aspreiittod telact G OR: breich Inatusion Wit

u [ [ . u . -
resour ces arg ngP&%?ai ?’é‘ﬁ?‘b?'%‘%&? Pwﬂgﬂw‘ﬁﬁ C"Pﬂ'&‘fﬂ&%’f’?‘%‘?ﬁs"!ﬁ?e f et ched
from t he predi ctresolptioneahtherdonditionds Lislikele tb be pradicted acsurataly pthenessed

WO 98/ 00778 resolution of the condition was mispredicted the last time the branch
PCT/ US97/ 11153 - 25-

t he processor fri'aﬁchgﬂﬁv%ﬂ?ofef%egt ep 616, are forwarded to the
processor back-end. Processing continues at step 627.

i oot 022 a2 S8 B eRbosbiasatem b gaE RGN
B e o hisHRuB ol vy RGeS Ay ot e e RS

of the condition has been mispredicted out of a number of times the

branch instruction has been fetched, and wherein the branch prediction

logic determines that resolution of the condition is uniikely to be

15  predicted accurately if the resolution of the condition has been
mispredicted a predetermined percentage of the number of times the
branch instruction has been fetched.

by

6. The microprocessor as set forth in claim 1 wherein the
20 branch instruction is in a program and the branch prediction logic
determines whether the resolution of the condition is unlikely to be
predicted accurately based on a context of the branch instruction in the

program.

25 7. The microprocessor as set forth in claim 1 further including
a counter coupled to the stream management logic that counts a
number of clock cycles since the branch prediction logic last
mispredicted the resolution of a condition, and wherein the branch
prediction logic determines that the resolution of the condition is unlikely

30 to be predicted accurately if the counter is greater than a first
predetermined number.

8. The microprocessor as set forth in claim 1 wherein the
stream management logic tracks concurrent processing of a plurality of



t hen processed by the processor front-end. In one enbodinent, this
processi ng i ncludes decoding the instructions and tenporarily storing

one or both of the instruction Wmtion buffer as

descri bed above. 10 sion block 618, the availability of

addi tional processor baca;m, ' !ﬂj”ﬂt determ ned. |If adequate
addi ti onal woesiaEsr bac re not avaircamiss7ANSHrocess
both target and sequenti al Chl I d |nstruC‘t|on streans, then in step
616, only the instruction stream predicted to be executed is
forwarded to the 15 processor back-end and processing continues at step
627. Referring back to decision blpgck 618, if adequate processor
back-end resources are avail able to process both the target and

ot he. back. ond EERRh YibpiR upyo a st bEGR ki naRley hUFRRRof L7 o ana

processi ng contitginielion streems, each instuction Yrean inshiding:apjurality plispder esour ces

are avail abl e isbcfigves.i NSt ructi on pointer is available and two section
nanes are avail able as indicated by the streamtabl e. In
an al ternate enbodi nent, when a branch instruction is encount er ed,

overal | proBessor r8sour ¥be migreprosgsseitasisat o incelaims wiwreinithe her to for k
to fetch down Ltrelni fanagéraent iagie @wtre on§i%|t6 availability @$t r uct i on

streans. In this e SSin bot nst r.uct.i on streans
cont i nues. unt i IPTRSEESRT EEHGesCiE iteRgh hadagRmiagt bBE GFRRE" i ot tuetton
streans is resépeedativerpraspssing ahisstructians feam bnﬂbﬁ’lepﬁrsimcond

resources is n%ddlswébﬁtﬁckmerQoeésﬁldtf&hlmh@tzommeﬁwurﬁﬁmf end resources

30 and evaluat.i a squrce At step
619, the rZh #{M%ﬂ %;8%@%%%5, %cﬁxcpﬁe §Eﬂ°ﬁ§?ﬁi’svﬁﬂe lﬁss than ‘5‘8 not renane
regi sters, thefrrstgre@%ter@neéwmumwagged appropriately. At step
620, the streamtable is updated to associate a free instruction

‘F’,‘QT? 3/589/73 153 10.  The microprocessor as set forth in claim 1 wherein the
stream management logic indicates a priority for speculative processing
15 of each of the first and second code sections, the priority of the first code
section being higher than the priority of the second code section if the
branch prediction logic predicts that the condition will be resolved to be
met, the priority of the first code section being lower than the priotity of
the second code section if the branch prediction logic predicts that the
20 condition will be resolved to be not met.

11.  In a microprocessor, a method for processing instructions
in a program including a branch instruction having a condition to be
resolved, a first code section to be processed if the condition is resolved

25 to be met, and a second code section to be processed if the condition is
resolved to be not met, the method comprising the steps of:

fetching the branch instruction;

predicting whether the condition will be resolved to be met;

determining whether the resolution of the condition is unlikely to

30 be predicted accurately; and

forking the program flow to speculatively process instructions
from both the first and second code sections if the resolution of the
condition is determined to be uniikely to be predicted accurately.



- 26- pointer with the newy spawned instruction stream and/ or ot her
fields are updated as needed. At step 627, instructions
are executed including specul atively _/__f_ei_ched—i—nstruct i ons which are
part of a forked instruction streamfor t he parent branch

i nstruction has not been resol ved. l“uﬁ m mum Eﬁ V\:hl ch_have been
execut ed ar e WRIHOTE the reti rerre 628 PCTIFPHINS3

i nstruction retirenent process begl ns “at step 629. The steps
followi ng step 629 are perforned for each instruction to be retired
in parallel. At step 630, it is determ ned whether the 10 instruction(s)
Is a specul atively fetched instruction. |8jnot, then processi ng
continues at step 650 where valid executed instructions are retired.

At -deci si on bl ock 65212.i f tHaghethBtds'Bet fortmldlalal 1 Pillthe? iftfudi

et hod ends at sllpwindtsnl 1id RESHER 3t Eoriite ‘?feﬁ%mﬂgﬁ"’oﬁﬁ;}?&& 630, if
t he instructi on(unlikely to be predicteshacauratelye| y f et ched i nstruction, then at

deci si on bl ock 634, Iépdcﬁtatwelypr&@heih 1176 fratB8H6 BciidMelf tSEordRIGrPR 1S from
orked (because the parent branch

an |nstruct| str
I nstruction 4{2)6%9 5?§°l¥8m be met aﬂ?\l I kely to be predicted
accurately). I f not sneeu!aﬁve!maco@ssmgbhosncmwdq sgmion; it theetonditioned

whet her the procggﬁga,cﬁqulbgc}éga;mbqg@hwmgp of the parent branch
Instruction. If not, at step 642, the branch history is updat ed and
processi ng continues at step 650. Referring back to deci si on bl ock

636, if resolution of13he Tpameethod asrsehfarthsinalaim bhwharsin the resaiutipnedi ct ed,
in step 638,14 heohha%hdhbﬁtsoaétehﬁnaa@@bsdmhkbw&f bé?ﬁeda&léd%'écufa@éiwwt i on of

h b
por 1o of the pipataNe FetdlioBTias e b8 1cted bABi e pr ocessi ng

then continues at step 652. Referring back to decision bl ock
634, if the instructi@) | ThB#héth6d a8 set forth i ltidifl #1%hhéﬁﬁ1b@ﬂnn’§té§@?0$p?\rfl\ﬂed
e

by a parent branch L nstr n_that IL,h ste

branch history | gorrr‘aﬁ gfrlé%caéﬁ'g qugléert?l '?'?H%} ?‘ﬁﬁ??‘b"rﬁ' ‘f'@gcancel ed if
it is from the mls@retwed &t lasttimerthe brapol instruction wag éefched and mhereia

cancel ed instr UOtth@s@lﬁﬁbrf &thaicoRdition & atikBlyGabe pféhicfﬁd/accurate@ﬁ?ﬁ%t ed

ar ahi toct ur al s EeGuRE o S s miprotot NhtnA Bt ifedb okt (ner o

instruct:on was fetched.

20 15. The method as set forth in claim 11 further including a step
of storing a misprediction percentage indicating a number of times the
resclution of the condition has been mispredicted out of a number of
tfimes the branch instruction has been fetched, and wherein the
resolution of the condition is determined to be unlikely to be predicted

25 accurately when the misprediction percentage is higher than a
predetermined percentage.

16. The method as set forth in claim 12 wherein the steps of
forking and speculatively processing are controlled by stream
30 management logic, the stream management logic controlling concurrent
processing of a first predetermined maximum number of instruction
streams.
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nmore instructions to retire and if not —themethod of one enbodi ment

of the invention ends at step 654. It is understood by those
of ordinary skill in the art th E“!“\\l\“m“‘el I ned processor,

i nstructi on¥YOMP7he at vari ous 'dfwexecution 5 cRfTWNPIMISY. Thus,
various steps of the nethod of the invention are also per f or med
concurrently and continuously. Thus, a processor and nethod for
efficient execution of I nstructions in a programflow is described.
Whereas many al terations and nodi faggati ons of the invention wll be
appreci ated by one of ordinary 10 skill in the art after having read the

foregoi ng descriptiqz, if¥héethod as$BFfRFhiiA i@ fuithér iRglubling 4 8fep -
enbodi nent s sho?/n gnd. des;:r#be? b . v‘\ﬁﬁ of |IIu546(r§1t|on are In no way
intended to be %CSHSONEBAMSt S Wﬁ%‘?ﬂ pointer ot g segppd predatemmined os (o detail s
of the indivi duaeximurooimben of insteuction pointers to at firsidastrualiohistieant he scope of
the clalms whiGoilding RRSTHRL bsde s6Aitn' SheidondInstibBdh pbfitbitote " egar ded as
essential tg the m(yer&l&m. R %%13/ 077% .
PCT/ US97/ 11953 Sécond instruction stream including the second code section, each of

the instruction pointers indicating an address of an instruction being

processed in the corresponding instruction stream.

18. The method as set forth in claim 18 further including the
10 following steps:
resolving the condition;
aborting processing of the second code section if the condition is
resolved to be met;
aborting processing of the first code section if the condition is
15 resolved to be not met;
invalidating the instruction pointer associated with the aborted
code section;
completing processing of instructions in non-aborted code
sections; and
20 committing resuits of instructions in non-aborted code sections to
architectural state.

19. The method as set forth in claim 18 further including, prior
to the forking step, a step of determining whether sufficient processor
25 resources are available for forking, sufficient processor resources being
available if one instruction pointer is available and wherein the step of
forking is performed if the conditional branch instruction is unlikely to be
predicted accurately and sufficient processor resources are available.

30 20. The method as set forth in claim 19 further including the
following steps if sufficient processor resources are determined not to be
available:  speculatively processing the first code section if the
condition is predicted to be resolved to be met; and



- 28- CLAI M5 W claim 1. A m croprocessor for
processing instructions including a 5 branch instruction having a
condition to be resolved, a firs ' to be processed if the

C
condition is resolved to be matH l , code section to be
processed if _the condition is r maﬁ(’@ d!’t nmet ,

ity gk phffpnus

m croprocessB‘f'0 I Si ng: nit for fet

i nstructions froma nenory; 10 branch prediction logic coupled to
the fetch unit that predicts the resolution of the condition and
determ nes whet her the resolution of the condition is unlikely to be
predi cted accurately; and st k8%m managenent | ogi c responsive to
the branch prediction | ogic that directs specul ative processing of

i nst Ir uct i onsf f r om botspetliativaly prockssingrtbe secmfnﬂcmeigec]gmtgf mwccg_rditwn to
resol ution of t [ [ ution of the condition is
determned to bggl?%@%gmggg '%%&{)gr‘det(ﬂ%?lé%{'ﬁge accurately. 2.

The m croprocessor as set forth in claiml wherein, if the 20 branch
prediction | ogic detey nAsconitet HEstémcdmprising: of the condition is

not unlikelygo be predi r I Str ement | ogic
directs specdl ative 5}%@@@ﬁ%‘f§#5r$%®3¥rp$t@%g§§ﬁ§§?@ﬁ?ﬂﬁ\% ﬁg%tq{g:g?'édi ction

| ogi ¢ predicts tfieu inclusingadranchrinsirugtiopdavingor gendition tbewesolvadi & he
S_eflonc215codg sectfirSincdde detfioR tebé procdRssé® tite BowdicH & rob@lved febé aieli ti on

Wi e res 0 . : 3 croprocessor
as set forth in %%?%eg&vﬁg?% %ac?xﬁétobepr%?eangﬁ '&)‘Pé&?gf’\{gﬁi 9gslogpeldncl udes a
buffer that i ndit@zheélptalqi'_r edicted resolution of a condition for each
of a pluralifigy of brangls éouplddithe Memor Bt cammadidaRSnirmaiéen diganch

o o, b PBbERREES shcadhi o 1 1o cared: and wherein
condition is unlikely to Bdetshamitdhatdeighbes instruptjonisfintihe programdiew ess of t he
branch instruct ifrdin tife Memory)di cated in the buffer at a tine t hat the
branch instruction is fet Bﬁ?ﬂh prediction logic coupled to the fetch unit that
15 predicts the resolution of the condition and that determines whether the
resolution of the condition is unlikely to be predicted accurately, and
stream management logic responsive to the branch
prediction logic that directs speculative processing of instructions from
both the first and second code sections prior to resolution of the
20  condition if the resolution of the condition is determined to be unlikely to
be predicted accurately.

22. The computer system as set forth in claim 21 wherein the
branch prediction logic includes a buffer that indicates a predicted
25 resolution of a condition for each of a plurality of branch instructions and
an address of each branch instruction for which a predicted resolution is
indicated, and wherein the branch prediction logic determines that
resolution of the condition is unlikely to be predicted accurately if the
address of the branch instruction is not indicated in the buffer at a time
30 that the branch instruction is fetched.

23. The computer system as set forth in claim 21 wherein the
branch prediction logic further indicates whether resoiution of the
condition was mispredicted a last time the branch instruction was
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4. The m croprocessor as set forth in claiml wherein the branch
prediction logic further indicateswhether—resotution of the

condition was mspredicted a | ast ti instruction was 5

f et ched, andvQPRYMETBn t he branch p ﬂﬁg\t‘ﬁi‘ ﬁf& t er m nePCANISH/11153
resolution of the condition is unl C e predi cted accurately when
resolution of the condition was m spredicted the last tinme the branch

I nstruction was fetched. 10 5. The mi croprocessor as set forth in
claim1 wherein the branch predictiggo logic further indicates a
nunber of times the resol ution of the condition has been m spredicted

out of a nunber (@inéd, B whsrein the brahaNpRRdIBhIbL dRlbidRgf | ot ched. and

wherein the branch.predigction ... . |0 re ution of the
condition is unfPso%Y W%ﬁb@ cpgditign &"d!-"é'ﬁ@g' tode, pradited accurately whenut i on of

t he condition h#esdhtion of the conditiom eeis hisprediqted: that lasttime the)Braneht age of the -
nunber of tinestdi@iction wasbléteﬂ&?. instruction has been fetched.

6. The m croprocessor as set torth in claim1l wherein the 20 branch
instruction Ys in a program and the branch prediction | ogic

det er mi nes whet her t24. r etid computepbystem asosel fortioin ¢iaimi21 whersin tise be

br ESL cted accur pldoh 8aRflo ibgf furRbPifliciled & RufibaP 6 titdS tid'fddofflion” @
of the condition has been mispredicted out of a number of times the
branch instruction has been fetched, and wherein the branch prediction
10 logic determines that resolution of the condition is unlikely to be
predicted accurately if the resolution of the condition has been
mispredicted a predetermined percentage of the number of times the
branch instruction has been fetched.

15 25. The computer system as set forth in claim 21 wherein the
branch instruction is in a program and the branch prediction logic
determines whether the resolution of the condition is unlikely to be
predicted accurately based on a context of the branch instruction in the
program,

20

26. The computer system as set forth in claim 21 wherein the
- stream management logic tracks concurrent processing of a plurality of
instruction streams up to a first predetermined maximum number of
instruction streams, each instruction stream including a plurality of code
25 sections.

27. The computer system as set forth in claim 26 wherein the
stream management logic is further responsive to availability of
processor resources, the stream management logic directing

30 speculative processing of instructions from both the first and second
code sections prior to resolution of the condition if a number of
instruction streams being concurrently processed is one less than the
first predetermined maximum number.



25 7. The m croprocessor as set forth in claim1l further including
a counter coupled to the stream nmanagenent | ogic that counts a nunber

of clock cycles since the branch_prediction |ogic |ast m spredi ct ed

the resolution of a condition, and wherein the branch prediction

| ogi c determnines that the resol uﬂl!“llﬂ" Iuﬁ"m)"'ﬂ tion is unlikely 30 to be
predicted acHOBWOBTH if the coun an a firstPCI/USIINIIS

pr edet er mi ned nunber. . The n1croprocessor as set forth in
claim1l1 wherein the strean1nanagenent | ogi ¢ tracks concurrent
processing of a plurality of

- 30- instruction streans up to a fggst predeterm ned maxi mum nunber
of instruction streanms, each instruction streamincluding a plurality

of -code Sectiongg,  The com utev:%sterﬂ_'éﬁsmﬂrﬂﬁ SR 2N wherelifih fifthef Orth in

claim8 wherein the stre her res onsweto
avail ability of Stream mgnzge apﬁg&gcf? cr‘l‘if’ﬁ'é{@ é)

directing ef;mnhlaftthwﬁrspaodseenmtpade sections ¢he pricrity Dbthdiﬂ’shcddve fl rst
and second l'upﬂér tﬂéh%e &ﬁoﬁtg%ﬂﬂétééﬂapﬁfcohg%eﬁm%ttﬁ gnif a

nunber of 10 _ i ns ruct I O % ﬁ) essed | S one | ess
t han t he 5 ¢braggh tasy ﬁ?’ﬁeﬂﬂe ithatthg eepdition ‘will be resolved to hg) . The
m croprocessor amefdhe priotith of thecfiraf code sdtior beingiewer than tisé paanityoinagenent

logi ¢ indicates gaRiacBhd b¥dd SectiRSFifeBrhlch Prodichidh Iddic predicts that the

condition will be resolved to be not met.

10 29. The computer system as set forth in claim 21 wherein the
stream management logic aborts speculative processing of the second
code section if the condition is resolved to be met, and aborts
speculative processing of the first code section if the condition is
resolved to be not met.



15 of each of the first and second code sections, the priority of the

first code section being higher than the priority of the second code
section if the branch prediction logic predicts that the condition
will be resolved to be met, the priority of the first code section
being lower than the priority of the second code section if the
branch predi cYP3H8Yi ¢ predicts that the 20 condition wi PCTEIVIE) ved
to be not net. 11. 1/6n a mi croprocessor, a nethod for
processi ng instructions in a programincluding a branch instruction
having a condition to be resol ved, a first code section to be
processed if the condition is resolved 25 to be net, and a second code
section to be processed if the condition is resolved to be not net,

t her met hod conpri si fetching the branch

i nstruction; Ak he resol ved
to be net; g condition
is unlikely to 30 be predicte i ng t he
program flow to specul atively p ge4dh t he
first and second code sections condition is
determ ned to be unlikely to b WO 98/ 00778

PCT/ US97/ 11153 -31-

12. The nmethod as \ [T T forther—mncHte-reg—i-he

following steps if - t he condi SYSFNBYS det ernigdd not to be
bl y: T

unlikely to be pretht Spec
the first code section if the dopdition |s 5 predicted to
be met; and

processi ng
e resolved to

MASS
ROM STORAGE
CURSOR DEVICE
CONTROL 103 108
114

FIG. 1



specul ati vely processing the second code section if the condition
The net hod as

predicted to be resolved to be not net.

set forth in claim1ll wherein the resolution 10

13.

determned to be unlikely to be predicted accurately if
i hstruction has not been fetched before.

set forth i nwoesionT781 furt her

i ncluding a step

14.

is

of the condition is

t he branch
d as

of sterrng 1 nformation

i ndi cati ng whether the branch instruction was 15 mspredicted a last tine

the branch instruction was fetchez¥éand wherein

condition is unlikely to be predicted accurately if the
the condition was m spredicted when a |ast tinme the branch

instructi on was fetched.

the resol uti on of the

resol uti on of

11 further including a
i ndi cating a nunber of
m spredi cted out of a

fet-ched, and wherein t
be unlikely to be pred
percentage is higher t
16. The nethod as set
and specul atively proc
t he stream managenent

first predeterm ned ma
WD 98/ 00778 PCT/ US97/

20 15 The nethod as set forth in claim
HRg—e—Spreget~eR percent age
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ct 5 Lacclirar d1MVuhon the ni spredilcti on
Eﬁiﬂ&ﬂﬁﬁﬂg%?ﬂ&ﬁ@ﬂﬂﬂ
T clasm 12 mberein the steps ¢f f orki ng
éé%é%ﬁ%gr CO@Lro — Dy Stream agenent | ogic,
0 Ok oNrTot{TTg TCUT T et prgcessing of a
X i nuny TR i gans.
; | e %&M}«m TOINSTR'3500
TARGET CHILD |——20% MOV ..
CODE SECTION 2001 ADD..
2 2002 DIV...
2003 MOV

-

FI1G.

2



- 32- 17.
I ncluding a step
pr edet er mi ned maxi

i nstruction stream
I nstruction pointer to

seeond code wexgsmoT8 each of

address of an instructi
i nstructi on stream

The nethod as set forth in claim16 further

of assigning a first
i nstruction pointers to a first

mum nunber of

i nstruction

poi nter of a second

including the first code section and second

a b5

on bei ng
18.

second instruction strean1|nclud|n
the instruction pointers ¥
3/6 processed in the correspondi ng
The nethod as set forth in claim18

t he

HHPEHERY an

further including the 10 follow ng steps: FROMMEMPRYIg t he
condi tion; “;.::_Ebnmﬂg.p.mc;es.sun.g_dt.'lﬁe—_sﬁd' W-dads . SeCtion if
the condition igt re51 be net; i ng prdckessing of
the first code gegrtion it NTERNQlition is 15 ) be not) et ;
invalidating thg jnstructfon Boigder associ ptg bortedt  code
secti on; i I coppl ¢ cessing of 1 I n non- aborted
code sect i n?, and 2@ wstrucion} CoMMittip 'nstrucnlpns in
non- aborted code secti pns]t @ONTER j | FESGHANGE }. 19.
The method as set! forth ip clai gal8 further=#cl udi ngg] pri or j to the
forking step, a step d g whet her} su processor t25
resources are avaj icle rocegsor resourggs being
avai lable if ond ! S| va PEYNT wherein thg ;step of
forking is perfdr rapch instrggfti on is unhlkely to
be predlctédl processor resources qe
avai lable. 30 I! sget claim 19 fiyrther
including the fi pegntBUFEBCdssor resoudges are
det ermi ned not tlot BrANCHV cuj atji vel ocessi ng tﬁ first
code section if hh ' dlbted tq be resol ved tmlbe met ;
d | INIT |
an '= 3 L0GIC i)
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- 33- specul atively processing the second code section if the

condition is predicted to be resolved to be not net.

21. A conputer systemconprising: 5 a nenory that stores
instructions in a programflow, the program flow including a branch
instruction having a condition to be resolved, a first_code section
to be process\!@’?&’f’ﬁe condition is resolved to be net PCHESHANS ond
code section to be processed if #% condition is resol ved to be not
met; 10 a bus coupled to the nenory that comuni cates information;
and a nicroproce:s cl hdshioan a fetch
unit that fetches instructiong ?ﬁﬂ?ﬁe wmmwmm&ﬁ ummﬂxqﬁﬁmmﬁle menory,

branch prediction | ogrC Coupr gd tygpt 11e TU%ﬁEﬁﬁ?;*QEEz;EE::ffEE cts the
resolution of the c m m+ﬁﬂﬁﬁ—+4ﬁﬁﬁﬁﬁ4ﬁ§>

resolution of the conditson ip unlikelly to:be pfedicted accuratgly, and

st ream managenent | g+ nsive tao fhe hranch . __predictipn logic
that directs specul ative prockssing oflinstructions from bot h t he
first and second code sections prior to resolution of the 20 condition if
the resolution of the condition is determndd to be unlikely to be
predi cted accurately. 22. The CoPPNGHPREDICTION UNMS3,s set forth in
claim 21 mherein]iﬁib‘ah. branch prediction logic includes a buffer that

i ndicates a pred lution of a condition for each of a plurality
of branch instructions and an address of each branch instruction for
which a predicted resolution is i ndi cated, and wherein the branch
predi ction | ogic determ nes that resolution of the condition is

unlikely to be predicted accurately if the

IP NUMBER TAG OTHER FIELDS PRIORITY
50 506 516

see
[N X J
s00
e

\ STREAM TABLE 330

FiG. &



address of the branch instruction is not indicated in the buffer at a tine

30 that the branch instruction is fetched. 23. The conputer
systemas set forth in claim2l1 wherein the branch prediction |ogic
further indicates whether resolution of the condition was m spredicted
a last tine the branch instruction was WO 98/ 0077 §crmsormnigss

PCT/ US97/ 117G 98/00778 - 34-

fetched, and wherein the branch predi Cti5?§ | ogi ¢ determ nes that
resol ution of the condition is unl i kely be predicted accurately when

resol ution of the con2%Lhen—uas-anpLed+eLfﬂf;Q@ | ast tinme the branch
i nstruction was fet ch&8EGINPROCESSINGMULTIPLE STREAMS )“The conput er system as set

forth in claim21 wherein the pranch pred sTall Wals her

i ndi cates a nunber of tines the esol tspso N of the conditiorf has been
m spredi cted out of a nunber piroATERES t he branch instructign has been
fetched, and wherein the branef=pretiction 10 | ogi ¢ det erm nes it hat

resol ution of the cond| = r——S—tt+F e-y—t+9 be predi ct ed acdurately i f

the resol ution of trhe
per cent age of the
fetched. 15

peen L Rgli cted a prgdetern ned

'ﬁ@ﬂ%& - i nstruction hds been

et forth in claiijm 21

wherein the br an ' retomts—+nN a program and the brarjch
prediction | ogic det er mi ng&_whetWer the resol ution of the dondition
Is unlikely to be pr edeBmicHEecwpat el y based on a context qf the
branch instruction in the NSTRUCTION

Y e

UNLIKELY NO
70 BE PREDICTED

ACCURATELY
YES
815
S
FETCH INSTRUCTIONS
FROM PREDICTED
STREAM ONLY
FETGH INSTRUCTIONS FROM BOTH SEUENTIAL | 517
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program 20 26. The conputer systemas set forth in claim?21

wherein the stream managenent | ogic tracks concurrent processing of a
plurality of instruction streans up to a first predeterm ned maxi mum
nuiber of instruction streans, each instruction streamincluding a
plurality of code 25 sections. 27. The conputer system as
set forth in @PM@% wherein the st ream managenent | REEU$IVIHE} t her

responsive to availability of 6/6 processor resources, the stream

managenent |logic directing 30 specul ative processing of instructions from
both the first and second co sections prior t¢spesolution of the
condition if a nunber of i nstguction strgans bei §g concurrently

processed is one |ess than §RgcyEmsmbtons 57 €det er mi ngd nmaxi mum nunber .
WD 98/ 00778

PCT/ US97/ 11153 y 628 - 35-
28.. The conputer system a di m 21 whefein the stream
managenent | ogic indicates a prior pecul ati vej processi ng of

each of the first and second{j
section being higher than the

5 branch predictio i
be nmet, the prijority of the
priority of thg second codegg

predicts that the cong Tl

628 he priorftyeaf the first code

¥ty - the secome—b section if the
A2t t he condiﬁ ill be resolved to
irst a&aogje secti g lower than the

gon if the brarfth geedi ction |ogic
C ot nmet.

YES
PARENT
BRANCH MI;S’PHEDICTE
NO

638
D
642
UPDATE
BRANCH HISTORY P/

CANCEL IF FROM INCORRECT
STREAM AND RECLAIM RESOURCES 4




st r eam managenent
code section

29.

if the condition

The conputer systemas set forth iﬁaé}
| ogi ¢ aborts specul ative processing of the s
is resolved to be
specul ati ve processing of the first code section

resolyed to be noq?c?r.
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