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essentially conmon specifications. Background of the Invention Techni cal
Field of the Invention: The present invent ilon relates to processors and,

more particularly, to processor j 0 race buffers.
Background Art: Current su ‘f’féfﬁ%ﬁﬂbﬁﬁ%@%@?ﬁ@gﬁ Croprocessors,
perform techni ques ‘ ety O, cution to
enhance perfor manceﬁﬁr%?égz%ﬂ‘gﬂﬁ%‘?‘?{g?&ﬁ(@frgp‘wﬂ%f‘@@é:ﬁ gg‘rr;l)‘lsﬁgl i nes
execute certain instructions in a different order than the order in which
the instructions were fetched and decoded. Instructions nmay be executed out
of order with respgagtied apphctioet Thnpreban applicahon bed 8ppl. Senalo.dependenci es.
Qut - of order execution increases processor performance by preventing
execut i on uniengt¢d ‘Girotrsbardld vangeMudird¢ YragearaGoaniefs aod dgaemB iifers OQuetideoan
order. Instruyction results are reorggrg,QG%gter execution. The task of

handl i ng dat & aeBERdeRtIngs (Faskelinppf 7340 08y) 3 PRIcRS 0 nstruct | Bhitledcode

to being in-akder. The processors may .then identify howdata fl from one
i nstruction té'&jesnﬁcb g’&’ﬁ‘&ﬁ’t{%f ﬁé?errhn@“[lfogﬁsan?%rlcgﬁglﬁs"rugl %lnsstlglﬂs.mcl%s%rn e program
correctness) peggiid OLEONREANATRL AN ExABbE UGbLIN S0 W00 PA6ESS Rlegat | on
stations until their 1 nput operands are generated, at which ti'nme they are

i ssued to theosfprenYy hateeithuRstkicatatialiinédremboEpce¥RAlItAON. The regi ster
renamer reservation stations, and related nechanisns lint: instructions

havi ng dependenci es together so that a dependent L 3t~9~Y | WD 99131s89
t' CTI US98j 2d. s08 instruction is not executed before the instruction on

whi ch a depends. Accordingly suditchgrrusksefithic dpentioni t ed by in-order fetch

and decode. Wen ie‘ i.nﬁtFr.Hgt igﬁn it {fé)mthﬁr Lnstruction caége msses or a
branch is ms pre i ; 5 ol Qv@r el tRET PR TR ' UHPFTSSYRe

I nstruction Qh@,%caﬂei:aﬁ%hpalfll diof 5r8Bst 1 niNiAE e diSH&L 1@BE BEFrE. Menory, or

until the m x-predicted branch is resolved, and the execution of the fal se
path is reset. Th@akgdbid att: SueBnixbedtadr grocesas, suctigpRideftbedsiisk,r uct i ons
before and after instruction cache m sses and m x-predi cted branches cannot
be execut ed iparfpan sdcheiqpesaiutheubfanétt pradigtireasorut-@fordep ederusion tofenhangeet y  of
specul ations may lead to speculation errors. There.is a need for inproved
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specul ation %Jtr%rchmnSSJHWf rer?tforgpre‘ihé.nnt\{ngr&&e?ri]n which the instructions were fetched

and decoded. Instructions may be executed out of order with respect to instructions for
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which there are not dependencies. Out-of-order execution increases processor
performance by preventing execution units from being idle merely because of program
instruction order. Instruction results are reordered after execution.

The task of handling data dependencies is simplified by restricting instruction
decode to being in-order. The processors may then identify how data flows from one
Instruction to subsequent instructions through registers. To ensure program
correctness, registers are renamed and instructions wait in reservation stations until their
input operands are generated, at which time they are issued to the appropriate
functional units for execution. The register renamer, reservation stations, and related

mechanisms link instructions having dependencies together so that a dependent



I n one enbodi nent of the invention, a processor includes an execution ,
pi peline to exe®R ¥31a8t ructi ons, wherein at |east some of the instructi é’AY 2
are executed specul atively. The processor also includes a trace buffer
outsi de the execution pipeline to bald the instructions, and wheP€Irmwsss 26495
instructions that are associated with speculation errors are replayed in
the execution pipeline fromthe trace buffer) In another enbodi nent, the
processor includes an execution pipeline to execute instructions, wherein
at feast sonme of the instructions are executed specul atively. The processor
al so includes a tjzage I-buffer outside the execution pipeline to hold
i nstructions and resul % !Sgpt Freuedaeu Lo .of the instructions, wherein at
| east some of theudhr;%gég%;ti ons_are subj ect 1'BICHON pmivhical,; § Lirenent
fol | owi ng execution in the piegenitarely ﬂ@ugrdgre;%' n in the trace Guffeordngl] a
final retirement. Briw®fhepepeription of the ’&6\5’ fcodthe invention will be
understood nore fully fromt i ‘ailtond hdesghi @41 on given bel ow and from
t he acconmpanyi nd & & ngs pRfce di ments of tltlerll??\?@%’ﬁliséw omai e, ;5 2.3 ~~~Y
~~~2 V1' O 99; 31589 PCT~' US98l ~ 6. TU8 *3htromemarun;pfigul d not be takeh td
limt the inventioHERes leveecapeei fj.c. enbodi nent's descFie4en otk armg Loy
expl . . e Oﬁf’ r untili . C %ﬂﬁ“
pl anation andeyndgr st andi ng onl'y. @ &‘llbcralsgbrgmczleggel bl ock di agr
representation of certy ﬁ‘?eéaismmgmésg[nggne embodi ment - gFngh prroséesiofing FLG
2 is a block difagp@e@pog; g processor accorarasg ©6stmh©e}%1ip&di qent of the
invention. FIG 3 is & b 8iandiadigr amirad;;.a Er ocessor accor di Hg! teepandemer
enmbodi nent of tﬂﬂexi:cm(@ﬂ%i gn.” IG 4is af %”&F%&Qﬁadm@j.p,@gic X le of two
threads. FIG 5 is a flow di Sgﬁﬁh@mu gzuilon géagonexanpl e of two Fchﬁ)é §¢s GEnGor 6
is a flow di agram ofA m}jc@x@m}}ee IOf‘ four threads “FPep. 7 is a graph show ng
overl appi ng execution of ‘the T hT84Rns rofy IEAd3o sG], G, 8 i a block diagram
i Ilustrating i N OYsmechanrgg ipyffers according to'OBr‘?EOéSnﬂ'dr&'rm@Qtnegé Lhe

i i cessor th
I nvention. . at allow
Speculation errors the Processor 1o recover from

Summary of the Inventjop



FIG 9 illustrates an array indicating programand retirenent orderzs3 AV viB02
times. FIG 10 is a block diagramrepresentation of certain conponents in
* one enbodi npPtysBfsse trace buffer of FIG 8. FIG 1 1 is a bleckushsagioam
representation of certain conponents in another enbodinent of a trace
buffer of FIG 8. FIG 12 is a graphical representation of portions of one
enbodi nent of an instruction queue array of the trace buffer of FIG | 0.
FIG 13 is a graphical representation of portions of one enbodi nent of a
data and dependency array of the trace buffer of FIG 10. FIG 14

i I'lustrates one enbodi nent of nodifier registers and a nodified register
used in creating the dependency field of the array of FIG 10. FIG | 5 is
a | ogi cal OR hpateveushen!i mocbekemtp HRE trcpEeondy g weelisfembréingniay of

FIG 13. F1 16 is,a flow chart.illuystrating one enbodi nent of operations
used to creat Sf’ﬁéeddg‘b‘eaﬁ?qu{&‘?pgp@lod’ %‘H “Pﬂj%r“é?&&% ogly- FIG 13. 2 3 ~or~Y
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t her eon accorgjpstimencite webadisment of the
FIG. 2 is a block diagram of a processor according to one embodiment of the
invention.
FIG. 3 is a block diagram of a processor according to another embodiment of the
invention.
FIG. 4 is a flow diagram of an example of two threads.
FIG. 5 is a flow diagram of another example of two threads.
FIG. 6 is a flow diagram of an example of four threads.
FIG. 7 is a graph showing overlapping execution of the threads of F1G. 6.
FIG. 8 is a block diagram illustrating individual trace buffers according to one
embodiment of the invention.
FIG. 9 illustrates an array indicating program and retirement orders at two times.
FIG. 10 is a block diagram representation of certain components in one
embodiment of a trace buffer of FIG. 8.
FIG. 11 1s a block diagram representation of certain components in another
embodiment of a trace buffer of FIG. 8.
FIG. 12 is a graphical representation of portions of one embodiment of an
instruction queue array of the trace buffer of FIG. 10.
FIG. 13 is a graphical representation of portions of one embodiment of a data
and dependency array of the trace buffer of FIG. 10.
FIG. 14 illustrates one embodiment of modifier registers and a modified register
used in creating the dependency field of the array of FIG. 10.
FIG. 15 is a logical OR gate used in creating the dependency field of the array of
FIG. 13.
FIG. 16 is a flow chart illustrating one embodiment of operations used to create

the dependency field of the array of FIG. 13.



invention FIG 18 is a graphical representation of portions of one 23 MAY 2002
enbodi nent of an output register file of the trace buffer of FIG 10. FIG
19 is a graplo oaisgeepresentati on of portions of one enbodi neptTefsogssbfnput
register file of the trace buffer of FIG 10. FIG 20 is a bl ock di agram of
a conparator and replay triggering |logic used in connection with the out put
resister file of FIG 18 and the input register file of FIG 19 according
to one enbodi ment of the invention. FIG 21 is a flow diagramillustrating
points at which the contents of the output register file may be utilized.
FIG 22 is a block diagramillustrating indjvidual nenory order buffers
(M3Bs) within the MOB of FIG 2 according to one enbodinent of the
invention. FIG 23FiG 17 igpapmphical repesseraatenmt ofte nap i cvfar pegisieoprd lofatsms in a
enbodi nent of a %?fre}buﬁfec{ of , one ?‘fG t he S of FIG 2d2. FI§ 24 is a
graphi cal repl &S IAT HBRNErIeBERIeNEIRS N5FEOB ABCANHE & ARG YA epbYdhbuf fer of
one of the SeQfonf! G 22. FIG 25 illustrates a conparator comparing
addresses of |l oad and store Instructions. FIG 26 illustrates a conparator

g_orrpar ing addr essepj®f] ﬁ%@rﬁgﬁﬁﬁl tRd kBT MIIrO8YS-of ohGem®bdinsert oPh@Ck
i agram representation of control circuitry and store
output register file of the trace buffer of FIG. 10.

F1G. 19 is a graphical representation of portions of one embodiment of an input
register file of the trace buffer of FIG. 10.

FIG. 20 is a block diagram of a comparator and replay triggering logic used in
connection with the output register file of FIG. 18 and the input register file of FIG. 19
according to one embodiment of the invention.

FIG. 21 is a flow diagram illustrating points at which the contents of the output
register file may be utilized.

F1G. 22 is a block diagram illustrating individual memory order buffers (MOBs)
within the MOB of FIG. 2 according to one embodiment of the invention.

F1G. 23 is a graphical representation of portions of one embodiment of a store
buffer of one of the MOBs of FIG. 22.

FIG. 24 is a graphical representation of portions of one embodiment of a load
buffer of one of the MOBs of FIG. 22.

FIG. 25 illustrates a comparator comparing addresses of load and store
instructions.

FIG. 26 illustrates a comparator comparing addresses of store and load
instructions.

FIG. 27 is a block diagram representation of MOB control circuitry and store
buffers according to one embodiment of the invention.

FIG. 28 is a block diagram representation of MOB control circuitry and load
buffers according to one embodiment of the invention.

FIG. 29 is a flow diagram of an example of six threads.

F1G. 30 is a tree illustrating a relationship in the threads of FIG. 29 at a time t].



buffers according to one enbodi nent of the invention. FIG 28 is a bZ&ckH‘-\\Y 2002
di agram representation of MOB control circuitry and | oad buffers according
“to one enbogpentssef the invention. FIG 29 is a flow di agr amroisameeosanpl e
of six threads. FIG 30 is a tree illustrating a relationship in the
threads of FIG 29 at atine t1l 2 3 ~ 9~ ~~Q 'O 99/31589 FCT/ US98I 26~08
5FIG 31is atreeillustrating a relationship in the threads of FIG 29
at atime t2 assuming thread T4 is reset before thread Tl retires. FIG 32
is atree illustrating a relationship in the threads of FIG 29 at a tine
t2 assumng thread Tl retires before thread T4 is reset. FIG 33 is a tree
|IIustrat|ng a relationship in the threads of FIG 29 at atinme i3. FIG 34
is a flow di agram FIGust sattresglienyasranaptietisishlp inithethréndealiEIC AG B6mE &2 a

tree illustratin t i onshi |n the threads of FIG 34 at atine t1l
FIG 36 is a #7¥ ‘“ﬂﬁhu%ﬁ%rtﬂ ’isﬁif'egb %‘IedNCB dAiTBUTeR the threads of FIG 34 at

atinet2. FIG 37 bl ack rLesen atl ) ccordi ng
to an alternative e?ﬁs% 32’531 e 'gust? Pg’ 8?&:113_1'1@5 ?mlc'—tﬁﬁ?m?g BH;F@C%W?)I 1’9

system | ncl UChRGuberPERCLERAesBidd fireal TARLALe 20 Descri ption of F’r ef erred
Enbodi nrents A. Creation of Threads and Overview of Pipeline 108 B. Details

Regardi ng Trace Bufi®r33 kk4rde illusliadfiea Bl @ishiblidAh@thrdads bf BIG | DnatQuee 3.
Array 202A

FI1G. 34 is a flow diagram illustrating an example with five threads.
FIG. 35 1s a tree illustrating a relationship in the threads of FIG. 34 at a time 1.
FIG. 36 is a tree illustrating a relationship in the threads of FIG. 34 at a time (2.
FIG. 37 is a block diagram presentation of a processor according to an
alternative embodiment to that of FIG. 2
FIG. 38 is a computer system including the processor of FIG. 2.
Dctailed Description of Preferred Embodiments

A. Creation of Threads and Overview of Pipeline 108
B. Details Regarding Trace Buffers 114
I. Trace Buffer 114A
a. Instruction Queue Array 202A
b. DAD Array 206A and Dependency Generation Circuitry 212A
c. Output Register File 210A and Input Register File 208A
2. Trace Buffer 114°
C. A Replay Sequence Algorithm
D. Second Level or Final Retirement

E. Memory System

1. Store Buffers and Load Buffers
2. Comparisons of Load and Store Addresses
a. Execution of Load Instructions
b. Execution of Store Instructions
C. Reset
3. Replay of Store Instructions
4. Replays of Multiple Load Instructions
5. Final Retirement of Load and Store Instructions

F. Additional Information Regarding Thread Management Logic and Final
Retirement Logic

G. An Embodiment Without Multithreading

H. Additional Information and Embodiments



b. DAD Array 206A and Dependency Generation Circuitry 212A c. Cutpuz 3 MAY 7002
Regi ster File 210. A and I nput Register File 208A 2. Trace Buffer 114" C A

"Repl ay Seqygné@ifdsgori thm D. Second Level or Final Retirenmemcrhisobedisy
System 1. Store Buffers and Load Buffers 2. Conparisons of Load and Store

Addresses a. Execution of Load Instructions b. Execution of Store
Instructions c. Reset 3. Replay of Store Instructions 4. Replays of

Mul tiple Load Instructions 5. Final Retirenent of Load and Store
Instructions F. Additional Information Regarding Thread Managenent Logic
and Final Retirement Logic G An Enbodi ment Wthout Miltithreadi ng H
Addi ti onal Information and Enbodi nents 28 N~ Y i~~2 WO 991 31589

PCTI US98I 26908 6 FIG 1 illustrates certain conponents of a processor |O0.
Processor 10 includes an execution pipeline 12 and a trace buffer 14, which
i s outside executildf.piipedtianes ckRainEoeponemmn oph pelcksser 12 Reogessoc | Gidelades
menory order buffer. Instructions on conductors 18 are provided to

execut i on pi Falere@IPR Fpsling e @nd porace trpféer Ids hirdtis eptsidg csecatian pinebive dad

t hrough condyctors 22 to t{@ce buh%ﬁr 14. The i stéucﬁgons.nay be executed
specul at i vel YA SERBETn] PPBL OIS PN BRI HES HIeT 1 SRS [ogtSepgiuctors

{ ncl uded dat 3 gspeqy) 1.0 A0d AFREAIEOTY (HASEULRAL 9. iAMcRlnh g vari ety

of specul ations y be’in ocessor I'ncl udes ‘mechani sns,
i ncluding in drb@aged BB cohuctb® Debefake SRAEUI AL TRNNARIBHAs may be executed

(m sspecul ations) and to recover fromthem Wen a m sspeculation is

det ect ed, t hepatudapetuinadxedutiongiipaicicil@n Exampiesof dedptaulation included data
speculation and dependency speculation. Any of a wide varicty of speculations may be
involved. Processor 10 includes mechanisms, including in trace buffer 14, to detect
speculation errors (misspeculations) and to recover from them.

When a misspeculation is detected, the misspeculated instruction is provided to
execution pipeline 12 from trace buffer 14 through conductors 24 and is replayed in
execution pipeline 12. If an instruction 1s “replayed,” the instruction and all
instructions dependent on the instruction arc re-executed, although not necessarily
simultaneously. If an instruction is “replayed in full,” the instruction and all
instructions following the instruction in program order are re-executed. The program
order is the order the instructions would be executed in an in order processor.
Instructions may pass through conductors 18 entirely in program order or in something
other than program order. Processor 10 may be an in order or out-of-order processor.
The re-execution of a dependent instruction may result in instructions which are
dependent on the dependent instruction being replayed. The number of re-executions of
instructions can be controlled by controlling the events which trigger replays. In
general, the term execute may include original execution and re-execution. Results of at
least part of the instructions are provided to trace buffer through conductors 26. Final
retirement logic 34 finally retires instructions in trace buffer 14 after it is assured that
the instructions were correctly executed either onginally or in re-execution.

Execution pipeline 12 may be any of a wide varicty execution pipelines and may
be a section of a larger pipeline. Execution pipeline 12 may be used in connection with

a wide variety of processors. Examples are provided in FIG. 2 which illustrates
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execution pipeline 12 fromtrace buffer 14 through conductors 24 andl 3sMi/ Z002
repl ayed in execution pipeline 12. If an instruction is "replayed," the
instructi onwayebadsh i nstructi ons dependent on the instructi opcarZosnesos
re-executed, although not necessarily sinultaneously. If an instruction is
"replayed in full,” the instruction and all instructions follow ng the
instruction in programorder are re-executed. The programorder is the
order the instructions would be executed in an in order processor.

I nstructions may pass through conductors 18 entirely in programorder or in
sonet hing other than program order. Processor 10 nay be an in order or
out - of order processor. The re-execution of’a dependent instruction may
resul t in i nstomronenof aipredssser 60 bepandpsrecytion pechiaptdand 1n R ruvkichn
bei ng replayed. The nunber of re-executions of instryctions can.be

cont Yol 1 6d by SIS ORGP PR e R o Fi B BE SPEp iy eThae PAne ¢ he
term execute i NG r.i.gl ' - [:on. lts of at
east part of TTHueRIA IS FiebRutEh pERELD OERRRE, I REULLAL, (TR,

conduct ors 26mtkddtaknts Sht £MRNEn bipaiife &fkshbNRklde F@bdidreendnMiah ! UhE hRREssHA
trace buffer 14 after it is assured that the instructions were correctly
execut ed ei t haty osricgimeally prozesd Mult@ieekaads (3n tHexastibf piocgispredd meFIG2 2y be
any of a wide variety execution pipelines and may be a section of a |arger
pi pel i ne. Exemjmbmvrrﬂnpielnrvf@mmﬂaye Heeadsdab inrthe oasa @€ prasassar 1 A0 & W@ e).

vari ety of p;gcessorg. Exang#es ar? provided in FIG 2 which illustrates

2 3 ~—=1 ~~~2PHpgsseer1 ) Weh bpepruIsesiith- | 08 7 conmponents of a processor 50
havi ng an executi ipeline 1 nd in FlG i.ch.llustrates,a
processor 100 hav?@ﬂegﬁcg%éﬁﬁfPéﬁh%ﬁﬁgF?ﬁgm 5§P§Vﬁg¥h§'@Rﬁglﬁgén§’o¥m?%%

i nvention in frhQ panic@ELRAORBERRL bPEhalf8eridieliudeDed RBESHNEEIJORRTIRY. I N
ot her enbodi nents, the execution pipeline does not include register

renam ng. Theerpbaii@es06 inGlydedaf aUiefiRBht ympodiarasofittit tivphor. HTesgPedrasces
the case of processor 50 in FIG 2), or not concurrently process multiple

t hreads (as i@f thtphreas éinghepmbodisson” mOGriops Fla@&s i8)he sPeobiesisurarBOowi | | be
di scussed first. Reference .in the speciéication to "one enbodi nent” or "an
enbodi ment " neESASAT YAl RTGSHRS IoOE §3M¢ EHPRH®CNMst ruct ure, or characteristic

described in gonnegtion wi.th the engodiment.d.s inglyded in at |east one
enbodi nent of "t he WVFH%M‘E‘HWTEHFEH‘C%‘S"E%‘T‘N’E’ , phrase "in one

embodi ment " in varjQygc récd?épﬂomofehQm%Q@%éﬂd%éEowmﬁB%nnﬁsttmraﬁsﬁs&%'(i-y al |
referring to the same enbodinent. A Creation of Threads and Overvi ew of

Pi pel i ne 108 taaféyiat indscodee! (1 ioVilwtadiet Ak edtgivirmponsitetionsfrdfid-dacheal04, but
instruction cache (I cache) 104. A decoder 106 is illustrated as receiving
i nstructions #leomtivelyactied dgpyle mstruatiane batore they yeash licachedddddapardingien ihens
before they reach |-cache 104. Dependi ng on the context and inplementation

chosen, the t&MPeNRRSIPRIERcHIREON RAGSSAEE (FIR ARLHEBRRST Ay IR UEHERFS: op)

T et BRI TEL R AL Aol
reduced instr i i or P8 %o s Gliien $&tduced
comput i ng (Cl égcl:;" O?ﬁsvt%ﬁﬁgtl ons%dc{lég? tgér?eﬁ?}gegcs)%glr%lf%c’hay decode O'Se e

instructions MRt Jenséhp@inpARISC) BrsdomysléN @BSudtion et congmultiag (QBGYr e
provided to pipeline 108 through MJX 110 and to trace buffers 114 through
conduct ors 118strictianac &unbera ds@ident 06 msy derode 6HEC instiukhnersdoi RIS Cudssictines.
trace and rel ated signals such as register values and pro ram)?ount er

val ues. Thr eatNSHuFHRTSHRM [1cagficc! G4oe pravideddo @imefiag 4R throns f Shing to
pr ogram or prﬁgéasbs%j?gs I“‘?%Qliim%d?%?’gagﬁl ding starting counts to program

counters 1 12A, conductors 130 (where X
represents the numep,Qfis BON AR RHRC S hreiSnA0d EXRIRAR and rBRYdRGmAISOr
nore or |ess. Thread nmanagenent |ogic 124 ? ~ ~~~ ~; b5~ ~~?2 WD 9913t 589
PCT/ US98/ 26- | 8&h&saés et sl Gestdnt @asigattosdtoiing, the associ ated program
counter. Thread managenent logic | 24 may cause the pro?ran1counter to then
begi n anot her t hr eddirecaBondriagerscroflogic f 2crentts diffeeatibreadeiromrecpnogent ¢y r ead
froml-cache | 04.

process in I-cache 104 by providing starting counts to program counters 1124, 112B,
..., 112X, through conductors 130 (where X represents the number of program

counters). As an example, X may be 4 or more or less. Thread management logic 124



To determine where in a programor process to create a thread, thr@adl\ry 7012
managenent | ogic 124 nmay read instructions from decoder 106 through

- conduct or sw@8y313ve threads may include instructions insert@dThisos26408
programer or conpiler that expressly denmarcate the begi nning and endi ng of
threads. Alternatively, thread managenent |ogic 124 may anal yze
instructions of the programor process to break up a program or process
supplied to 1-cache 104 into different threads. For exanple, branches,

| oops, backward branches, returns) junps, procedure calls, and function
calls may be good points to separate threads. Thread managenent |ogic 124
may consider the length of a potential thr&ad, how nany variables are

i nvol ved, t hasmemdsahreafls basioabine shd dxadci@ed prognam notnet weldme slmesaRimont

t hreads, and other factors in considering where to start a thread. Thread
managenent | 9gicc! 2fomayraguse shtspraatant ¢pansy gythambegidanrother exadr Moriiang afhe

b dari f..1h ds., Th is t d the th d dth
i ﬁg?rﬁu ?zngéﬁef%ﬂ?ﬂ”?% af%?@%ﬁgrca‘ url%raggé"\lsi@(‘,;ggé 'oﬁran ien o;ggrspfgcessgr.
The instructions "i“o%cﬁle'?mﬁﬂewhm %?95@'5% QPPrg%?sg% S'Qatglz‘stt]mxge‘;dotr ey (contrary

to program order). e threads may b€ trea essent 1 al I hdependently by
pi pel i ne 108makki@dch: BRIAQURTRAY rda@FhEruditdhsTRdm H&féhe&dmawu%qlc%awms 128.
mechani smincluding a history table to avoid making | ess than opti nal

choi ces. For Texanpids, miyhine adie issvagesrsrihseredibe al2deramynhee beadphertthaead and
then later determne that the thread was not actually pan of the program
order. 1n t hatpressbedemnircathshesskasmngucndiesdmged tincasised lagaitinelyt theeasr edi ct i on
mechani sm coul d be used to_det erm ne whet her tg create that same thread

agai n. Thr ead RBSABEIERC | SHIMEY POUY HalPSTLAIos 8L PIREFIBIRT BFOSUYPrRIRf L uP 2

creation of n se. of. r £ r uGted i nt rom.a npiler or
bsihalea R R R SRR TR R
Dynami cal |y gr£ahéd)thdplrteafealdradchad, irffrmks hueRd Sorbdc@MteBeak OHBTh A c MRS
not especially witten or conpiled for nultithreadi ng, wherein at |east one
of the threadsyite gledenienio separarahieeds. Of hréddembriupeadst. lodiod 2@ mogr emsidey
originate fromoff a chip that 2 3 ~nr: ~ ~~~2 w0 99I 315fi 9

PCTI US9f i J2680fleng@hiohelpgthasiakthesadt iconmphy edriabéesiaradgvalyad.tthe saabemelagement

| ogi ¢ 124 Dynami (ial |y creating the threads, exe ut i ng t he t hreads, . and
detecting and2id'FeRe 3E COPENI P4 YGA SEIFEET Y PHFAFhaSRECUIAHES I5CIEI%FPEd t o
as dynam c Lt hr J i i t r t i a
condi ti onal mt();je}l% %/vtger? %gﬁ%% ' iﬁéfaﬁu%%dagg&grmg%F gé}F g]r?? gg -e{c}?r tpﬁbreo&gﬁ# %qﬁ

execut ed fol kpWeBENIR GOBHIAdPRAGT RFABE NTHhANSHEMEL drB8Y is ki drdBBiheigl@hds
thread T2 is executed specul atively beginning at the tinme thread T1 first

reaches the eoatdidinemadtions antin thasiireadstwand bd hercefedoa)anporrdansoadssdrhrdad
T1 and T2 are executed concurrently. If thread T2 invol ves m sspecul ations,
the ef f ect ed IPsyCHoRT Vohio tbe threrds ampy Tl execeuted phianf @sder Teqraedy Hapragearent

Logi c 124 may itor the count of the programcounters throu onduct ors
130, A pur poSEIgH {‘}Bﬁwmsa@a& SRR AN R o
end. For exa wh t-h andi.t i of _t:he c i.tion 'y IS, t,
T e pr oor A EBIEEro8r T2 R AR e B B b s R B B2 e b BB 8"
advance to thQofd haling 8¢ HdR bb@Maltholchs ead eI%nprlIhﬁfe@a A BapdhéR dshiEappapgent
| ogi ¢ 124 sl ops the program counter of thread Tl when the condition is not
met. FIG 5 ickdaust figt&baid thbh each dElerinfretthainhe udes! wwasfnmatiuvally patt lof the
instruction. In program order, when the call instruction is reached, the
progr am countpeegramngrdert dn ttires chscdthconamsfcottis dnaeuntérethagain, thx pragicdionnt i | a
return instruction, at which tinme the programcounter returns to ,thﬁ

i nstruction dREEANISHEoUl be useH I AYEIMHAT YPEBFT 1Ok a‘Wéb{eﬁg agging hread
instruction follow ng the turn. In tinme.order, thread T2 ] xecut

specul ati vel ym%?&f”ﬁﬁﬁﬂﬁg’ﬁtﬁ?ﬁx@yﬁs% C?rﬂb’éiﬁtdonr?ﬁf?yrn%rtn lcr%rg%t Oélsoﬁhrga%%%d.e&iﬁcf
thread T2 inygl ' | {fthis 3%, o ERDiRd: 0P DldathrhRSt b WeldrPife Rhedehf g T2
are repl ayed. 'Fﬁ?%gg}n%‘q&g%gsﬁmﬁeﬁ%}%s pr‘)loggran]O%ountert reachés th% first

i nstruction adhsthdttieadiol&eatEhrebdad MX and Store MX instructions in FIG 5
will be discussed below FIG 6 illustrates threads T1) T2, T3, and T4

whi ch are part of Rysaeuitilbncrofting tpreads mroreabng treeasiafromr 8 gregramaobattweassnot
produce threads T 1, T2, T3, and T4. Thread T 1 includes instructions to
poi nt A (f uncaspemalbarritemet eRmmpiedPr mulithrsading i ibiehieasi one®f pas threags 1s

diti I kward b h ti t int D.and.t int. [
(ho | oop. oy BE" T B EAPEATEEY Fal v Hared PHeEHh 3 ETRC ol T Crip 1807

e
instruction that in program 2 3 ~~~"~ |~~2



W0 99/ 31559 rcTms9sn~aos 10 order is immediate after the return inétd 8t cZPaQZ
of the function that is called at point A Thread T3 begin at the
-instructionyvphatigsm programorder is inmediately after the cemmdusdseesls
backward branch of point C and continues to point E, to point F, to point
G to point H and to point I, which is a return instruction to the
instruction inmediately follow ng point A where thread T2 begins Thread T4
begins at the instruction that in programorder is imediately after the
condi ti onal backward branch at point E. As illustrated in FIG 7, portions
of threads T1, T2, T3, and T4 are fetched, decoded, and executed
concurrently. The threads are fetched, decoBed, and executed out of order
because t he pinolgdasnemdisn pipeliret] OBaint cwesl mhmagtine® jogidep4 PByaabicknc@hting
threads T2, T3) and T4 begins i mediately follow ng instructions at points
A, C, and E, theshreads, gxg¢opunghe theepds, end delegimadint icosectivonecnlpmnemorsini thel
rel ati onshi p. Threads Té, ﬁ‘1'3, a,d}d T4 are executed specul atively by relying
on data in regieSPEBISAREeT R RMeMIGRLtSRY Bt ore it is certain that the
data is correct. Pgoce [ 0 i to detect, m sspecul ation and
cause ni sspecul at egﬂﬁ'néﬁ@ﬁ‘é%?%%{s}g%odrfg{hr%glﬁfs'g@%%? C?n[%”foﬂll’”‘lr\ggcgt‘jjt%rfﬁrﬁf‘cq hr ead
T4 is not pamnef,&ig magafg%mmﬁrmml;amge%u{zaxolb&viﬁ%%%% maﬁsﬂémﬁm ead
managenment logic 124 determnes that thread T4 Is not part of the program
order. At t hainstridtn. tihiigacrddr, hyadi®2 fsexedutangpetkiai veds berigsag bivak kel d or
process thread T4 in processor 100 may be deal |l ocated and then allocated
for another tthresadl'! first praghesathe oprtbiional bramabl snsTuctiorR, Themefofe3 puoiehs ob thread
executed as follows; first thread T1, then thread T3, and then thread T2.
Referring to Fl &d32 FHeicHiEeicoRL s b epd 13 10YVESIRISFRASY | abgns, the

renane/ al | ocat nit _150. whi r ovi des hysi cal register identification
(PRID) of theef?%CE%f’n@a}%ﬂg?&F83?“?%"3?%?§r’e?‘ﬁ9$%si ster file 152. The PRID is
provided to trace hyf&@mahaddnddiiQHEMPHRFSRAABNALELOH DT HreboroflahPGRhIED

i nvol ves assigning registers to the instructions and assigning entries of
the reservat i growthaddndi&onf139c redutpesd sBeniwtink 1AS6eunONCe delemaRekrdds are
ready for a particular instruction in the reservation stations) the

i nstruction igréasishedidtendofier ofamie, wixeaht Fenditiom ¢fshg eorglitjoriahbrgelr is not
floating point) of execution unitfs I 58r or a rrermr%/ execution pipeline

whi ch i ncl ude@ehdidhe PEHURSPET DR Ffad Tl ArgI aligwed o congnygyt wod agyance to
991 31589 ~cTng9shb~os 11 nenpnr e fer | 78 d.d cache 176.
Dependi ng onnﬁ’ﬁelrlslr%?trm uccjglt0 Pgwg%ﬁ?'aﬁagrgi%gf I%'(eca plrrr%ﬁl\r}'f1 &t n? Po(g’r’ﬁ fieﬁsilg?se “file
152 through conduch 0bsnidS&-nldaden e webodiin®Ni ngf mehe i nvention,
dependent instructions within a thread may be so Iinked that they are not
execut ed out-of or#@#8g.5 Hosemes a titepkTident inchaes bctricans chlf armrdiddreriant
threads may be concurrently fetched, decoded) and executed out-of order.
The execut i onprorare prder.nvhen thipealt mstuesnrayeabkeds gequbgraimesuniep jurhpspio the
performance, reservation stations and re|l ated nmechani sns are designed to
have both | ow°Fai¥helthe fncHP A" SN A SEH® 185NcHERrA) MHighEme YRePrPaaEhcy

and bandwi dt h_requi renent | ace restgictions,on the nu of, 4,nstructions
fhat can be. v Pt RInd 8 Iooitet BBl A Pragh o BHAFY e T2 b &
buffers 1 14 gutsde:iBh PAldwiRe idGenstn! B GRe _emm%egém@wé&ﬁ{ema&um&cﬁﬁ
avai l abl e for execution/replay wthout sienificantly decreasing throughput
of pipeline 16&inMihg aetht €gle tfcal JtieMeyrebaicnartaitx $ltiidad T2nhpslesne 108 and
trace buffers 114 can be reduced through pipelining. The result of an
execut i on andmisspedwdatianaf tbe effectoh imstrmcugristaf girefid dnave replagbdicKhnead 1 £6ds

t hrough conductors 122 (in the case of registers) and through MJX 192 and
conduct ors 198hew ity PEREEATE GPPRESTeRches therHesT syt of fhread Tt g.d‘ei]-rﬂagmtqnén

may al so be vz~it .to reqist fLle,l52.and soci ated re-order buffer
(R)éB) 164. Onte" Wﬂ’&?ﬁﬁf‘%dﬁﬁf rY tbfghSCB?Sci CloWstruction are witten to -
register file 152 apg Bﬁﬁs&ﬁgs trﬁﬁﬁisiﬂs,ﬁffz??ﬁ]ﬁ'a FAWhR iawﬂagi gr@gé%% n@dfalar

as pipeline | 08 is concerned. This retirenent is called Irst Level or
initial retirgRpdm. BiffeenDsberaen thendrs heddukeweads gtli TeMENtand I TaS OFHre /BT or
the retired instruction in schedul e/issue unit |56 including the

reservati on sinatudensstruetiprsttepoinit [fe(fib@jonamnd iROBc6H) adeherefrbingedntesl. to
However, all needed details regarding the instruction are maintained in
trace bufferspaini® (aewslingm! bzegwasd ibrangh Ansyartionds iorpoieir? andispyintfedesial(te. A

dependency ex|sts, Between, 2, LALen kg af 2093 R85! helnd e Ead W o



programorder, data used in the later thread is produced in the earz 3eh’ 2002

thread. The data nay have been produced in the earlier thread through a

. Menory or RakodmE®y Yy instruction. For exanple, the |ater threadsyegedoe
dependent on the earlier thread if a load instruction in the |later thread
has the sanme address as a store instruction in the 2 3 hl~Y 2002 WO

991 31,89 f CTlI US98/ 26~08 12 earlier thread. The later thread nay al so be
dependent on the earlier thread if an instruction in the later thread
involves a register that was nodified in the earlier thread. Likew se, a
| ater instruction is dependent on an earlier instruction when in program
order the Iater instruction uses data prodd€ed by the earlier instruction.
The word "' depeedemoyitdiage @les charzadniimtiuborpbii as duntdep el éncytled pepoinatal. on.
An exanple of a deggendency specul ation is speculating, that there is no
dependency betheeh abrgjaaauthgmsugcm@hthalrm paeeremrordesis spmedialahs afterdbe on.

Addr ess nmat chin ue for checki for pendency
specul ation e‘ioi”gf‘éonﬂn Bég aB‘F Bg?%i”'sgéﬁ FERUBAS 10sPUP UIOéH”Hd:e tPARC he
data in a reghSialoi s e SOLEES! wHakd: o BRGShE Bl OGSy dpnexampl e of

a techni que fot ecki’ng a specu fon errors S Reeardi n~

Trace Buffer Sm%néd‘}ala?fﬁtla_\!vﬂﬁ pto%tlil@her% thich@Te bepink eTBredd 44l aGiHdde 1Her ace
buffers 114A, 114B, 14C, ..., 114Y, where Y presents the Nunber of trace

buffers. For mxaunpioe thdtfin rogradn btdeeis imfmedidly afibethe catiditiéndl bacilevardfratch. | f
Y is less than 3, trace buffers 1 14 does not include all the tract buffers
shown in FI GHISDOWETay be the same as or different than X (the nunber of

program counters). g’rse buffers 114 may be a si _F gle mgm)r%/ di vi ded into
i ndi vi dual trace bﬁFf yategin Sy s7.0rigns<d pheatse ]tr'razcg-’b%ﬁ &f @re {sichedne

conmbi nation o F 0, nt), threa
managerent | ogie o et son P fay T u ad BT R R S SR spber
(which is al sgrdhe Hc@&ds&@i@&%aﬁﬁd@rr&r Rfnol RiI8aLd mumé-erctcl?ee\%gﬁmlcﬁ'thﬁﬁg]
trace buffer has a unique tluead ID or a one-to-one nmapping to a thread ID.
For exanpl e, T2dlk abtdiTHeyegihs Idkcdiag solipvady idstreadbnk B pointsr ACC, ndfEer 1 14B
is assigned thread ID 2, etc. The thread | Ds nmay be hardw red or

programmed. | wsmvelmbad\rcn*emc)ﬂ dasbhd bn@gﬁhamacmm\éhﬂcﬁ selaisysbirat Bueadst T, a

particul ar th ad LD and trace buffer, ernativel there i s not such a
Pestricted ref rﬁfﬁe)ecmeéspgc%%\ﬁg' %phfe %rﬁ‘l‘ §2131 9g4s'51s 6D SREROBY der

of threads at }ogaﬁstbeﬂor?h 1S Cﬁ’bsh%l e assgcrlr% ro{t:ﬁgs%(ra'iéo ALe ga‘xa¥nsms

trace buffers our rea read nunpers are’s omm

in parent hesi §ctc@%’i‘§§ﬂébﬁlgu&naﬁdﬂ'&1dsm SpeAlAL %)ru&lhﬁ]sttglb@%lﬁ‘}ﬁﬁbqli tdrﬁs out
parenthesis is not actual |y included in array 198. At time t" 1, the 3
MAY 2002 WO 9fHaB8ikbéd TAGE/NdEP81 3648Grbgrain order. Thread T4 may be executed unul
thread management logic 124 determines that thread T4 is not part of the program order.
At that time, thread T4 may be reset and the resources that held or process thread T4 in
processor 100 may be deallocated and then allocated for another thread. In program
order, threads T1, T2, and T3 would be executed as follows: first thread T1, then thread
T3, and then thread T2.
Referring to FIG. 2, instructions from MUX 110 are received by rename/allocate
unit 150 which provides a physical register identification (PRID) of the renamed
physical register in register file 152. The PRID is provided to trace buffer 114 through
bypass conductors 126. Allocation involves assigning registers to the instructions and
assigning entries of the reservation stations of schedule/issue unit 156. Once the
operands are ready for a particular instruction in the reservation stations, the instruction
is issued to one of the execution units (e.g., integer, floating point) of execution units

158 or a memory execution pipeline which includes address generation unit (AGU) 172,



programarid retirenent order is thread Tl, T3, T2) and T4, as tn th%3 MAY 2002
exanple of FIG 6. Between tinet 1 and tine t2, tt is determ ned that
-thread T4 iwowitsidsp the program order. Therefore, thread T4 PETHISIEA08
mal :ins roomfor thread T~ (not shown in FIG 5) in trace buffer 1 14D
Thread T~ is associated with thread ID 4. Thread T1 retires, nmaki ng room
for thread T6 in trace buffer 1 14A. Thread T6 is associated with thread 1D
1. At time t2, the programand retirenent order is thread T3, T2) T ~, and
T6. (If thread T 1 retired before thread T4 was reset, then threads T~ and
'r6 woul d have had different thread IDs) b program and retirenent order
woul d not be changed). Depending on the algorithmused, it may have been
that thread T2emasy ¢en puffary bt 8. eng e cackeildb aPeagnding sn thruinstridions,
program and retirenent order. | d be. corrected, as array 1 af, tinme t 1.
e et oned CRHCR T S ATGrdeD Mo RisEadle 12 ins e i Hars 16k bade Sasul o
be executed o .1n_or . Pr.ocessqr r m or.der., of .instructiqons is
Che or der -t he TR RRRTRE R TGS Bebenst T BHRERA R o fiar TRLEC R
Thread managefBifhet 9 ot b2 HRESIIFTor BEC RRRANE] MepdlathBhivudRhe H¥-ne the
true programorder” for the threads. However, thread nanagenent |ogic 124
does event ual diyfettat eir¢dddesayt frecont r@eplydeichdd, dectaled, didfeeeduted)ohicofFdrier. 7The
trace buffers 1 14A, 1 148, ..., 1 14Y receive instructions through
conductors 1 @&Autian df3Brtain of thg Biyeadgimaybespecubadiynect ed t o conductors 118.

There may be denul tipl.exing circuitry bhetween conductors 118A, 118B,. ...,
118Y and conduct or §07higigperApimanpan reSFBIA)oN HARMNSENd re s SrerRgnisHRRESIesBAEE h

trace buffer js activated. Still,alternatiwvel t-her e enou~, h

par al | el cond{uoc “or Fsoo%glo gﬁ‘cﬂ’gy %rédr %Ig%gﬁnﬁ'g%sléc%ciO(‘grllnss."“‘fgg%seb@‘uef l]a gclngy ﬂqlA,
114B, ..., 1 LA¥.isRRbiuitdddUohiOnsRighy &l @t ﬁgmbﬂfﬁfiaﬁmc‘?i%ng Bfat E&PbAY tO
pi pel ine 108 through conductors 120A, 120B, ... 120V, I ch are connected
t o conduct or swhididg id thel :2sér0desh sulitins MBlytpopitiening $tat&ibL ffem 14 oRidd Sig€line
buffers 114 may concurrently pass through conductors 120 and MJX 1 10 for
reexecuti on. M8, ehegsanmbei ofenstmghionpian be pxailablt fooerechiionrepdayodahoul 06 may
al so pass through MJX | 10 for the first time. Athread ID and instruction
ID (instr I|D)Sige¢iEAphndecestssi ot phry! i°§ﬁm€meot&§h Thsetisened lrisacy ReSpT ay
count may al sg_aceconpany t instruction,,ln the case of load and store
Chatruct ) ons. SRR R el U8 Nty B R 40 556738 Blops Rl D8R8 °6o
PCT/ US98126408 14 st,0r&,uh4k & ExdcblibroRid PellEin IS FE &L VAR, B virftebdcuct i on
I n one enbodi nent) the LBID and SBI D acconpany even' instruction, although
the LBI D and &SRBk Doy airoweith doadubersneanidgk ess df fegdisiée) eab@rafgh ME 182 aedhs
whi ch are not |oads or stores. As described below, a PP~ID or val ue may

al so acconpanyorahucionstucttrasa buBersg 1de Tag sesutteand reelciafgnfationgnaylalsgabe 1

14B, ..., 1 14Y receive PRID, LBID, and SBID val ues fromren /al] |l ocate
unit 1 ~0 thrB‘E’é‘ﬁ“b?/ff&é%ef?dﬁélétf‘?)géssi%‘ﬁ? T Q@Br,a{"!f.ef @933?,16\% cgpgresult
connected to conductor.s 126. .Trace buffers 14A 14 . Y. [receive
wTi t eback resﬁ?ci]"ﬁlflwlgprp £ bq?{rgntbonrzgfzé‘frgéni? 5 éslxeg%g%l]t%ufrﬁd ggr%tﬁé%’g?es 123A,
1228, ..., 13%;15'uum\n484 iS Pe(HEE £ ORBLLL faflad BpARRAWE HOLBicdddd. TRE LhfMabis
conductors 196A, 196B, ..., 196F, which are connected to conductors 19G
Repl ay si gnal salafde frsoeiveled itibisloggenean dancirde ford S A)rsilievdd retirement] 9b¥urceki ch
are connected to conductors 194. Miltiplexing and/or enable circuitry

andl or a subsferth¢ edtiretuimblenctioh ipashedilslissvonoitd bdimsluding the reseevhtion stations,
conductors 120) /126, 122) 194, and 196. The trace buffers y l?e i denti cal
o ‘somewhat  dFeEErde 155 anEROB 164 aiedsaiocaigh s Beweveril paeded oraeearcmg Ge
enbodi nent of .a trace buffer. 1n F1G |, .ra fier 1 ol rat es
a second enbodfPHERI O™ g’%’?%’@%&bnuﬁceerpu}%f ]el% a’ej(d\nt?)\?)ﬁgnlgﬁtué’%'(l)% %ra grc&e&:gﬁ%r?’ers
coul d incl ude gyarial p9gs of trace buffer 1 14A and 1 14A" or qutte
different architecture. 'Trace Buffer 1 14A Referring to FIG 10, trace
buffer 114A incl udesdaRnddizl elits LRbwerreIgteAThr eyl 240 dAeanied Birdacdiiterti@pendency
(DAD) array 206A, an input register file 208A, an output register file 21
QA, dependencyrogemeaddr odeta sedun theyla@t thieadasdrodoerdrioltheearben threpd2 Iha datehe
term"array" is intended in a broad sense to include information in

nul ti pl e di r ed®dydiiye bedn prodecedds the) qalies Hireas! 1hequgh @ MEGIRORY i fAOn-memory

instruction. For example, the later thread may be dependent on the earlier thread if a

load instruction in the later thread has the same address as a store instruction in the
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a. Instruction Queue Arrav 202A Wth reference to FIG 12, the follow ng
descri bes the structure of an instruction queue array 202A and its
“interacti onvoisgsBiset her conponents according to one enbodi mentCOUSISES408
invention. Instruction queue array 302A receives instructions fetched from
1-cache 104 that are pan of a particular thread. The instructions within a
2 3 MAY 2002 w0 991 31589 PCT/ US98/ 26~08 1J thread are fetched and witten
into instruction queue array 202A in order. Instruct~ons that are pan of
anot her thread are witten into an instruction queue of a different trace
buffer or by instruction queue array 202A ?t) a different tinme. Instruction

queue array 202A incl dﬁ?s various fields of infom-atjon for each

Tatructi on (GaAE I (THERF UTEY oS FPEPEAEPBREDAR N FE CHraonhEl ude
Somsw.hat di ffiﬂgtﬁﬂhoxf]ﬁ Jhg%t@rntﬂre%dq;)\tofl\e s%q%%j@%?ﬁﬁlf a'ag);nord%'in Lk éabl?er thread.
enbodi ment of Tnstruction queue array 20ZA, the program counter valUe'T’s
not consi der edikeRidé, Ligtek thshB8ctidh 1QWBSIndeRRAinERNt & indtRBLEHGhE R Th SldBME, array
202A and all other conponents illustrated in the drawi ngs nmay include
various fi el dsdershgimdransiandos tisesaiatr protihed bysthaetrlict Ingstetatne dfheSuard

fields, signals, and structure are not illustrated because they var~-~
dependi ng on ‘tdseerdgpiieneatsatpeshin the ehigsel edepeereacy ypachbsiensk Ancxampls afive

art, and would ercatly copmplicate this eci fication and tend to obscure
the' i nvent | orcCPEHERFY SRICBREONAT TPoF WALPEIEE HIGTT ISMo £oRSRCORt PHWERRy 2400
finally retir - di a for 1t . etenm ped that
t he th?/ead is‘%%é‘%'{‘f)g? §§%§ gagﬁcri(%grgrlﬁﬁméérgcﬁ?‘?%%@%&w Hé '%)?nog‘\raarﬁl? Oﬁ

i nstruction GWeeyRMbAYHRRA b éép%nmcwafyéc%mm%ﬁoér Arséahlpid BSdAictions in
the trace that have not yet been executed, the instructions are not

recei ved by t4paceatbuif ik e]‘)ecillaliﬁgmlﬁalnl&ﬂm&azi tegsadras thBicbrrdctddtaidghisi@n
instruction is finally retired frominstruction queue array 202A and a row
i s deal | ocat edatcEng i ansexgmpienel a/geliroars far elppkingiosdasa sperulaGomeryorbe

al | ocat ed and_deal | oc tgd by mpvenment of head and tail pointers.

| nstruction eueé?—?ﬁ%%?ﬁm—@gi%‘ ' S el n connection with the fol | owi ng
| i nes of code: I10: . R2- : I 3 ~ L2 R1, - 13 :
add 10, R 1.~ ral A58 20 T8 € e b Rigel B 1@%% iR 4R B9800

99/ 31589 PCT/ USPGN2 QAR *{?r@!@h&hh@ﬁ&n%é}%fﬁﬂaééﬁuf%réﬁ ForSampld ong=wf GBI v a
thread. It will be’apparent that a tract

D), there are 4 trace buffers. IfY is less than 3, trace buffers 114 does not include all
the trace buffers shown in FI1G. 8. Y may be the same as or different than X (the
number of program counters). Trace buffers 114 may be a single memory divided into
individual trace buffers, or physically separate trace buffers, or some combination of the
two.

Referring to FIG. 9, in one embodiment, thread management logic 124 includes
an array 198 that specifies the program order (which is also the retirement order) of
thread IDs. In the example, each trace buffer has a unique thread ID or a one-to-one
mapping to a thread ID. For example, trace buffer 114A is assigned thread ID 1, trace
buffer 114B is assigned thread ID 2, etc. The thread IDs may be hardwired or
programmed. In one embodiment, ea‘ch program counter 1s associated with a particular
thread ID and trace buffer. (Altematively, there is not such a restricted relationship.)

FIG. 9 shows an example of the retirement order of threads at time t1 and time
t2. In the example, there are only four trace buffers and four thread IDs. The
associated thread numbers are shown in parenthesis. Depending on the implementation,

the thread number in parenthesis is not actually included in array 198. Attime tl, the
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buf fer other than trace buffer 114A is earlier in programorder than
trace buffer 1 14A. The ' " Op Code" field contains the operation code
~associ at ed wwohposhssoparti cul ar instruction. "Dent," "Source lpétagekseaurce
2" fields ident~fi~ the destination, source 1, and source 2 of the
instructions. The "Index for Source 1 " field, identifies instruction
entries within the trace buffer 114A that contain the source For exanple,
the destination of instr IDO is used for source 1 for instr ID 2.
Therefore, a 0 is placed in the "index for Source 1 " field of instr ID 2.
The destination of instr ID 2 is used for qurce 2 for instr ID 3.
Therefore, a 2 is placed in the *'Index for >Source 2" fie instr_ 1D 3.

An 7i indi cat RS aﬂnaem fetegpent orgrs i Wasgaddl I, T3 g hds 2ndal4 aswthf Féaraplapé Fipi &

that are set {0 a first .va . g. correspondin urce
operand of anhl REEP U5 Ha@dﬂg‘é%‘e’-pgé%ﬁ%ﬁ'ﬂg Cﬁ%ﬁﬁ‘é%aﬁn‘bﬁ‘sgﬁ‘ i IEFP[?Cgf?Igr?r Yom
outside the t 0, (a0 glc
1) “uhen' the S80rRLt apkPand P Het S ek op a0 e e YO el R,

an instructi opuffétnism t’hﬂeid"’[@@s%ss&%lé@emﬂa thrighd )D @f THASHIT Il ftifsi Sabin duced
outside the trace in instruction queue array 202A. Accordingly, valid 1 of
instr 1D O isren tgiteredd T8ontwmee Buffor! IhAstThredd B issassqcemd Wweh diesad Hatli ot of
instr 1D 2. Accordingly, valid 2 of instr ID3 is a | nstruction

131 ol ves i e i ogsianentote. s e Loy 9 6 Bl
or “thr ough. softrst PP BRI ARt el Bendt I e Rot IEarehad Eeerestn |
the Source 1 b ellr):Of.d skt Rodeuihiest 83k Vshi, Bon%E&)?%B%n{iﬁ%hﬁtﬂe

pl aced in the our ce store fer

SBI D associ at g o¥itHn ugedS GRS hisbesteihaOihrdad T2 &h%ﬁmlnufbteﬂfm tH@SICT1 hedray

bel ow. A |oad buffer (LBID) field hold an LBID entry associated with a Ioad
i nstruction i n9& Huode fyogferanddesericbedrdbewowd bElverrSBed) aanday BPDamarheiels ar e
assigned by renane/allocate unit 1 ~0 and are witten to the instruction
queue array thr oughsEypapseddhtneemm™ omepof reads eazae peehm%errcaq!ﬁ \é‘P@Jdc?@ul d
be included in |nstruct| on %veue arraﬁhZOZA but IS not nee ause

it is inplici EXBCIGATT BOrSRF PRER%n @W@ﬁ%ﬁg{? &Wé‘l’-‘éﬁ‘\%ﬁ FE ef 212A
Z 3 MAY 2002 y}g&%g(/d%} éfggéééggéhéﬁ%g% &%efﬁio@%;bpgﬂ'ﬁ&d% ané'r?ig:nﬁﬁéc 124

enbodi nent of array I nc I ns entries

correspond togbéiendt aeéerssArDy eitislleder@inihd e nbetirOita Rt f6¥ hayhrdfRA in a
one-to-one fashion. Indeed, instruction queue array 202A and DAD array 206A
coul d be di fferoe:werpdvtacbmsnagknthtelosmnect dnesgrventdoledarmines thomee program
enbodi nents, there are different read pons associated with instructi on
queue array 20m&rand DAD array 206A DAD array 206A includes a "Val ue or

PRID' field that c ai.ns e r aIu (9 n instr cti.on or
the PRID 1 n rogi st SEarng PG T, sl Tl o HBr an THAZReG it i Rs
execution uni feor 4A wite
back buses 12%}$t @] E%@%gtﬂpﬁsltgg‘f Llli§éfl ef lgr\pvxﬂn Pﬁggctcgn%%%av%@%ﬁ%%f 2g$jcat es
whet her the " Yakiangy bé’E%LrELmEle@in@ corR i bRBween c\dahmors@nsza 11RB, D" 1118y arive
enbodi rrent, |t is possible that the "Value or PRID' does not hol d either a
val id "Val ue" conduatorsill i 8 AREInBtIVelH ehﬂdphx@ylal@mwytdbnﬁpleWhiphMc&:ibuffmnquel y
identifies an instruction dispatch, is increnented each tine th

i nstruction ofcyyeds ¥l alipsativelp, thererrapy b/enpuich ppiaPel Gongucters to hﬁ@éﬁrp?ﬁﬂéﬂ'

moro.than one SENEAR il HEpPRATT 3244\o§1t4ra”ﬁt AP Bl SRR R bl o
|y the inf
only the in Or%g,’h%bé’iﬁ'?% %g;p i 1b§‘ Q{‘;‘? uclofPI R, Q%@tfor eacxlﬁr‘ixl:t‘?”

back to DAD arra endency includes a bit’

|'ogi cal regi Sted conhBetbld @ conductory 128 rrpis'rﬁ)'léch/thatorﬂhMpfcqlplﬁtrdcﬂgh§ﬁ:bmrtﬁ&'cst ers
(Rl, R2, R3, and R4) are represented. However, the nunber could be far

l'arger. In theuéxangkdenay benciepetydpass yhrbugh doremtmrseB_Oearrﬂ MeX t 10 fortre-
indi cate that a data dependency chain exists between an input value to the
trace and t he exegitionc itk smertyme, awdtlalconf‘ﬂfuctlhe? féomsf;ie?flﬁedég@méﬁ&? Pafhe

dependency field en S entify which r ns in.the trac uld
need to be exé}&rﬁtl%}a}\/{lf& HO Apthe féé I {8 é‘B Ql@é‘& RS ‘é‘ﬁ"ggg\ﬁ
m sspecul ati Or}cecﬁn&%&ee%gﬁdr}structlon through the pipeline. A replay count may also accompany

the instruction. In the case of load and store instructions, a load buffer ID (LBID) and a



As the instructions are fetched, decoded, and witten into trace buf\2e3 MAY 2002
114A, the dependency bits are conputed sequentially, and are witten into

“the DAD arr ayo298A89 The dependency bits may be generated bef orax/wd9si26408

determ ned whet her to replay an 2 3 MAY 2002 WD 991 31589 ~c-rius9an6aos

I's instruction. The dependency bits in F1G 13 are for the six instructions

IO - 1~, recited above in section B.l.a. The dependency field can be

created tluough a mechani cal approach. Before describing one such approach,

the creation will be explained on a nore intuitive level. i. Intuitive
Level The result of instruction 10 is depeqdent on only registers Rl and
R2. Therefore daOr mal

the 1zi and Rif 6%%%8(5?% mQ\ Bg(?&l(o ’In S |n§orrpra ff%nr?b? ng}h

instruction I QBID 1he sme%&orﬁf@advrk%ma&mno&Jﬂuheuae&aeneqntanersmw Yalues
registers R3 and R4. Therefore, 'a 0°is placed in the RL and P~2. col unmms

and a 1 in thmaRBe atednVg 13 irbinie gaefofiimstuttiddd »ﬂderhne noeRidb§ ooftotedsiasuct i on
12 is directly dependent on registers RL and R2, produced in instructions
10 and 11, resgevbididigw, 4 RRIAot ralue m@nallseaccremnagvaependemn eing teecxREutaAd
R2 val ues at the begi nni gIg of the trace., In instruction |2, R2 is dependent

on the R3 and R4 vafasgduberstiéspdlitmi- nb“@f ’qcﬁ%’etpp‘é@eLB}ﬂ}é‘r“éfS&IQ valucs

o ke IR APPSO B8 e T 0B LSE 2 I i

Sr ogngege?ﬁl t aRfcohA&iddiotdoRBudicts 186 dirf8E bhifed8RERAERE ON 7RG RE&ke R1
writeback result information and related signals through conductors 1224, 122B, ...,
1227Y, which are connected to conductors 122, and through conductors 196A, 1968, ...,
196Y, which are connected to conductors 196. Replay signals are provided through
conductors 194A, 194B, ..., 194Y, which are connected to conductors 194.
Multiplexing and/or enable circuitry and/or a substantial number of parallel conductors
may be used in conductors 120, 126, 122, 194, and 196. The trace buffers may be
identical or somewhat different.

In FIG. 10, trace buffer 1 14A illustrates a first embodiment of a trace buffer. In

FIG. 11, trace buffer 114A" illustrates a second embodiment of a trace buffer. Other
embodiments of trace buffers could include variations of wrace buffer 114A and 114A°

or quite different architecture.

1. Trace Buffer 114A

Referring to FIG. 10, trace buffer 114A includes an instruction queue array
202A, a data and dependency (DAD) array 206A, an input register file 208 A, an output
register file 2104, dependency generation circuitry 212A, and control circuitry 224A.
The term “array” is intended in a broad sense to include information in multiple
directions, without restriction to particular form.

a. Instruction Queue Arrav 202A

With reference to FIG. 12, the following describes the structure of an instruction
queue array 202A and its interaction with other components according to one
embodiment of the invention. Instruction queue array 202A receives instructions

fetched from I-cache 104 that are part of a particular thread. The instructions within a



instruction 12. Therefore, instruction I3 indirectly depends on RI2-3 MY 2002

val ues at the beginning of the trace because instruction |2 depends on

- these val uesoandigsl is placed in the RI- R4 colums of instrci/isdredize
result of instruction 14 is directly dependent on register R2, which is
produced in instruction | 1. R2 depends on registers Ri and R4 val ues at
the beginning of the trace. Therefore, a 0 is placed in the R1 and R2
colums and a 1 is placed in the R3 and R4 columms of instr ID 4 The result
of instruction I~ is directly dependent regi ster Rl, which is produced in
instruction |2) which depends on registerg - R4 at t he begi nni ng of the

Wy 2002 wo- bR E e SRR QE%}‘?LZmﬁiéﬁf“&n@%ré%%ﬁfﬁons

foll owi ng ar@af 8QipaheItansie: @dfkadl80hthbM Ao ak i¥aYcitR dseel of 8 daeiehatLet he
dependency field according to one enbodi ment of the invention. Referring to

FIG 14, depenfienc\bygastarcabn qew ariyiA02 % aZJaZiA!ffeemttmmslnkemrmrrﬁqgeué aghgters
230, 232, 234% and 236, one for each logical register, plus an additional
tenporary regdh gnchgiey VarlqtérﬁﬁcbdsanfynﬁoegiitgmeflosCiEibOnSHZ@QOH eigatifien(ehse3®)cont ai n

difi f | di f 240
Cont ai msa. SDITOPATRGHFEHCP REE SHRF ¥R O eI 'ngiaecﬁgéégéﬁérﬁr%é
rodi {100 by LASMUShIRNSHIARLI it 8880, FEQEShSl 30230n. B350 23,836, and

240 are updated ever a new instruc iI's witten tfhce
buffer. The b@lUE‘%dn%nQ@&!@%ﬂt EQ04 B ﬁxroihéxsen%'aﬁ%ﬁst I%Et?uétfoﬂrq\ﬁeué:%ay
exanple, they may all be in one conbined register. For each | ogical

regi ster, a ROx&andufl beter agdp@ratsribgiuatedrinitiee grawiticdady indluddhvpustizldsp t he
| ast |nstruct|on in trace buffer 1 14A to nodify the |ogical register. The
nodi fi ed bi t signaladndisérucmse thaoidindi idusiraetdrsusbdieldsr sguasdnd strogpmuare nohe
dependency blis for the next instruction to be witten into trace buffer 1
14A. Not e  t hitusqated baepYse tsy yanndderdina gr ahe Bl epetatnds ateyundseiredby Wose i s
witten into reqister es;0Q C [ at h ntents of
the register S%pgd 'g memfd W%mg%rmeagﬁl %mBFC%‘%%& gr/Pé: rgzr‘(} |ondténc?t°e§0asﬁlbl e, if
the contentsuypfinilygad R2 are nultiplied (as they are in instruction 10)
and the result 1s witten into register RL, the contents of Rl is not
necessarily diffelg#tuciSnawiieirdce GhffenBitdaaucihtilaieyl e fikaily exiaetpbredisdafded
contents of R after the instruction would not be different if the contents
of Rl is "0" (came, fog examplseit oy determenddriBatithe thiread.is het FRI@S angn ogdef | ow chart
250 represents an algaorithmwhich is performed for_each soyrce operand of
an instruct i 6/°EH Y hsqipgam). %fr\’éF‘%’B RERUCPF ATy 2npls pRay Hepbsiaafresilt i el d
of DAD array,?2 6A S de rm ned v@e@jher the associated bit

a3y
is set in reéﬁlssrtuerlorfdﬁ%e Pac&e a(‘:tl’]’]l'a ): Hm )e en cxﬁ%% rhStmﬁu nsI aﬁc Inggl ster

240 is not S?éoex\xeh%s‘ ﬁzla@bbff&r 112 &?&aﬁﬁgﬂeéﬁ@mﬁs@hrqu%ﬁsx@s@h@ﬁ&d,smahyt he
reglster is set to logical 1. As staled in step 2~8, if bi t

regi ster 240 rd:ti‘ret$ﬁbm inseugievqueude gl Ackdfa relvds dSalIl‘oeadd.uEhﬁgsbﬁEhel ndex

created fromthe nodifier register (230, 232, 234, or 236) for the rel evant
register. various arrays in system 100 may be allocated and dealiocated by movement of head

and tail pointers.
Instruction queue array 202A is described in connection with the following lines
of code:

I0: mulR1,R2 — RIi
I[I:mulR3,R4 —» R2
[2:add R1,R2 — Rl
13:add 10,R! — R4
[4:store R2 — Mx
IS:store Rl — My,



2 3 MAY 2002 w O 991 31589 t>cTi us9s; ~baos 20 Next, as stated in ste[z %(MAY 2002
t he source dependency bits are nerged with the current instruction
- dependency vbbhbs31489 Ng a | obi cal OR operation. Such a | ogi cal pcRUSEBEBAlsI ON
is illustrated by OR-gate 244 in FIG 16 (in which nultiple bits are
represented at the inputs). In performng the algorithmof FIG 16, the
nodi fied registers and nodifiers referred to are those that existed
imedi ately before an instruction is performed. Wih respect to 10, prior
to instruction 10, register 240 has logical G for R1, R2, R3, and R4, and
t he val ues of registers 230, 232, 234, and 236 are ~ (don't care). Under

t 2~2, th difj bits i i st.er. 2 f R. d R2 h 0.
?hgfeforez uﬁaggf%?Q%qgggﬂgyﬁguéggéﬁﬂﬁﬁ%ﬁ1@?@?&“BW@gggﬁPmﬁTFQﬁﬁggémhre each
set to | 1N {o0 IS hd Qr&e%ﬁlff@xp‘ﬂ@gsac}ﬂ:l?eqr@ﬁ)rﬁggangt)&tepﬂﬁnﬁ?trm%%r hganot

involved and remain a 5 In the row of 1nst nstructron 10O nodifies
register RL. Therghorep Gde” figlddoatesh the op&aiish 86de23ocidBdmaat thb Pafilkalar
instruction Ois the nost recent instruction to nodify register R . The
val ues iit rafkiriatosr $STR3Q) “SRBrce BRdn@ 3Bourest®T ficlds {@kanfit the alesinatibhesddicdi t
of register 240 is set to a 1 indicating that Rl has been nodified by an
i nstructi on Wiandisaurcke afrag @strygienge pbh dadey fariSeneef1orfigldddenidteis omstiugtiprs
generated in a .sim|ar, manner to that of instruction [ 0. The Rl | ogical
regi ster col E‘Hﬁe%‘f"“hﬂti‘th ragr {"é@ﬁ'rsltﬁég thofsopkminG SOUKE £ exampledhe ogi cal 1

I's placed ingthe,f Sﬁlngt?fb&];lts o fot ?&Jrgfgif&tiﬁ%tr 749. T-mfcﬁg‘reiprgio(r)ir?g{agééa{n 232

represents instruction h™respect to 1 nstruction

instruction |ig1sstenr Sb@Be 252eldtdTendioMd i Gt Bedidalibn bEBESUDI2 B4R:d o5 RL
and R2 are each a logical | (i.e., set). Under step 258, the nodifier

regi sters fosourte Z 230phstaldl IRThéRBRY, a 2 impdshiedtiethe ‘Pridaarfot Souras L field @findt2,
are used as an index. Register 230 contains a O for instruction 10. The
dependency filePd AmoX indistlesiedPoncar® in instr 1D 0 of DAD array 206A is 001

1. Register 232 cgntains,a,1l far inst tigon | . |. The dependency field.for
Mnstruction 111 n Phevard b and NSl dpnd Siaresgbio o et YOGt Lot OleEA
00l | and 1 ] g | I LN the. e
00y 2000 eksbbag DAL Gy il BRIASSOLLA D DR ASDERCREY
However, a 1pian@ldt@ad¥n rBm R6Hidd e 114644 fQfack 8afret £14 ARRnd A séedridt WI@C@S. | N
regi ster 230, indicating that instruction 12 is the nost recent instruction
to nodify insatisgictl) ememthe. sourc2 oPedediy {GGAAnWI Y BhSHxB Pre3GI RS p8Id6ddBy 24 The
dependency field for instruction I3 is generated rn a simlar nmanner to
that of instinspiéen withinahe gyradal Sourees! giidedd insyr ihe imarodetadmptafle Hsdraceed
register 240 ir?glgtrgct?on queuve array 202A. Accordingly, valid I of instr ID 0 is a logic 0. Source

2 for instr ID 3 is from the destination of instr ID 2. Accordingly, valid 2 of instr ID 3

is a logic 1.

Instruction 13 involves adding R1 to a constant “10.” The constant may be

stored with the instruction, in a special register (not shown), in the source 1 field, or

through some other mechanism. In FIG. 12, an X (don’t care) is shown in the Source 1

field for instr ID 3. Alternatively, some indicator could be placed in the Source 1 field.

A store buffer 1D (SBID) field holds an SBID associated with a store instruction

In a store buffer, described below. A load buffer (LBID) field hold an LBID entry

associated with a load instruction in a load buffer, described below. The SBID and

LBID values are assigned by rename/allocate unit 150 and are written to the instruction

queue array through bypass conductors 126. A thread ID number field could be

included in instruction queue array 2024, but it is not needed because it is implicit.

b. DAD Arrav 206A and Dependencv Generation Circuitry 212A




representing instruction I3 is placed in register 236. The | ogi cal 0%3 MAY 2002
produces 11 1 1. Wth respect to instruction 14, prior to instruction 14)
-under step 299/11b® nodified bit in register 240 for R2 is selcThGesrdkos

Under step 258, the nodifier register for R2 (232), imediately prior to
instruction |4, is used as an index. Register 232 contains a 1 for

instruction | 1. The dependency field for instruction |l 1 ininstr ID 1 of

DAD array 206A is 1 100. Under step 262, the logical OR of | 100 (source 1
frominstr ID1 ) and 0000 (there is no source 2) is 1 100. Therefore, 1

100 is placed in the dependency field of D array 206A for rowinstr 1D 4.

The dependency fi el instruction I~ | s denerated in manner sim | ar to
that of instructi &f qung thERG S P’Ef'n%mti%j‘%l’ﬁﬂ qf@%&r@y °9§\Aé??1é?¢"§alm

| ocation and d cause a chan 240.
The dependencygieﬁ? nszltlh gﬁoﬁfoBg?ou{se Pé? s;srgculednbﬁ liel’%’émy OﬁﬁA

schedul e/ 1 ssye, YRkyo-dne ﬁsﬁ%}{mﬁ@éé‘ﬂ %s%ét'idﬁ%dehém?%’@fﬁp%?%% alrly 96gRL1 ON.

There are different ways ~n a sequence or string o |nstr ctrons can

be issued outcoold Herdifferehuidresnslcl 4kt datnd £flyaHowadver, ayorhGemnBoSigRuaNitesd | Y
read the trace buffer and extract those instructions that have the

dependency biatsdidletenaradgend asdoertedoritl msiregtiontqovmes argy 267 sndrdAhaxay t he
effect of creating bubbles in the pipeline. Another approach is to have
bubbl es rem)\?@éAby packi ng | ogi c before sending instructions for

2ddi 11 onal | har dwarb PRELAG G5  SBE AP DAY (TRGT Sy YIEE 1 VAT ¢ ay
268 i ncl udes MEdEPaM%ggén&iox‘tﬂéﬁ&ﬁtn\ RRR AL 1 2 CrRePRNARNL-oD) SRA1 St er

R1. The valu In array as pol nte e entire instr ries

in instructi gromuRU&e@llcAYund9 2 rackustealh | AV MBIy Wi @Fack @AH1189 ahd Qnd he
instruction buffer. A block of instructions (perhaps 2 or 4) are read at a

time. Trace Ibatk busel 122An¢ 02.dA St tielqyovhiaddman e haw bitd, dndicalecwbahsa and
pass each one of these indices that were obtained fromthe register array
into the decdbfersalumar PREYiigddicopiaing g, Vrhue” pa “RINPD.T 1n oap epbodiangat.iinisone

coul d be assEEEH B Tha' T %f%ﬁi? E%M@é*ﬁw%ﬁ?ga@ YT e ore
repl ay begi nsprlhe 'ev@pé@f& TERL AR AR 3L R eg AR didatent oy

c. Qutput Re~ |stcr A Input Re race ers

114 incl ude dgiregthen efdh Gé tHeMnitﬁ;cd@ﬁ 8fthc G@hE aist IDPeeediAlddaRn pRieliné $08.
Accord~no to one enbodi nent of the invention, each trace buffer has an

out put regi stléndef bheembadimeol, disis phs;biegmsaremsuwtoexta)oﬂm threuasstcreataydd
thread and an input register file to receive the register context of the

i medi atel y w@éé%ﬁnr@ettmwahmrplml@@ﬂ% 1 disrcascppiadereqgiesdrod ea%nte@ayﬂy t he
contents or of the ste‘rs The contents ,of

Fegister 111 dhOnangeirieinfh b Bunt AR e L ot ek s AL hange
in a registerpgghhe contents of the input register file is updated only
after a conparison, described below. FIGS. 18 and 19 illustrate enbodi nents

of an output regi S'I}Qr“ﬁdplzﬂie%@ﬁﬁe(d”ﬂn&l[1@6?5% bit for each logical register. In FIG. 13, for
simplicity, only four logical registers (R1, R2, R3, and R4) are represented. However,
the number could be far larger. In the example, the dependency field entries are set to 1
to indicate that a data dependency chain exists between an input value to the trace and
the instruction entry, and a 0 if there is no dependency. The dependency field entries
identify which instructions in the trace would need to be executed if an input value is
received (such as when value misspeculation is detected).

As the instructions are fetched, decoded, and written into trace buffer 114A, the

dependency bits are computed sequentially, and are written into the DAD array 206A.

The dependency bits may be generated before it is determined whether to replay an



buffer 1 14A) and an input register file 208B (in trace buffer 1 I423)3, MAY 2002
al t hough ot her enbodi nents could be used. Qutput register file 208A and
. input regi s®voFikdoe 210B i nclude a Value or PRID field and a@catesssedsel d.
The status field indicates whether a valid value or a valid PRIDis held in
the Value or PRID field. In one enbodinment, there is either a valid val ue
or avalid PRID. In another enbodi nent, there could be neither, in which
case an instruction that depends on an input register file could wait for
one. Note that instruction 10in the exanpl e described above invol ved
registers Rl and R2, neither of which werggpreviously the destination of an

B A B R R e T e SR
register fil ed in execution of instruction 10. Referring to
FIG 20, a C%or?ggfrgkte%ﬁmg§d ‘conpares the contents of input register file

208B (in trace buf}ﬁee&eé)lnéﬁg) iRl caft b%%?éa@é@ttlﬁo}ﬂ%ﬁﬁ%é%ﬁrhcélQ@pﬁ)@@ﬂi.GBEf‘@r@f
output register file 210A (1n trace buffer 1 14A) for an inmediately
precedi ng t hdeadbihg ot Qghappoaciethe drb@ionomfideiesplaincdionbenomdsetuatvetitnel.end of
the execution of the inmmediately preceding thread or during the original
execution of the preceding thr eaHﬂumNﬁLCVﬁ%pari son is also 2 3 NAY 2002 WO
99/ 31559 PCT/ U8984_’?6408 Zg made. ai_t.h eng of the reti reﬁﬁnt . the

precedi ng t hr ead. [ PHTeSHiE OEHBBEF R0, 1S FFRENEHIPRIANDOIFEISET Aty at the end
of the retir nt _of .t.he, precedi t hr, . [ nt s. er a
conpari son b?ﬂgg}r%earaaltlgplagﬁ’ﬁ%?%g a@@n@ﬁ%l%%ﬁﬂlng%sn% é%[l%sslagﬁgt"? aégg(%ul ation
errors. If tBanRnk 8f RsdiDICR@RALHNES WESIMAIDE réiRRY o ABGuOIEPIY. I egi ster
files, then values of one or nore of the output registers of the

i mredi at el y prece@haksthoeadirbatbrchangdestndtm onasporegesiers R3utndrRgi ster file
208B is updated and replay triggering | ogic 284B causes the effected

i nstructi onsTherefoee, adpis plased i thih Rlraddiaemdedny angi st srthe Ruans Rtheoly@peatiency
field may be used by replay triggering |ogic 284B. There is no guarantee
that the chaﬁﬁng\/]al ues are the ultimately correct values (i.e., the

regi ster values that woul d. have.been produced i i

processor). The iﬁgf felf("fﬁiogﬁlgﬁﬁgilonn@e’agfrggﬁle&tp 8%%&3%’2%;”’3%{?’&,%%{ aps several
times. In Pngro%@&dihrrﬁﬂhc;igkgexo%qu_@,t;e%ca!vay.umﬁrrsglrﬁaronalot, Rraadepdpabsdas an
output register file, an input register file, a conparator and associ ated
control circuietRyarddoR2Iekiaed atcled bayiimnispef the atat@ninanstorcson hi2,i Rixisrdependensomel d
in the trace buffer that includes the input register file. In other

enmbodi ment s, thetRS gt Ré viloes tithebdainyng olithd tieers | Tehecfasmngtractien ¥riar ent
circuitry. As an exanple, referring to FIG 2], thread T2 is a, current
thread and i $"gsibrencadenhop P’Ihetl?‘bég‘*bvlﬂlfeéﬁt ‘fik@‘m}"ﬁi;@ freftace ang ﬁg is placed

i mredi ately precegdi thread to ead T2 and is associated with trace
buffer 1 14A™" %ﬁﬁg‘a'glgﬁ'cguméloualesyl? Function call, the function, and a

return fromthe f tﬁﬂ‘étnfs%n & A strucNPBUL QR Of ddfeh&af od Ze 1664 mK'rmea agtely
after the function call. The contents of output register 210A as it existed
at the functiigsrueadd 12arEheedIpiee thsir0éon I3 andirdcegidepends bhiRel 2R8Baluthet the
instructions of thread T2 are executed specul atively based on the register
context in i fpginninggf ttearact beeaugo@Bruaiont!Adepdnde ontheshealpes adre | Harlaagetin on,
the contents of input register file 208B are conpared by conparator 280B
with the cont®nRé Bf colurpact msil®t®r file 210A. If there is a difference,

i nput register file 208B is dat ed, an he.effec ' ty :1n thread
T2 are repl ayed. ?ﬁ‘g "ésd‘ﬁﬁ)a(r“i’silg“ﬁa%gt Bl érggtﬂ)yederjr’ﬁagengt% gcr)%é&%{ ial‘(Errbervgir(l'E i

i ntermedi ate {} - Thl HROVaI 0B R 1RV idhin

di stributing ptrr%p %’“&?gt?”rfg%tlpgﬁg,d%&gggg Kéﬁ @2;83{9%5,\03199/ 31589 s

PCT/ US98/ 26~QF thArded! THEM[d@uSEisalabct i0MIR Ir &l Iy solihns &ed a @Xaplat«] intthe
output register file contents chances nore than once during the function.
In that the dit putR4 egusihenf msirdDis constantly changing, it may be
desirable to have an internedi ate buffer that recewes th§r coptents outé)th
register file 210AheTralciparucson (2 weirerdy derengertipasicr Ke }i’gﬁgéﬁi’%"dﬁ?

i nternediate irtm) %‘Js‘irﬁ&i& 2, 'wm)cthe;r)eer%s%tnerggigt'e}s%{12-0 ﬁ? at the beginning of the trace.

Therefore, a | is placed in the R1 - R4 columns of instr ID 5.




As illustrated in F1G 8 and 10, register contexts are passed betweezn3 MAY 2002
output register files and input rea~ster files over conductors 216.
*Conduct ors 4o &/mesnect each input register file with the outpratudeeosst er
d e of each trace buffer that could hold the trace for the immedi ately
preceding thread. | f it can be guaranteed that programorder will always
follow particular trace buffer order) then the |ayout for conductors 216
could be fairly sinple. The output and input register files nay be
controlled by control circuitry 224A shown in FIGS. 10 and 1 1. Because
out put and input register files wll provi Se either a value or a PRID,
there may be a very small | atency between receivinb contents in an input
resister file and being abl & to ! ons using a reDister from
the input register, filie.as a source operand...|f a value is npot available,
the PRID to regi s{”é? kqlﬁ)lwéngl%rﬁ r%%flte Seanﬁggﬁpgrog}h”éy}?éma?' g’ﬁ ”isﬁd}ﬁ)l%?@l”iaﬁe“lni: 08. It
i s expect ed B%Bdé?ﬁ?ﬁeﬁd“%B%ﬁ%}%e‘@n{ﬂodﬁﬁerﬁ% {}éxﬁ&énﬁsx.ehekerﬁhg%%@m
correct source operands work their way through the register fites of the
various tl ueagsndtieweéaeraubi circnigl 902xpa@ikderhperbnyf @pistiaN Y3 009! 2505 and
sreat deal of instructions will need to be replayed either not at all or a
rel atively si@.lonaforizech bizidai ragsster| plaslamgddivonal koitaptregstei 2dr.ease in
instructions _correctly executed per unit of time, and a decrease in the
total |inme réguPeR 1e8istain2. g dgtdnnd236moatain moriers for jogicaRasmsters iy, t o

FIG 11, t ff AA i iml to t buf.f A14 (i F| ¢ | 0).
v 1ToR8 B M SR AR dE A bl Ry | O
dependency gfdg%ﬁeﬁ%%% tg%e%d?@wcegr ﬁgﬁg@ﬁwéngﬁﬁﬁxnaaf&f&. 'ﬁcgﬂ?és begnsdeci ded

that an instruction 1s to be replaye I'S may caus€ sone r'nitial
latency in repsaps afd 1406ark SEEAEE VA timeZy ewW¥rdd 2 (VRrARA3AHB8Re trace

PCT/ US98~26408 7J instructions for replay and determ ni ng of dependencies

i s perf or medbifiera Thiegeundardts bashiconegistheriesomgwipe attitrdrdye Faddkammaahey at ency
once the process has begun. |In one enbodi nent, dependency generation and
decodi ng ci r 8§y RHe M ge ¢ronkisedisRiptesne fiel d for dependency i nformation.
(In FIG 13, therg archfour fields.) Thgt sag& field could H%e rehus}ﬁd.. For
exanpl e, during r&PT S0 dBIFHSTFRIET P ARES DS AQTTES T6RISIEE & RIPRIdeRiIVIEhROIpISe| g
coul d be use i i r: I i ri : | ay
of instructi gongjgéiélbgﬁtoﬁéﬁf&n c}ﬁq%aggiggif%reﬂ%%%t %&Qéﬁwf@%]?ée %ffl’ ?‘lgén%is'g%@to
list instrucbitgnsdadeprRedasdifien ddagissdsere rsed to ebGputPeRedsiRRgMgaNefatthen and
decoding circuitry 218A could include only one nodifier field and one

modi fi er resingttenstruckinn K & wiidien tietmcabefféfrdira) Al ternatively, dependency
generation and decoding circuitry 218A could include nmultiple dependency
fields and regi st &ose thaicgsaisad Aerying BISHRINEATERINET TEEYMEBNT? YEILE tSTWIIBeISA may
determ ne depqn(&e?nci es f?tr onl¥ a few inst rtﬁct bons at af¥i ne.. Data array
214A i ncl uded™8 NiAFRESEy [ERFDNPY McEssay aan g F £onenf §F theBe 'S Sy count
field for ea ' I L 1, D. : I 13).
Al ternativel gﬁfétrﬂgtaggﬁ%éﬁgsf 1% {Tlgt}t‘%{bg'r f??e%r{ﬂﬁy’égg’lg?og%ngu%@%ln%@e}?;%&ency
generati on amehGhefE@dad the§ iaFCil ihstyuctd840)EKIRGred@t & & fi@Yindd AR FEC @RsSary.
There are two reasons why it may be advantageous to keep data array 214A
and dependencynigetsef Riliipnotarededexiydiifigrent asauresulyofAtBAicsiopdd aFer exampid, the hey
may involve different read ports. Second, in one enbodi nent, dependency
generation asBMgRE SdRARIEr theunstryrtion gyeulbeal bstifferanteif Ak samtsnty R iss 0do
instruction Cdl’u e arr A ZOéA. and data array 214A. In other words, in one
enbodi nent , ég‘gdﬁle c@glﬁr&ﬁ ¢ ISFYHY%hd decoding circuitry 218A reuses rows,

just like it may & §4 r :

possibilities. As h\?\ff?' %]gggfgg%eﬂdoﬁhﬂg?eggﬁrﬁ%ﬁtgﬁ &%gﬁﬁémg‘?% each
si gnal s when sb@ag opérahd YA iBBSucoa (&.?._, Bourt€PhAY Sslirdd 1) GheatOthed dependEndy94-
An array having a dependency field (like that for RL in FIG 13) may be

gener at ed t o fleicsof DA® arregt 206¢t. | lonsepd22an defttermimddhehdtivadhé asbeiated ibens s& be
repl ayed. However, for a load_instruction, the |ist of dependent ,
i nstructi ons "HEGET 30 Hstdeecisddnistedt2Saci therbit ingesister EHAIS nait 6%, thee thei bist

in the dependency field associated with the register is set to a logical 1. As stated in
step 258, if the bit in register 240 is set, the source dependency field is read using the

index created from the modifier register (230, 232, 234, or 236) for the relevant register.
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the case of registers. The dependency field for load instructions may be in

- dependency wengsiasd on and decoding circuitry 21 S. A (in Fl Gpdrsos2e6{o€f

course, load instructions for other traces would be replayed from ot her

trace buffers.) In one enbodi nent, dependency generation and decodi ng
circuitry 218A is used for dependency fields for both |load instructions and
regi sters. The sanme field can be used for both. In another enbodi nent, the
dependency fields for registers is in DAD array 206A and the dependency

field for loads is in dependency generati @ and decoding circuitry 218A In
still anot heNegiThoshatFank ste})h%7|@1@%hr@§'déﬁé%ﬁém thid &@B‘&%@%Wm&%h{]e&
all instructions following the |load arc re- execut ed) so that t ependency
field is notimeedeth defendénBe bliavsigeqisgice OR @Q&attdnms‘ﬁhleaxdcewm bpdr SO | NY

l ogic (such as replay triggering |logic 284B) deternmines that a source
operand (or @tlHéf‘rtfa\t?%bbt O\Ramlejz%asﬂﬁaeln (im whickdindtipld)bits rd repggensad sthiae
correspondi n &{er uc&oas trgge buffer 1 14B) to dispatch those
instructi ons ”'”HHP G110, Hepactied registarnandnedifissi ct ed

t t hat
di r ect Spﬁﬁa&qﬁrecfﬁfg ﬁ%a%%gaﬂ R AR i P Ehot FerBmRfoncy
field of the DAD ayiiidieshdtt td® 5&@% 1QHHcﬁ6n% rE@E@P@#br RRQbREL 0@%9}3(5,3‘1?%,'6?

FIG 13. The identified instructions are di spat omthe trace

for executi oR3jande mddes vilhe dfrediseatd30mB2e2346tani N3t AR X @k Q) er
(which is the program order). For exanple, the instruction in instr IDO
entry is di spadersep 212, p‘mropdlﬁod orts at repiser 3a0rfortl InendaR2 ara ehetsd.r TUhérkfode,i N
the instr ID 1 entr ry. er, the_instructions may be executed out of
order under P‘P\‘Eré@ﬁt-rbﬁl lhsﬂeg%rr?éa@r Brlddytgdorpl and B@ areeach setdny inmewakstor der

r ocessor. I ts ar 0 the instruction, dispatched fromthe
!tor ace buf f e?ﬁ?o ?I’I]) b gp i fcéf Fﬁ@ﬁ? §4lfﬁff pounvjVethaddsmanas § in theqq
regi ster rengy Bgms(r@) (pyllﬁ?t?x?ctfohqo e AL r@;hkt@stﬁ aﬁ’%@re}‘oqpl%qpls Maced in

renane/ al | ocate unit 150 and instead use the PRID from t’he correspondi ng
trace buff erregier(23), hipassg (e At e GOI0RS eleahyst aetdntingiridiRn@hisdif,r om t he
DAD array as if it where a constant operand in the instruction. 3 MAY
2002 WD 99/ B@erfeﬁlmwrai’ﬂﬂs 283,p134i areld 23 hrepomm Eqbo'mcark ). HTHe & 8,
the "Vvalid 1" ) 2" field are bits that are set to a first value
(e.g., a Iog"‘é0 e%‘?—f 4& ’%ﬁr‘r“éé6dﬂ$Fﬁ@g§B‘l‘}r}%‘e}‘®ﬁl§F%ﬁH’d8¥edaﬁf{ 4nriBtructipn has
been produceg/ LRX.D& Gea. the destination of) an instruction from outside the
thread in trac FgFe1 14A, and a second value (e.g., a logic 1) when

the source operanq*h&eépe%eea idid kR iBas,h&e lergﬁé}g@g fa{sﬂmamahﬁ H.h

within the thread. A replayéd iInstruction at c romtrace

14A may haveof instnsaiohde. DReRanesicaetased d&ﬁﬂnﬁ@fifn@h1If@m5eg1§zéf)v4\da£mgm9géz té | f
the valid bit in Instruction queue array 202A is set to a logical 1, the
sour ce oper add. fslogwell isplaceddn tHedR T anlures pOmdilifigd vedisier 2340. ARE D in negma array
206A. I f nei er the value bhit nor PRID bit of the DAD array status field
is valid, it %ﬁ?éesFﬂ’é lg%ﬂ’rcﬁenéberand regi ster has not been renaned yet. In

t hi th L h th th d PP=1D stat
bi 15 havi no | ogi 3 ShEPBRYAf et ftﬁ%ﬁgﬁrlgwtﬁdnwﬁo%%“%ﬂ%” Sy

al I owi ng rengReiRLUIRE t I k regi ster
renamng) as it norma%f &ggi%er 24&5[? ﬁﬁgpcg%%{eorgﬁ%g e&lﬁg Val |§ lﬂﬂ}dg ﬁtg‘f)assed
al ong with tDhes,itsmbdifict edpidiérs GoraRl cx30gibhed R? (429, iattedAdkly bribPid @struction,
renanme/ al l ocate unit 150, which in response thereto bypasses the renam ng

stage. (2) V&, e uset afan Irfdex h&egaler d3btdntdios a & feoustaetiopéd.atisk depetddnciyo a

| ogi cal O, ':TEe i nput operand conmes from outside the trace. The source

regi ster nangciidoymsgustpndOda arsty ihief Dé@ aratr 2064 b 0008 ARegiser 932 gentains PRI D
frominput register file sed ng with th |nst ctlonto '
renane/ al | oca'(Ei](£C>rLJlr§1 ?”%?@)I%V\ﬁAEﬁCP B%Yp%‘ﬂgg OT IR IgT &6&@% t'He 11 @hani ng
stage. Wet h@ﬁdérr}@ep\/@d'ﬂ grlem)&lchlSOﬁ 20041 and Ploogashy ldlﬁg?éfgge?l i1 1§t fadeat l o

the val ue an
thf: dependency field of DAD array 206A for instr ID 2. R1 is modified by instruction

I2. However, a | is already in register 240 for register R1. A 2 is placed in register 230,

indicating that instruction 12 is the most recent instruction to modify instruction R1.
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PRID status field bits in DAD array 206A are reset to or remain at a
| ogi cal 0. This achieves two purposes. First, it ensures that a l|ater
- dependent iwstawuacisbon di spatched before the PRID is copied i mtDUSY826e08t I y
fromthe rename stage would be allowed to be renamed fromthe renane alias
tabl e, avoiding the use of a stale PRID fromtrace buffer 1 14A. Second, it
al so ensures that an instruction will not retire until the | ast execution
instance is witten back, therefore allowing an instruction to retire only
when all data m spredictions have been corrected. L ~ VHL LUUC WO
99/ 31589 28 D. Second Level or Final Retirgnment PCT/U898/26408 An
instruction is fi Ib retlreg f,romtrace

Bp i

instructions for RBusHA S 8%“’%398 %Et%ef’%fa‘eéh’aa 'i’i"%’é‘b?”e{g‘? 804t s
that bel ong B?rﬁsbﬁ’cdo’ﬂslb“ﬂ\? rgﬂ:%lh Va%d?@%@ Vo hfch o ﬁh@&rﬁ ?ﬂ;ﬁstéé}emo%ﬁ’a an

instruction is finally reti en It can e assure instruction
has been exegefregnithd mstmalmrrlepracanurr@@stepméanm 13@5@@& paédicketiried in
order. For exanple, an instruction in thread X cannot be retired until all
the previous threadsh hespectieenstnetion &Y pfior & instrimionridt undet sep50f thel |t he
previ ous threads_have been retired The instructions within a thread are
retired in ofeRshifiedspip Hbr@gntqrﬁéwqr | 51861 toHal lér@rarep’ééath?nrqsirﬁfrré@glrs@rrent

b t d Fi nal t ' troll d
o rement | g1 0 54 aneo%ﬁ#‘é%i?ﬁ?%ﬁt?ﬂ%rrg G FiRIR A et PR or enent
ol o {1 g R GhHETH, | d Gk RUEARE B0lSk e ki) ,(s%r)m??rw ce

i nterrupts, exceptions, ranch spredi ctions I'ocat1 on of

trace buffer A0 aMaB 7I081& iE 8300/ TRd@NRidp B2 1hanskit4)ors bo A0 (ragurche B idr
mark stores as retired and to issue themto nenory. Deallocating entries
may i nvol ve rbvi)ragd &0D@ atlereds nd eource) idd$00.i Diedle foed, dW)O stpdacediimgter uct i ons
in MOB 178 are not deallocated until after it is certain that associ ated
data is copi égrensieasy BelddHeAP W)@@éétfﬁéfo%ﬁﬁﬁr@“ Det ails regarding final
retirement of Ioalc:iﬁ and s ore tructron in MOB are descrrbe%@?elow
9% B 6

E. Menory System i e|“F>(r %S"fJﬁ‘a?“ & BBy WW“I@@“’H% FIG

VOB and mat CRESl ﬁ@"‘nuégﬁr“zfrstl? é’i‘ﬁ%bmu%{ THE PR g

178Y hol d copags ®dhahpafh rapidiesd 0231984 USki spof the traces in trace

buffers 1 14 A 114B, 1 14Y, respectively. Load instructions are held
in | oad buffers 184, dejpsﬁcﬁa)ncy mfprrﬂ,ﬁib\f ma&t lor wsed bstschr:dt:iebmaama 36l arin store
buffers 184A, 184B, ..., S4Y. Conductors 292 represent various conductors

that carry srsghraiuée/tsweamt hfnrﬁﬁwmreiyrécmnemw dpradraey iYOmYAiIgs ovi de

I's from MOB | t buffers 1 14 t buf f 14 t hat
2 Poaa i nstruct  orl AL d GG SPORPAYB ARt UPE Py DS UBP B IE o

variety of c | / 26.108
29 1. Store %uggf‘u grmsﬂc andﬁéfgjégfe ‘f'ééf}]s%rgé Qg-lﬁ wziyl ‘SS% %§F§ﬁ§§ rE’Qﬂg,Ui%%ém of
a store buff ejufftB4A eXdcE khdse rr[s@ﬂEl‘?&@riﬁa?lthlaV@tthde?érﬁ’lé@cybélfsfﬁf 8ndl§hB them. ,
184Y. Vari ous ot her enbodi nents could be used ore buffer 184A incl udes
vari ous fi el der feptayr ddewofer steorsemipulidvenheeffeact eScredtangtbubbles yn ite pipkdimei f i ed
by a store buffer 1D (SBID). Rcnanel allocatc unit 1 SO al|ocates an SBID
entry to eachARatbereapprezch irctoihsie wr&mr@mpgedfbwr@@kmﬂ%@h&fame@s&@eut ed, but
not on replay. The store instructi onRgﬁs the§?@ng7 agot val ue nt|I fi naI

retirement. #8?‘“&‘8% VSXPIHLIOPESPIaY, ReEIR @ o7 BOEEH S eS
I nstruction ) eI 39H10|'§§Ma¥d\§ﬁg%dud ng%Hm%%%%qorf Lxlégrs'teqnﬁétta9r2%8l

etc. An LBI D ns a Iue bel ow,
illustrated iiAciubi&s ind31DMALREST BIFHAEIJNE fHat ax\e/rh%ﬁerﬁramecmxregxs&fr RINStHeUl he@fin
queue array 202A (in FIG 12) holds a store instruction, the SBID field of
instruction careye2Glracays goiakrhol s entire 1S D ¢hdts 1ndﬂsmtucfxomqu¢dmearmyt2(32/ﬁl n
store buffer 184A that holds the store instruction, and the LBID field

hol ds the st ofis EBWJS verty fesiaeadingsfromahe tstrugtivatbuffe 4 blsrck afriestgienson. The

SB1D and stor Bl D acconpan the store i tion throu 108.
I Lhat _enbodiPAENES 2Eha) BBIER Harti GRES RO o g i daetprer 2ot Bpse
butfer 184A. gy, decoders and pass each one of these indices that were obtained from the register

array into the decoders and instructions 10, 12, 13, and I35 can be read in one cycle. The
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An instr IDfield holds the instruction ID of the store instruction in
instruction queue array 202A. The thread buffer IDis inplicit in both
- store buffevodBhAscand the trace buffer 1 14A. An op code fi elddnhlsdgsdshe op
code of the store instruction. A store address field holds the address to
which the store instruction is directed. In the illustrated enbodi nent, the
address is generated by AGQU 172. An SB address valid field includes a bit

i ndi cati ng whether the store address is a valid address. A data field hol ds
the data to be stored. A data valid field includes a bit indicating whether
the data is valid. Separate address and data valid bits may be used because
the valid address_may arrive at a different tinme than the valid data. Both
the address ragigietiai aTay FPwe bpasssrblade therigpetherfispendentiohieldds exeleds radoreUnder

one enbodi nent he data jis .included as part of the i.nstruction. A retired
f1eld i ncl udeansdefies ¢ Hik eFe Lot e Pl Mpebra@Rreryi c 1ea
I ndicates the store instruch)an gHoukdeiedidLaanth gﬁzécﬁ_@@ FSHg A

confirmation is received fr S been
conpl ete. Retirenghde Biffdroadsingnde dedcdorMitud®PR ddid: 881234 88 ulation errors.

PCT/ US98126~08 30 stores is discussed below. A replay count field includes
a replay courdcortumberorcamibodsnasit of therintantibhecack phaybudtuhis fn ebitguodes RAD
array 206.4 in FIG 13). The replay count field is not necessary. Under one
enbodi nent , fde gapheldp Heregister emtedf Hie aseqsiagdBrend|apd grdeputregister file and
there is no re Iax count field. EIG 24, illustrateg oae enbodi rreJ‘nt %L a

| oad buf f er "¥EPK MRFREHET OS8R HPRETE YoRTCFSE BT &p Brogggmorder. Thegoy,
Various othef,. j | ed-. 1 ' vari ous
el ds tor rosthrodRat Berpieisaf sHact et RA%APHEL®hs FROMELERTE" 2| Cad
buffer 1D (LRI redreeramme/cahl RS atigdbiRE biidn, HRridipk 05t @R a2rd BlalkhgAtd y 4 0 each
| oad I nstruction en it is first fetched and executed, but not on repl ay.
The | oad i nstgset.i Dine baserthef hampul Big3ardilaés upttatdd dnilnafierraeddntrienh, . For
exanple, in FIG 24, entry LBID O is allocated for instruction |oad O.
Entry LBI D Mepaibgfbelest ed for instruction load 1, etc. (The LBID entry

nunber and the S field be called.a MOB. ID). An SBID.fiel nol di nD a
"| oad SBID' val US;I Igésigiaﬁ%gg ﬁBJISB%F CFEbOH‘I”Fed‘ésc?fa”c“e‘gﬂ"W“}ln regIgeT Qlﬁz%ﬁg‘ face
enbodi nent, n entry .of i [ e r W4 in. E 12)

hol ds a Ioadb\,é{l@négfépu%_%}]gn%l?%% r%%%léuﬁl}eézl%ngﬁ [lyaﬁcsef%ruﬁg{}%%)qég&é@%ro#h% 202A
hol ds the LBIRJdNARéntt 86Nk bE Les. thBp@Nbiviet Niel WRA dfihgut d826r fikat1oppl ds the
| oad instruction, and the SBID fi e?d holds the load SBID, if there is one,
for that thensudseViehstdrPRIDJRId dittea &iBLDhaldd TheaduSHidN ariiamgzametidia | oad
instruction through pipeline 108. In that enbodi nent, the SBID field m ght
not be al so vVahé|valdedr ralioBRID isfedd intgo Xaluawr PREP diejd Injoar gmboigrent Hbere

i nst ti D of the |oad inst in inst N 202A. Th
i ead but f dF KIS ARNRRE & PHEERIE ) Beifobr paPodmon. HHEF Sl bF Hesuiny or
114A An op cade Lieeld,holes, heaaR 600Pa Ol kel 0a%] B8hE Uk BPond | 0ad

address field ho he  addr ess Foad I nstruction lI'oads. A

entry valid fiel dvoBehaiGh@erugd 10 ih el SAIHpNOddsBEb&IHbbYe invoRe Wilifersy] @
valid load instruction. In the illustratéd enbodi nent, an address valid
field i s notandRA, neiekkrd odiidewt s radoiisbs thehiastiradtive afl yn hesencgeneithirethe by ACU
172. A PRIDfield holds a PRID fromrenane/allocate unit 1 ~2 which

i ndi cat es t Haredéhat insludsa instrubtinnd O dawarst.itomyalpqion PRID &giregistersfR] and R2. SB
2 3 MAY 2002 9! 3] cTi.us9s; zbao Ht, SBI.D, Thread D, and replay
count field ‘t’?\’/‘\ﬁd gﬁé)’%?ﬂ%@ g%yn%gﬁgb%ﬂéﬁﬁzef%#%he M 1R FXeFuLpm LSRG and

are describ bel ow i n connection with execution of store instructions. At
the tine store and load instructions are first received by rename/allocate
uni t 150, entri espéeirinpl@TFeGand al BathatASITH0H LA Re BbAEOHEbEHhuD &l QEE
buffers 184 and | oad buffers 182, and entries for roisters to receive

| oaded val uefie@08B dlr watvatiet N ABgbBA elirrdrt hieredbGitanice dderts 68outginaggister
entries are not subject to a first level retirenment, but |like entries in
trace bufferfle2104 (inteargibnffal | lddatfererimmédiatelyimegedingttiicagrinrprograscorddi-ngl vy,
entries are not reallocated on replay. If a store ar Load huffer is full) a
store or | oat"s SREtRaEERN eAT, beraadset theradypf e oxRP RIS P Wmcamy MBteding s

through r enalr}gree/aglolr 8L(1:r%gethlé %Irlgginal execution of the preceding thread. The comparison is also



1 SOuntil an entry is freed up. However) a |oad or store i nstructi dn3tMa¥ 2002

is being reexecuted froma trace buffer will pass through renane/all ocate
unit 150. 2wa@enpsasd sons of Load and Store Addresses Referri rRETVESHLEE085,
in programorder, store !vl?: in thread Tl is executed before load i "~ is

executed in thread T2 . However, because of concurrent execution, in tine
order) store MX nmay be executed before or after load MX. if store MX is
executed before load MX in tinme order, then the specul ative execution of
load MX will be in the correct order with respect to store MX. If all
instructions before store MX in program orger have been retired, then it is
certain that | \ ~ i 0 : r k ogation
MX. The corréc ﬁ%é}hueeg}%s(mtthéerebﬁ%ﬁe@ P ﬁtgtg %\%\%gﬁlégxg{?g&b&eﬁ{q%ﬁ F’#t’ ﬁ%e
threads were Jofpal¥ordR dnlly REELK (RY ARESSRE retkémdlorabd prebRtifdighdQns before
store MX in program order have been retired) then there is always a chance
that the data for $irige eM¥nt Soult efgees tomBarisoantyrasiparadtdr 2808 eTHX i S
executed after load MX in tinme order, then the specul ati ve execution of

| oad MX wi | | gootpapieon is mits tedeteelcipeanain emarh Makgecta didfestnge betviéeanik t her e
is no certainty load MX will |oad the correct value. |t would only be by
coi nci dence tIRBY! PAEUERBN FeRiyen ey ah QEOPBOBE’QT?\OMWW‘%‘(S%%‘F@WW {or

the data 11 el g 9lidl6 SL85e WELEL ORI N LAg,SL fi6 MEMUIL 5kgre WX T

finally retir ! I e COTTectnéss o Xec

i ncludes vari le%?lhqg;l%ﬁi h@nﬁgﬁgrcezsa‘grmycsdﬁé BTERNESREN RS 1YEERplayed
t hr eads. 2 MAY 200 &9131 89 32 a. Execution of Load Instructions

PCTI US98 2640&i1Bafeahanged regidict siLEdCTHeaiepesdeaxe Ouldatay bé Sscddgreshyi s
conpared v~.~ith the addresses of store instructions to determ ne which, if
any, store insigearotg lopici284Bhdheleosresguasanied bat thatikdngad valuen are ithestlnmeteiyon
(CEMSI ). "WMatching" nmeans having the sane address as the | oad instruction.
“UEarlier” medRECt YduesHis) ede @R YashesitrR pYQitiq Bdediegr Pradisst Mfepyrelydn

instruction. "Closest" neans.there is no other matchi,ng store instruction
bt veen the EkETSRsoT R dish Shions Bl o be RS Hale B S n RuFT |
only one earljigk, matching store instruction, tt is the CEMSL. If there is a
CEMSI, tilt load instruction reads its data fromthe data field of the

CEMSI . |f there i siréhe(@ahRdimémeiht dadctiorsdirduitint fun atthleasd indhsdedah aufpuom

menory, such as data cache 176, an L2 cache, or nmain nenory. Data froma
store buffer regteofilovemonyutiregigtersidec eompanabr M sk@Rateth domral cirewmtry ¢o detect
entry in trace buffers 1 |4 designated b¥] the thread I D and. instr ID. The
data may al soCH@INFRCFYIBHOR BTRIRAN Hegr<toas held 1p s §acerbuficr ghay incjudgs thegnmrted

by the PFRID. The data al s e stored in.data cache 176 dependi on the
cachi ng rul esre(gg}eé%ﬁe'vﬁ %Qﬁrﬁgboq??]rﬁaﬁh eGSR ”celf’cr.y)cf)m%/fﬂf]ﬂg‘gsqr%ewa bypass

because it capfRyRasscitgyory, such as data cache 176, an L2 cache, or main
menory. I n one enbodinent, a different conparator is associated with each

entry of each of speng ehathplel @fdrifdtot KIGrakaheabIaris seofemaehmwadand e addr ess
of the load to be executed and the address of store instructions.
Conpar at or 32@ssbriatel &itt2Badedutfar bdddhpleeahd! iscbeimeediataty preaeding tvwead on

address and the store address of entry SBID 1 in_store huffer 184A.
Conduct or 322! IS SERTEBIES O RS 1ot SEriat TdoMpHssRDracipcall
connected 1o MR COM Oy £lehSubrY 0 0iea Sl OB SRLRoPALALT] Bhie 181D of
immediately after the function call. The contents of output register 210A as it existed
at the function call are copied into input register file 208B. The instructions of thread
T2 are executed speculatively based on the register context in input register file 208B.
At the time of the return instruction, the contents of input register file 208B are
compared by comparator 280B with the contents of output register file 210A. If there
is a difference, input register file 208B is updated and the effected instructions in thread

T2 are replayed. The comparison may also be made at one or more intermediate times.

This may help prevent bottlenecks by more evenly distributing replay of instructions,



‘ wWith respect to the load instruction to be executed. The CESI is inzt%yAY 2002
store buffer that has the same thread ID as the load instruction. If there

- is a CEMSlwodssuisoei ther the CESI or earlier than the CESI iPARTAISO8REN

order. Renane/allocate unit 1 ~0 keeps track of the order of store and | oad
instructions in the programand provides the SBID and the LBID val ues. They
may be witten through conductors 126 to trace buffers | 14. Under one
enbodiment) if there ~s no CESI with respect to a load instruction, then
there is no | pad 2 3 MAY 2002 WD 99/31589 PC T/ US98~~6408 33 SBI D
associated wth that instruction. This happens ~~hen the first nenory
instruction g nezaytéa@fg@aaoﬁuanalQégqays\{iirfbpé& n;ﬁ&hﬁ'égﬁ{ & IR P eI LGRkAO handl e
this situation including renane/dllocate unit" 150 sending certain signals
to indicate ¢heape merenfay ahdeddridadhSRBinBriod NE @ET BY oMhaPrealstd fide Bidonstantly
descri bed bel o~~, may be used for this purpose. Consider store and | oa
instructi onSChangltrlBeltm\'Ihwdcngatpc tghavmaoimtermediate beff¢r thdtoeeivies Itlocaebn@erss or e 2
load 1 store 3 store 4 |oad 2. The store LBID values in the LBIDfleId are
i |1 ustrated PHPYLTEREIHERF &0 8T Ae camBanwadhersBRrD DG AFNeSN ihE $1CTEBID fi el d

arelllustrat?dl } c}buffer 84A, nple, the 2 in the SBID field
of LBID entrV’ eﬁ‘& HHSE apd e W@’Séetrgﬁ%‘gﬁgt ruction at entry SBID 2 in
store buffer 184A IQQ l&?ra%ﬁkg\ﬁht E‘a{ﬁ??%?s&? cB%@xxé%%d?dsgbgit%clﬂ&/Eénoﬁf glr;'l LBI D

entry 1. Instructlons stor store are er or
earlier thanrdopad flles addigplittebis@NS1cS bO&codludbRIA 64 Contit14:0206 ZomdeRt yRUNger
or later than load 1. There are various ways in which control circuitry 302
may det er m nmpwhicglstarfiilamythshopepunstisies filoof ¢ash thhee GEMBkhat Exaldploésthef t he
wavs are discussed in connection with FIG 27, wherein store buffers 184A,
184B, 184C, H#f$ PB&B*W@%@YWCVd@Eé}FYGB%UHﬁwg bie gunBBcad happrggeame order

sune,t hat

B ogr am or depf @‘t‘{]aﬁfﬁiﬁiowa%aﬁr Rl OTReict eV oT SHERATE 2d8 . 1
e exarpl o 1P Lo SIS A0 RE BRI 16 b, LOBHRYER S, ARG,

and 348 are gllg@lgyubgmA sGOWH YR FOGS. W addhg . various conparators. Conductors
362, 364, 366, and 368 provide control signals that enable the conparators
to performthe coidpeaiss ontput hmd ghiphfrepisret fiesheidli previtis cittwontvabie omlarIﬁUDLry 302
enables ( 1) the conparators for al | entries in each store buffer

only those cH¥pamay 68 venatmalt Biangy Betsieon eccBivifegonieals in g anAU Fegagen fDet hat

is the sane as, or. ﬁ 3 MAY 2002 WD 991 31589 PCT/ US98/ 26408 34 rlier in
progr am or def"? PRiRE P& 19 BXFEUICHEITUGHPTSOHING 4 Ieiskd [op, the fpusTeesiigry e pvd e
conmpar at ors t e I Qg an
The Toad | nsfonor el st HaE FEhiihy e ALY SLelP it SR O dRs 00

of the storeekagtléyg{}b@gnsnd ogthe CEMSI. In FIG 27, the store MX
instruction in the upper portion of store buffer 184Cis the CEMSI. |f that
store MX instruct il ewpeozechihiat inAnys inotrect lonk fweh bt 8 layeti Beverdlhen&Egsbmaoul d be
the store MX instruction in store buffer 184B. Wil e conparators and match
det er mi ni ng FYYFEOBBENGE WOTHShEF HidhilirgusthieetegisenBles of the yaupwaihreagds) ookup

b d t h d oth - d f.th
'S no. CEVEI . AR, et SRFAPTRGEd ek 1 60 PHErRS Fiet A0 e s log) ¢
390, which proyi das 580 eiBl FIUFLOL 10, PAMAEALS oHIBIDILad P2

passes data from menory’ or
substantial increase in instructions correctly executed per unit of time, and a decrease in

the total time required to run a program.

2. Trace Buffer 114°

Referring to FIG. 11, trace buffer 114A° is similar to trace buffer 114 (in FIG.
10). However, in trace buffer 114A” the dependency field is generated in dependency
generation and decoding circuitry 218A after it has been decided that an instruction is to

be replayed. While this may cause some initial latency in replay, if the issuance of



Under one approach, there are two priority determ nati ons made by MOES MAY 2002
control circuitry 302. One may be to determne the priority of store
«instructi ongyddNkgd store buffers. Another nay be to determ mpeTiysmspswoOrity
of the store buffers. The determ nations may be in either order. A carry
chain structure may be used in the determnation of the priority within the
store buffer. For exanple, in one enbodinent, for each store buffer other
than the one having the sane thread ID as the load instruction, it is
determ ned which, if any, matching store instruction is the youngest in
program order. For the store buffer having,the sane thread ID as the | oad

instruction, .it is determ ned ich) if Y t chi.ng i.nstruction.is . the
choseer o By b e rR e T e o e T e Dot e it

det er m ned i f t 1f £ en i jnstruction
have a thr e%%°§ﬁ2%9@90%3§£§?%£%# gaé%%%toggﬁt\é? p?% t gﬁt%%g}é'd | D of the
| oad instruction. 1Rtk nibdifngns db8énd¥RYy P&efiibs UhdteBYSr @A Y hods @

head and a tail. Initially, store instructions with the greater SBID val ue
are younger . dioyweneficiddsr ddpandeneptiifoasatame (teBlG.dGathect andowl ficddsa)f &dlat t he
tail will eventually Tap around so that the head points to a higher SBID

entry than doesefirdd eeuld be reyserhel @repamiplee Aerincreplay 9f Aisguaidonsi dependzngonpy
200 WO 99/ 31 589. ~c S~ s 3~ is toggled when the tail goes frgm the

o ghest £0 t HESIBRT MR Bt et e B B Bt i SEge e et R Doring
determ ni ng |agqj ~ . j Sifelc S j n tar e

i nstruction iIgs%gfg?(é)zlﬂrgga,p“?rﬁﬁgﬂyfggosﬂegégégn]%é#% vmlét dl?ﬁé”‘é\ggruégdst@sl%gf | oad
instructions heraebat BfadMhiorRegitibr Rﬁ'}’ctc.'B@&nﬁ&&ty%éﬁ&r‘a98§aﬁchééco@fr% | at er
in programorder (fromthe sanme or a younger thread) have the sane address
as tile storecitduithy USA cruld Actide saBt oreahedifitrdidd mborcuabdidlr (eGlstdr) (lpdilGt ed
to by the store SBID designates the earliest |oad instruction that may be
consi dered. | M, dmese ervifodi ménteinat vely f depeadnncy eppraztnomndidscedisg cireier 2W A h
each entry of each of |oad buffers 18 0 ke those copparisons, One of

t he conpar at O?Qél?‘?g‘c@g %R]6He%f?ﬂ?“‘iyl ff‘iﬁéﬂ”ﬁ?&%ﬁ‘?ﬁ' %cﬁ?“ CY RERGRNPIANd,
exanpl e) conp or 324 | SQCI W t I . | ffer
T2n Compar seeU s £1E e H B PR EERIL bbb OGER b Yo P fed ifbichBls B4

i nput and thejgaddress in the |oad address field of entry LBID 1 in | oad
buffer 182A at another input. A signal on output conductor 326 signifies
whet her t he addr esPes aamag 2t e isdad:s aCoxideiot PRICBA6ldas Swalks biafeldpdrpireplay
conductors from ot her conparators are connected to MOB control circuitry
302. Conpar at erunt fisiddhr eachdostpl? entay (328 PARAgTay 4604 6hpHPR Krandu)bi ts of
the store inst{ucti_o w th statu? bits ig&he Igﬁ)d buff%?a descri bed

bel ow. FI G 28ltFDadyqly, e coyjens ef dats armpppli/e Fould pemuEin Sapepaensy igrBE Al i on
addresses in : s . % j h of a
ctor e i nat ructoireps b Eubdalsh A BLF s RTRPLL tllck haly CrtE kR R

det erm nes whehbbgs VIS i GRlyax% a|d9?rqa%e!@>§§ [JEdep QR arfdy NBA SHIORGEABAy natch
determ ning logic includeS replay triggering logi ¢ 394 that provides

si gnal s on copcheedtimnant @dcdding eichudtag 21 840 sdpaentd. rEics, they fnay snwivecdhffleremdread
instructions are to be replayed. In one enbodi nent, match determ ning | ogic
356 consi der sPot c¥resndifin prraembaskmenic d¢Rsndenay RANGrAOISANGrdecPHSE ety R 18A

beginning with the LI. Different algorithnms may be d. Thread
nmanagenent | 08?‘5‘ nPb Y AT TBHYFOWS RS S8 IFTITUSHRP fPsdicdaY 2§1§g alngtdgf'a IS am

order than t hfr} Laread LD ol Eggogx%%[r)\ﬁ gégﬂd%ﬁ@%ﬁﬁraﬁa DSh g&%ﬁh@% 8H1u§ @%2‘

enbodi ment, all “conparators-are ena er enbodi nme
conductors i nrd g ﬂgg@,dju?tqm‘e%mpaéusaae,sémeﬁ@ fiRSs. eCHédd arkOodouk Rt Bfany Z 3

SAY 2002 WO 991 315
’ possibilities.
As will be described 1n greater detail below, MOB 178 signals when load
instructions are to be replayed through conductors 194. An array having a dependency
field (like that for R1 in FIG. 13) may be generated to list the instructions dependent on

the load instruction to be replayed. However, for a load instruction, the list of

dependent instructions begins with the load instruction, rather than with the first



PC T/ US98I 26d08 36 in programorder than the thread 1D of the Load 2.3 MAY 2002
instruction are enabled. In still another enbodi nent, only the conductors
-in the | oagvdud/fiees associated with the CLLI and | ater instruciismgsase
enabl ed The threads to consider can be determ ned before, after, or during
the determ nation as to which Load instructions within the |oad buffers
cone later in programorder than the store instruction. Under one
enbodi ment, detection circuitry to detect certain speculation errors in
execution of load instructions includes the conparators associated with the
| oad buffers, portions of match determ' ni ngslogic 3~6, and associ at ed
control circ.uitré/ Ether fhdl dfh tio mrcgil[ftr?‘/?gould
i ncl ude soneREY %ﬂnflf’é eheecds Weo rteulséer% E’r FQERI8Y €5t fof 129 det ect i on
circuitry t ool ains SRECH Blde g&&wgﬁgbﬁlo&]%a EcRAREULL AR Bl ARIih MG 11).

Different matc eterm ni ng gic co e used I n connectlon wth

pat h contr ol (bP&eseanshdrigfthaYiohd fod @&ck frdcdsQgdild bEAFRS el AronT bmefahacTshere i's

an Address Match The status field (SB hit, SBID, Thread ID, Replay Count

(i f used)) foufferhpse qmumg:erhmmtd"epemdencbsgérmratwhlaohl dedvelirg ¢ciscuary 2y &ss

match is considered in determning whether to replay. The status field

i ndi cat es wheseddpr dependency fi%ﬁtfpug@ﬁhdﬁacbmﬁwqt@namdarewm nEhsapne(feelg can dat a
hi.t fi.eld has, for

he 176 th f |d buf f Th
e 67 ®) Obe O BP ka6 ferREr SnbdraRers Ma dapendbney %H%fﬂdf%ls%b?rié”fp&ﬁthe
buf f fd d f
Shor S ore T er ardG0@ak AL IEAT hBld bPlAs: A feddiferpl fBnhalith b 2 | D ©

store instrugédodihd &rdv@ty DEsyessarily the thread ID of the |oad instruction
for which there is an address match. The thread ID of the [ oad instruction
is inmplicit in thénkohdndhéfeerbodirhent ipli@y isourtiof isekplayed indfsR@)e.jaldi cat es
which replay is involved. (If the SB Ht is 0, the data in the SBID, thread
ID, and repl dptreeuens follewing the lossard recaxeeed) softhaphe-dapeadqucy pickhis 605 dat a
from nmenory), replay event is signaled fromthe | oad buffer over
conductors lgﬁ?adFS the trace buffer identified by the load instruction

thread | D ang that i yon. and all dependent instructions are

repl ayed fro% t he h? qv dpid At str ID and thread I D are passed over
conductors 194 townamgtag s nﬁé (fsumsqeplmrroepﬂu@n%dm2343) detbfhin€002 WO
991 31589 PCT/ US98/ 2, 6~0 7 % (previous data from store

buffer), thethsahugesrcempthead SBI dbhdriigpud, value) RestbebDnfispeedicteandtrigzptsale count
field (if used) control whether a replay is tri %ered. In a first case, the
thread | D of cemespondingsrace dhfer Ghch hsetrmrbmiffculw llo dispRigh thase iistmceefsal s

the thread ID of the store j.nstructiaon, the SBID in the status, field of
the parti cul P! REaYTGGHYGF dv lreaHYﬁﬁ THERl % ¢ gpfRsEQfed ﬁ%“’§'€8P%Ta? got%ct. on.

In the first G356 xkfbﬁ’%él%qo's“%E‘i'&tthﬁﬁoﬁssth% SRt a¥eY) 'ofr Jﬁcﬁ\ﬁeclilg e }:é"f

the 1oad instruction an t count

If there is %@Gd&m&‘ﬁ@'fﬁ)\{nﬂﬁ%ber(d&ﬁ%fﬁ%l% @u&lpm Arf’h%txﬁ‘ﬁi‘etﬂrm Budfer anzhyo@%
repl ayed once at a tine), then the Toad instruction is replayed. In a
second case, ahtwhet or@ass IFIGn18he status field equals the thread ID of the
store instruction, but the SBIDin the status field does not match the SBI D
of the store instrihstidemifiedninsthvstigeccandispaisksd from thegzaseibnéfer fosexemutips in
replayed if the SBID in the status field is less.then the SBID of the store
i nstructi on, “B%‘Prdﬁb{%e ‘Eﬁl”‘%&y%’é? ?’T‘s‘t‘%g‘egﬁcbbPﬁeE @\@txa{l‘&prpgmomgr)g 84t er

then the SBIDQ ?%I‘pangm b trruectﬂogsltrnggtlm d'gls aispzmhc% Y%f'gr 1 8 adﬂr%%{?}% tf‘ﬁgt of

the status fie ore Y uction

this is an inf raﬁ%‘s@ﬂicu@ﬁ%?the':ﬁ’{tr B Bk i fdwe HRGRE nﬂf}ﬁct?deﬁ;inmec&@@ oupad
instruction is replayed (even though it may be contrary to program order).

It may be a fodlosderneptetic cditeollofachddnktisdne uniin S8R in aepbatyeitorded prots3sai. ve
the correct store data. Qther approaches could be used but they may be far
mor e conpl ex Gdrarol bgs presappkided th ¢he wuichetian disphichedlEam hasrace bifferCagukicate
Whi ch There is Not an Address Matc

h
to rename/allocate unit 130 whether to (1) do register renaming, (2) bypass the rename
alias table lookup in rename/allocate unit 150 and instead use the PRID from the

corresponding trace buffer, or (3) bypass renaming completely and use the value from

the DAD array as if it where a constant operand in the instruction.



if the addresses do not match) then no replay is triggered except i.Zl‘lrMAY 2002
follow ng infrequent case. If SB Ht =1, the thread ID of the status field
-mat ches theyvplseash | D of the store instruction, and the SBlI pa@afudibessmsat us
field matches the SBID of the store instruction. In this case, there is a
replay and the replayed toad instruction receives its data froma new entry
or nmenory. c¢c. Reset Athread is reset when it is determ ned that the thread
is not in the programorder. However, |oads from other threads could have
taken data fromthe data field associated with store instructions in that
thread. Thread managenent |ogic 124 sends,3 2 3 MAY 2002 WO 991 31589

o thread i roset s AR %ﬁﬁ%ﬁ'\vﬁbﬁﬁg&ev% ibad PaSCERELTche R, cvery
oad i every, gad, BUIEE (LEXERRY RORaRE o BFc oS ALA Ak SAEASRON 0 T

the reset threa ructions

thread | D i myd ey $xba}¢a§%eéd ﬁo@ué@“ﬁﬂf@% tth@dés'ﬁhﬁk%% dPaRinstliBusEHeh duigad.

The |l oad instructions are replaye romthe appropriate trace buffers. 3.
Repl av of Stubeehrbasinntect boffsr Akt AJesd bistmdd ablow és.¢.| o&gid hsihancthe smscar e

replayed in response to execution of store instructions. |In one enbodinent,
store i nst r ueRardidsionae inspilahescbden prediseh B ar gstrugian withiaghpHr¢asons in t he

trace buffers i ndi cat ter va changed.. For exanpl
referring toreﬁfaé%‘s inFuglRy g‘épa‘FfﬁgtfsorPﬁé’c?lL‘gﬁﬂq%f‘rf“?% B THOPEE OPg;p ,sthi ch
are store in S shown to be dependent on registers Rl - R4. 4.
Repl ays of I\gﬁf r%%éao fbl %structl ons It is possible that nore than one

| oad instruction (1 2aliofd aall,&aﬁlbwfifh@rvam bl ,m\g@uaﬁoatquéuefar%dvm@@ez%faho@cﬁtore
instruction. In or r to avoid conplicated | ogic, one approach is

control circujthe yOLBGQO}b@ardEIs&GEd whead tHeatoere ggoadingl vialyel @ I’Imadnmjddmasﬁy

mat ches and cause all instructions after the earliest load in the trace to

be re-execut A 511 peither tRevdlvebiener BRID budf ded> AP @y Ity fiddd isoysidWien a

| oad or store instruction is éo be finally reti regl fi na]Iai retirenment |ogic
Y84 Inhgs

134 provi desMSPHHAF SO476° PPARR 8ISt Ehes 1QUPesm FF RS ca& g that an

(ident i fiod Bo bRists ol PReRfa R e e 18 AED Yl phOSME I fenS lalues o
| oad instr UC{Hr  cdnBEctBNt IV add e | l@%ﬂo@h&f fr@rKan(é/QPd&Bﬂefdnﬁdl 50Yo bé}?or}rhr ead
ID and LBID is deallocated. In the case of oad instructions, final

retiremnment i slissasgit okup (regishe rﬂﬁi&ﬁng))fassﬁrmm;:ﬂll)ndcbd’sumﬁl@lﬁ’ﬁ,IDlef ivalie isovalid,
deal l ocation, the data in the data field nust be commtted to nmenory.
Dcal | ocat i onito$ p@ﬂﬁ@d elong yithnthe heste berethserfgheondurdohi@fcadivival 1 Hetoi r ement
does not occur g confjirmation i s received tgat the store . is conplete.
Al t er nat i vel JENAMSERLEAE Pnitdy Ophich HuTesponse therele) PIRAs s e ERRTINGSHA8n, but

real I ocation of ths) enk ¥ GAPR \ARE W, Y ddrGURLIRER L0, 4 PoglGP6 e

input operand comes from outside the trace. The source register name is used to access
input register file 208 A. The value or PRID from input register file 208A is passed
along with the instruction to rename/allocate unit 150, which in response thereto
bypasses the renaming stage.

Whether the valid bit is 0 or 1, for each dispatched instruction, the value and
PRID status field bits in DAD array 206A are reset to or remain at a logical 0. This
achieves two purposes. First, it ensures that a later dependent instruction dispatched
before the PRID is copied into the entry from the rename stage would be allowed to be
renamed from the rename alias table, avoiding the use of a stale PRID from trace buffer
114A. Second, it also ensures that an instruction will not retire until the last execution
instance is written back, therefore allowing an instruction to retire only when all data

mispredictions have been corrected.
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2 3 MAY 2002 WD 99/ 31589 PCT/ US981 26408 39 Signals on conductors 200 can
indicate to thread nanagenent | ogic 124 when the final retirenent of stores
- is conpl et eyandsiRe next thread can begin. SB Retired indi capesubdsaiss@n
instruction has been retired. At the tine final retirenent |ogic 134
i ndi cates that an instruction should be retired, a bit in the SB Retired
field is assetted. Once the SB Retired field is asserted, the associated
instruction is witten to menory in order. As soon as MOB 184A |l earns that
the instruction has been witten to nmenory, the SB Retired field is
deasserted and the instruction is deallocatgd. Load buffer 182A and store

buf fer 184A n@y be g gis mﬁtE.a gead and a'tail. The head is noved when an
instruction i Lof pi gmentar 184A, and trace buffers 1 14,

retirement and dea)Am ,,qur%lrchgrg,smﬂg)?a&%uct UL 2RERUSL Y WELORN (IChLERIRAL

| ogi ¢ 134 provides signa con ors
whether one ofy Eﬂ’%ge\)i)é{fsflﬁfe%di hﬁ/% &fired bR 81 %iﬁc\'eﬁrv%nt%gﬂm%ldn rt@@ﬁé W8tréttion
retirement signals. Denur 188 is optional and could be repFaced by enabl e
pons in | oad havkfbessset8Rednghagdanethbhigras idstdictidn 1s:‘iﬁdll§' irétral wheh erdamtbeon
Re ardi n~ Thread Managenent Logic and Final Retirement Loaic In one

enmbodi nent , t 4sserad the tgyeneunttiondgs bechZ4euged with theeorsrct smires eparand eBpesadsack
of thread order. Under the tree structure, the programorder (which_is also
the retirementrfed 0 ¢1deRs’ Ofrreb%ﬁl?lspamasrw'%eﬁ th %C%’@éb%ﬁ“ﬁ%mﬁll@ﬁt is
earlier in program. order nod th first

ot or r am or Gl PR areat SRR heP Kp& e Ratuss o 8F %‘é@eﬁfswewéeadg

ci reui try t haf, Rk eRRaL ffﬁrae lﬁsmelonwle@% gﬁﬁm fe dirt ' didEL & rgﬁé

foll owi ng a backward brarnch or ‘a function c That s, thréa egi n at

t he next i nstingehdiidns &5t dre A0rehdefdd agkemest Mﬁmﬂazlvwrsennnéndoaklen or the
function was not called (as illustrated by threads T2 in F1GS. 4 and S). In
so doi ng, from theFpelspeman & whtrallddhyeaa! (atioctednt ledie | pt.olgr @m eortwemeit
children nodes of the thread are in the reverse of the order .in which the
threads were St'afinegniierdugkisyirenssy inskiep(le commipmat °€sresvlhs 1] iFerdsr @yister

execution of T2 be i ns, before exeat) t|on f t hr T3,..hut rogram
order.  thr eadiFSCASEYIE BEFEPE TiPRIRISTSuor bRef miterediRionpy yalfsliecgih 87
PCT/ US98/ 26208 Ooulfﬂ:rgﬂc? 98 FRBLrce LhiE FURH SoBite GBS 1d Hafidloled e
renmoved fron1t%e tree: thread at t’he root F he tree is renoved
when t he threaﬁrenﬁcdraetmdses@uc Mbmnotrﬁtendmr eaﬂloahmtmuﬁmhay fvobBleifi®dng & Read
thread (node) that ~s next in program order becones the root and nodes are
reassi gned acpantinglsylesqrited Aelolw, swdc insauctioss IrastOB h7$amgreadediatetediustil
removed fromthe tree to nake roomfor, a thread higher _in programorder to
be added to t ABertilissertpiy thajjagsqcrdssedata iscppied ﬁfééal&ee@ed§6a>r|0§&rmqmqmst out
(LI FO stack. r enpv he tree
when 11 o ai Dells R RAD bR mshr Sibad e RS rEeRR B ML, <
outsi de a rangg heidkeond start count and an end count. In the case where a
child thread Is created at a backward branch (e.g., thread T4 in FIGS. 6
and 29), the gtart pMeoridrty $\Sstdrhe target of the backmard branch and the end
count is the program counter value at the backward branch instruction. A
thread started aft€Ga2¥ lllustratenthenbhe gebvdahed dfdOBsEB dfdd&ugentlhdeseMiOBsno
return fromthe function, although it is quite rare for _this to_happen. One

approach for dé&hi W@Bw + H7§Hewb6f§§f ERPrGSes dic ausehcs obM(Bs Ard f’@f‘&’Fﬁ rom a

function is to

t hr ead fron1tﬂ8%g?e tﬁﬁ& ﬁég @gfﬁ@ﬂ}diggtheh§%fhﬁ e%ﬁgg) ennve
event (2). pcﬁls&ga?o%gomen FIBY Al e A9 e 4 Do 1r1eeo%%@§1m0cat ed

for that thre (suc trace store bhf “and T'oa er) are
deal | ocat ed. 1oad instructions are held in load buffers 1824, 1828, ..., 182Y. Store instructions are

held in store buffers 184A, 184B, ..., 184Y. Conductors 292 represent various
conductors that carry signals to and from MOB 178. Replay conductors 194 provide
signals from MOB 178 to trace buffers 114 alerting trace buffers 114 that a load
instruction should be replayed. Control circuitry 302 performs a variety of control

functions.
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Events ( 1) and {3) are illustrated in FIG 29, which includes the threads

of the exanple of FIG 6, with the addition of threads T~ and T6. Thread TS

- starts fol lweisngisas backward branch instruction at point J anect/hsesead1086

starts following a function call at point K It is assuned that there are

only four trace buffers. FIG 30 illustrates the tree structure at tine tl

. Thread T2 is added to the tree before thread T3 is added to the tree.

Thread T4 is added to the node after thread T3 is added to the tree.

Threads T2 and T2 are children of thread TI. Thread T4 is a child of thread

T3. Followng the rules of top to bottom right to left, the program and

retirement orders are thread TJI, T3, ind T2. FIG 31 illustrates the
tree structure at tine € ad T4 is reset before thread T

1 retires. The program andeiel bETRIuRLASHS Qe LhALSAD AT T3 T2, and

T5. FIG 32 illustrateés 2 2 &s0m ng that thread
2 3 NAY_2002 Y02 A0H:3198PsRe ButASTg0s. 484 FL Vbl ehe AR ARl dTA | S
reset. The program and retirenment orders are thread 13, T4, T2, and Tb5.

FI G 33 il uskédatBsretthuier 1 8eA shdludet wadowtiieldsnfer tdys offstazh buﬂ“craefﬂneés teht | me
thread Tl retires and thread T4 is reset. The program and retirenent orders
are T3, T2) TBUrasddagifiedyri sto2)buffer iD (SR aRenahefaoaaie @it 1 hdligsaieaehudes

nested functi In ti order, the threads are created (started) in the
order T1, T2S %?fé emy ‘051':51 SF%TC RSTHEYeR Whemd lf)ﬁbsé?%i:ﬁ%‘r*’d‘ r"'xF%‘“fIdl unot gy T3,

and T2. In the exarFPC ?%OI'C m HJCII r?ﬂ Lthc¥amc9§%85 @%Iulnr é%[ ng}%rﬂgff nOt

all five threa% exi's

structure at eLhfpiet mlFIG’m'“CJ}ntI\LSSQg @rseaufobrte@rﬂorﬁslnﬁmtraré §dEniY @@ﬁé”l‘ %nd
retirement order are T1 . Thread TS is not yet part of

tree struct uratiocdddor AGtiutlidisdisratiesict h@r HBI@:EﬁSlHHMQImQ’S ‘Abret LMDt AludMhi Ch i's
after thread 'I ~~ has started. Thread T2, which is |lowest is program order,
is removed f rdgsartbae belose issillpstotted e HIG. Phkin Qf@cﬂmﬁoéimQMr‘eh@h aipenty ¢fhr ead
that is renoved fromthe tree nay. tarted at a later ti

time
Al t er nat i vel yPSTERBEhaYCUSH@Ydt Ondyf rbﬁgbdt)eh%liia é‘ror‘b@rs'tr“%to“t He SHS figldafons
of the thread re vedfromtl&eo.)t\ in the ca

reset, a thrédd )" néiyj oin lrtor‘ﬁdes lh%)%@“?(‘)}l‘ o@)ﬁ“h‘gei hre AT P AcKRLy %Pﬁgn t he

reset thread. lsﬁ\httﬁérr}%tlasvzﬁ!z ¥rord ﬂ?xr&é?foﬁ%drm( UB‘I'@tﬁe@@ SIS H?‘e éi'&fe'LBI@i *?P{h‘étée
ended. The functions of array 198 may be perforned in the nodes of

tree. The thrieagk, lffisthef the B@resirodtidn. tTheSBID akdeiqre QBID accp@phiy m&aﬂbre
according to programorder in the tree structure. (Al though the program
order as det énstiuggen Hyoudirepelineefégémint ethbgdimentheri iRt ficldanigbt nothetadisead
is finished when it joins or matches the program count of the next thread
inthe tree |‘ﬂ°‘bﬁ’eéidPérﬂr‘E)P'éfgerr 8- there is only one child of the thread,

then that is the R )[nsE beiagd hOld?q]%)Egl{l?lpl%CQLogqb ofF RL stgéaig?rh'@m hrfn FrLs?x"uc? §1’1

thread T2 is the nex hrea rogramo retlrerrent

logic 134 gaigws,d A-Qr @A OPhd fpdRdtdagret 198 x%atp'h'e!ﬁtl%&htsﬁbr@%ﬁﬁﬁ?oi@t@ﬁx’i@%el%
or straight fromthe circuitry of the tree structure. There rnay be

decodi ng ci r attict byffet MReNAh b codeficldtholustthe ep asut sftthestotedstudiont Ik erde
managenent |ogic 124 and logic of final retirenment logic 134. Array 198 may
not be requi ragddress figldholdsvh@address@ 9hichithg stoRCTAISIRN25diré8edi 2ln the sunmar y,
the tree structure provi des information for at Ieast the fqll ow nb

pur poses: ( 1 )‘S“E‘E‘ILF‘é1 %“?té@"ﬁ?)"éc‘ihfalaé‘%’c?séﬁ BF%ﬁ@ byAGEY 17 2)‘*%%8‘14*%%5 abdcifies

program or der P 178 a des q‘g? ({)ove

(3 the. tree teiCRellioBts b i@ el gt v R ety e AR ARS8 e’ g

instruction of,&net BGL 4 Qé\ﬁt@@d (ath bﬁld: £88 idSJudés g b lﬁdrt&rwmﬁwe @&ta

al l ocation by indicating resources are avail able and whi ch resources

get deal | ocatiedalid. Separate address and data valid bits may be used because the valid address may
arrive at a different time than the valid data. Both the address and data arrive before the
store instruction is executed. Under one embodiment, the data is included as part of the
instruction. A retired field includes a bit that is set when final retirement logic 134

indicates the store instruction should retire and is reset when confirmation is received

from memory that the store to memory has been complete. Retirement of loads and



G .An Enbodiment Wthout Miultithreadine FIG 3 illustrates a pr oc%sgsMAYI @Qﬂz

i ncludinb a pipeline 308. Processor 100 is simlar to processor ~0.

However, a wohaeeshuffer 300 is the only trace buffer and a MBr@$tkaesost he
only MOB. Processor 50 is not designed to process nultiple threads.
Therefore) thread nmanagenent logic is not required for processor 100. Trace
buffer 300 may be simlar to trace buffer 1 14A, for exanple, except that

mul tithread specific conponents are not required. For exanple) conductors
216 and output register file 210 woul d not be needed. Various circuitry may
be used to detect speculation errors, inclyding well known circuitry. MOB

310 be sinilar .t 78A,, | . t that nultithread .
Speci 110 fealFBe GPNGL R 50 A VARS8 o R8O BEG gt o
not be needed.}if (e Gady Boidielela ¥ BAD Ex‘?é}?%@@ﬁémf. IB) OFHE? r]aloq,gga%/obe

nodi fi ed sorreg\jr%at W th respect to ﬁﬂ%ll’ corifrguration i h processor

remove mul tifibiaeadbingceshat adndeeaheepbodifieat oote idirud@ch entbMeBlagddormy be
used in connection with various specul ations and recovery fromerrors

t herei n. Theotaeac e tinef drelrthedel iows repldyacapet heldber of instructions to be held
outside the pipeline for possible replay before final retirenent. Processor

50 coul d be used FHScdnHeeatemons ambodimant-ofgiead pitead Sphoyhighis | n t hat
case, thread managenent. | ogjc.l 2 uld s.keep the sane thre IDin
profiram or d@rpfesﬂl‘%[mé‘(%%filpe‘gh%fertsﬁ?glgd"nﬁ genBneys Oglb‘irfmlb?gm&edm EP"‘E‘gbe

di sabled. In e i f. toh rs. 1 and
only one of £ eg' %@b%} iagtrzlg\r ﬁggg.@?iﬁ%}?nwgﬁs\c}gﬁe??\stotrfé%ge%lg% éﬁé‘g%o%%tg’ be
combi ned to Emkyexsagiéx@m@rbytaﬂ@@&b@ftﬂérflgr(L@]DEN@%%%@&@%@q)sr@hﬁr&qtefsgnrmke a
| arger MOB. H. 'Additional Information and Enbodi nents 2 3 MAY 2Q02 WO

991 31589 PCTLBEO&1hHad 8achIoke frestmucuign wherHit G {13V feichep nod essonredd B rics ol

nmuf ti-processor (MP) chip including nufti - itﬁel ine unit 402. Mufti-pipeline
unit 400 di ff@#@-f?@dﬂ%&%@detr@s@&ﬁwaﬁiﬁp‘e& walyggnipflirgj Gtiroment..tFert  an
entire pipeli

ncl uded it RUEER 1715 poierea BD 4 aliengy B niiberion et BB O3 (W
my equal {0, QL e, AL, 8RR ) ARG B RERGSIARTAINITRY b,

essential the same ‘as or very erent than pr or €r processors
may include sepRIieatorEDPfAMEBID fiRidIR)IdiAL a Uit BB ande a0s®ibE€BtibLes Of
pi pel i ne 108. Each of the processors nentioned herein, may be included in a
part of a vailistrytedfin EDGLA en ey shemdimdef ehern agertiy dFlitatrud8on qecel arrags an
exanpl e, processor 50 may be pan of a conputer system 430. System 430 may
al so incl udezﬁ?-éé@dﬁ@-é?%h@és&ﬂoa@%lnﬁﬁo@ﬁh@hiBéD§€&<bﬁHnFtéiﬁélI0n(qyzye @avhe may

be including_wthin pro of 5Q. Processor .5 0 icate with a
menory cont raw’ér}’oﬁﬁdﬁ‘f ﬁﬁz@dhatdgﬁ}‘g{?éé}éﬂo‘?m%dg991@”%528?’5 1%%%’9}%1‘&%}0440
may conmuni c i i rd 448 t s 452
and s A prsgpi BRSBTS R RARE YDA G M B UHIENIR® 0y
be used in a;RfQERSSOThd NBID 4R FodWBIVSRcHRPAS! B |5RNAThiRbon hitoSHEPiptlifase,
the conponents that arc involved in register renamng (e.g.,

rename/ al | ocatg lmihkt ebbiydiment, chet8BIiMofikif mdghttrot be atsw mchelndin hvgd beffat ed

featwes. The circuits and details that are described and illustrated are
only exenpl ad$2Avarious other circuits and details could be used in their

| ace. Further, ther: i ous. desi fs.in size, |
B2 For exapl e, B Y BPA HR Bal ABEIR s i SR
d dif b . . ; NP ° r _ tion
Corerer 111 SR BB e A B SRR,

desi gned andGeOghffaiciiad ags hLoBINYIdiHRIdanE 8 8odeSANAE RYESnstrlBEEE ABYadde
internedi ate structure (such as a buffer) or signals between two

illustrated stidnsd fieldholdSaneaddrasifedrn fchidhie heid iheructon loadaua easry valid
illustrated, but rather be broken up by internediate structure. The borders -
of the boxes field inhiudes gt ésdieatmgftbe entht woreumed/ey purlpoloed inspuctaut Jalthdevi ce

woul d not have to include conponents w. such defined boundaries. The
rel ative si zéll‘bsﬁrafqﬁiér’iholdﬂg?rﬂa?’bﬁdcg?ﬁsrﬁ%H?lg 13 QOIHB‘EIU&(S&CC“SC the address has
already been generated by AGU 172. A PRID ficld holds 2 PRID from rename/allocate

unit 152 which indicates the destination of load instructions in the register file 152. SB
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Arrows shown certain data flow in certain enbodi nents, but not every
- signal, suclycam@aba requests. Were a | ogical high signal iscussesidees
above) it could be replaced by a | ogical |ow signal and vice versa. The

conponents illustrated in a processor nmay all be on the sane processor
chip. Alternatively, for exanple, the trace buffers could be on a different
chip than the execution pipeline. The terns "connected,"” "coupled," and

related terns are not limted to a direct connection or a direct coupling,
but may include indirect connection or indifect coupllng The term

n H n | d h |

to sone ext ehf ”%@5@ Thieed 151 a?a@aqep@& cteyﬁttr&e%‘ g‘&é“"g‘bts PeLmex Pfcpr'g,sse%” Sl

or directly. a s(zg elﬁaﬁg a;d:' c?et%hjlt?e% C?’E’ 0%88{9%%%{‘& ecmn c))f grg"fns(?rut:g&ﬁ
(0] e I C ar 0

"preferred” t nclu one 'S hot®

i ncluded. A MOB coulife HaR s@@rﬁ%nma@hﬁﬁﬂxcﬁ@ﬂshﬁé ﬁ?sh?éleﬂ'gghbﬁs&am&lmcﬂﬁ un@
detect m sspecul ation. Those skilled in the a.rt having the benefit of this

di scl osur e wiilsD, appesefor stoee ddtlbadranyuaidne brevAlocated OnSorderbafifetshis4f Hidegal ng
description and draw ngs nay be made within the scope of the present
i nvention. Adudeuiltgl and ¢rttr1¢ssf0t tegistess looweaiee lordddmaluen etaadiongedimyregistenditrent s
t hereto that %gfln%-I? e of the invention. 2 3 MAY. 2002 -45
] d RO ]64 ese entries are not subject 1o a first level retirement, but like
entries in trace buffers 114, remain allocated until a final retirement. Accordingly,
entries are not reallocated on replay. If a store or load buffer is full, a store or load
instruction, respectively, from I-cache 104 will not pass through rename/allocate unit
150 until an entry 1s freed up. However, a load or store instruction that is being re-

executed from a trace buffer will pass through rename/allocate unit 150.

2. Comparisons of Load and Store Addresses

Referring to FIG. 5, in program order, store MX in thread T1 is executed before
load MX is executed in thread T2 . However, because of concurrent execution, in time
order, store MX may be exccuted before or after load MX. If store MX is executed
before load MX in time order, then the speculative execution of load MX will be in the
correct order with respect to store MX. If all instructions before store MX in program
order have been retired, then it is certain that load MX will load the correct value from
memory location MX. The correct value is the value that would have been loaded if the
threads were run by an in order processor. If not all instructions before store MX in
program order have been retired, then there is always a chance that the data for store
MX is incorrect.

By contrast, if store MX 1s executed after Joad MX in time order, then the
speculative execution of load MX will not be in the correct order with respect to store
MX and there 1s no certainty load MX will load the correct value. 1t would only be by
coincidence that the correct value happened to be in memory location MX (or the data
field of the store buffer entry holding store MX until store MX is finally retired). To
ensure ultimate correctness of execution, MOB 178 includes various mechanisms to

ensure memory data coherency between threads.



What is clainmed is: 1. A processor, conprising: an execution pipel |2n3 MAy 2002
execute instructions of a program wherein at |east sone of the
- instructi oRgpasesexecut ed specul atively; and a trace buffer rurgsdescsdse
execution pipeline to hold at | east sone of the instructions, including at
| east some of the speculatively executed instructions, and results of at
| east sonme of the instructions, including at | east sone of the
specul atively executed instructions, and wherein at |east sone of the
instructions held in the trace buffer are associated with specul ation
errors and are re-executed in the executiogp pipeline fromthe trace buffer

as part of execution of, the #EBH%WU{L%M grmamglr] g%essor of claim1, wherein
at | east sone of the instructi - an initial retirenent at
the concl usion of Hefgkra 16XERMHIRBN 'i@ex%@ﬁe@ﬁ%%&td'r&_ﬂismoﬁffb!a}éa%'ilibtﬂe MRLREN
these instructions remain in the trace buffer until a final retirenent. 3.
The processobf ebrecinatirmtibns tauddidrenneehjehi Siang, fiomreahstiuetion snentlokayicarlicod
signal to the trace buffer to deallocate entries in the trace buffer

hol di ng i nst maghieshsoreonpauctpnFENS et iMatghing”” nTEpes v oedbs samotddressianthe

Ul 1 hr eadi TR0 BEroPE RS Sroatt (e GEIN] 1S SSE B FOPRE T RTenieRdi s o
first t - , £ i - Lt I
but fer s and SRSPENRL Rarer P EREREh i AHE mFRERE BTV EPEL IR LLBE o1y

di fferent thieads; afd thd MudRARGESSPIo HefexediBldn Ilf,thdf‘@ﬁro‘%i)fbrie_rh%rl%%%&ﬂjﬁ{;‘ uni t
includes a register renane unit and the trace buffer provides controlf bits

t hat acconparyré herutsd, wek iteNGERISINng repl ayed. 2 3 MAY 2002 -46 7. The
processor of claim6, wherein depending on the instruction being replayed
and the state of thinerontr@EMB] tiy loathnsiregtiot ady isrdtelromithe Bypdsbsf the
renamng a r %%I\%gle.rlf?gesr(c)?si r?(;[ SnggiI:[lﬂetlog% ixiusr}rsx}clgxlélr?gk%snhs data from memory, such as
data cache 176, an L2 cache, or main memory. Data from a store buffer 184 or memory
is passed through MUX 192 and written to the entry in trace buffers 114 designated by
the thread ID and instr ID. The data may also be writien to the register in register file
152 designated by the PRID. The data may also be stored in data cache 176 depending
on the caching rules (e.g., write back, write through, etc.). MUX 192 is a bypass
because it can bypass memory, such as data cache 176, an L2 cache, or main memory.

In one embodiment, a different comparator 1s associated with each entry of each
of store buffers 184 to make comparisons between the address of the load to be
executed and the address of store instructions. Comparator 320 in FIG. 25 is an
example and receives the load instruction address and the store address of entry SBID 1
in store buffer 184A. Conductor 322 as well as output conductors from other
comparators are connected to MOB control circuitry 302.

The load SBID points to the LBID of a closest earlicr store instruction (CESI)
with respect to the load instruction to be executed. The CESI is in the store buffer that
has the same thread ID as the load instruction. If there 1s a CEMS], it is either the CESI
or earlier than the CESI in program order. Rename/allocate unit 150 keeps track of the
order of store and load instructions in the program and provides the SBID and the LBID

values. They may be written through conductors 126 to trace buffers 114. Under one

embodiment, if there 1s no CESI with respect to a load instruction, then there is no load



‘8. The processor of claim®6, wherein depending on the instruction25ﬁﬂﬂy 2002
repl ayed and the state of the control bits, the register rename unit ( 1)

~does regi st @lo §o28dy ng, (2) bypasses renami ng and instead usegTRISHENShER
regi ster identification nunber fromthe trace buffer, or (3) uses a val ue

fromthe trace buffer as a constant. 9. The processor of claim1, further
conpri sing a decoder and wherein the execution pipeline and the trace
buffer receive instructions fromthe decoder concurrently. 10. The _
processor of claim1l, further conprising a cache and a decoder and wherein
t he cache receives instructions fromthe q$§oder and the execution Flpehhne
and the trac ffer.receive instructions.Tromthe cache concurrently. .
The processoSB aéfoac’farﬁqcfw%}é‘}té?wutcﬂgn‘i ﬁgtsr*@e??fén%heaé%érsa?&nwa h
specul ati on g 9ESorH; 1 [T on_pipeline fromthe trace
buf fer, and ?ﬁe f2¥gﬁggﬁfgéﬁyﬁgdpaf%gg?E%ﬁ§8§%b %@?ﬁﬁ?dfébm¥ﬁ%ﬁiﬁ%%@§%%r of

claim 1, whefRldiddRnRhOGRSAR unitSl J0keAdiAO BRI L ip SN SheMicats theft RTBGERFOT
conprising: an execution pipeline to execute instructions, wherein at |east

sone of the laadtSRIEX i Diresarsayewves ecaltngithis eribad byielvynanbe uded foreifls Bufoss.
outsi de the executjon pipeline to hold at |east one of the instructions,
i ncl udi ng at | easogpaer oreEngd lopdansirustipneeinghefodlowingbrogrstr ardti: ons,  and
results of execu@ion of at |least sone of the instructions, including at

| east sone ofOFhl specul atively executed instructions, 2 3 MAY 2002
store

load 0
store 2
load 1
store 3
store 4
load 2.

The store LBID values in the LBID field are illustrated in store buffer 182A. The load,
SBID values in the SBID field are illustrated in load buffer 184A. For example, the 2 in
the SBID field of LBID entry 1 indicates that the store instruction at entry SBID 2 in
store buffer 184A holds CESI with respect to the load instruction in LBID entry ].
Instructions store 0, store 1, store 2, and load 0 are older or earlier than load 1.
Instructions store 3, store 4, and load 2 are younger or later than load 1.

There are various ways in which control circuitry 302 may determine which if
any store instruction is the CEMSI. Examples of the ways are discussed in connection
with FIG. 27, wherein store buffers 184A, 184B, 184C, and 184D are the only store
buffers in MOB 178 and are associated with threads A, B, C, and D, respectively.
Assume that the program order is thread A, then thread B, then thread C, then thread D.
In the example, the load instruction to be executed is in load buffer 182C. There is a
CESI, which is in store buffer 184C.

Conductors 342, 344, 346, and 348 are the output conductors of the various
comparators. Conductors 362, 364, 366, and 368 provide control signals that enable
the comparators to perform the comparisons. In different embodiments, control
circuitry 302 enables (1) the comparators for all entries in each store buffer, (2) only

those comparators that are in a store buffer having a thread ID that is the same as or
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-47 wherein at |east sone of the instructions are subject to an initral
retirenent follow ng execution in the pipeline, but remain in the trace

- buf fer untiwodskisaal retirement. 14. The processor of clai mdgyutdsikhwr

i ncluding detection circuitry to detect speculation errors in the execution
of the instructions. 15. The processor of claim 13, wherein at |east part
of the detection circuitry is included within the trace buffer. 16. The
processor of claim 13, further including detection circuitry to detect
specul ation errors in the execution of the instructions and replay
triggering circuitry to trigger replay of ;at |least some of the instructions
associated with speculation errors. 17. The proces of _.claim 13, wherein
the trace bu?¥'Fr%é"%ﬁ@”UFQWﬁFP?BF40¥¥Egémﬂﬁgﬁé@§a%ﬁ$§Wd€)Pﬁ@q@%ﬁcution

pi peline to I j.n [ L peli ne
concurrentlypgtg%%¥€§£§?8%%gg?ﬁg%???%ﬂgagggpﬁ%l?h§§g§§$ﬁ¥%}ﬂﬂﬂgégggcessor
of claim 13, idfsyuth® conprising final retirenent | ogic and wherein the
instructions within the trace buffer are finally retired under the control
of the final reti Maendettmghmg lbgit 356 deteniinéshwehichsit augtafoie stane ihanicnbhd al |y
retired foll ow ng execution in the execution pipeline. 19. The processor of
clai m 13, wheries CRMel t elddE. Bt therstara M destrughion Histhe wppEopPTHaRQESIAFS ay. 20.
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comparators and match determining logic 356 are determining whether there is a
CEMS], a lookup may be occurring in data cache 176 (and other memory) to be ready if
there is no CEMSI. Match determining logic 356 includes data path control logic 390,
which provides signal on conductor 370 to controls whether MUX 192 passes data
from memory or a store buffer.

Under one approach, there are two priority determinations made by MOB
control circuitry 302. One may be to determine the priority of store instructions within
store buffers. Another may be to determine the priority of the store buffers. The
determinations may be in either order. A carry chain structure may be used in the
determination of the priority within the store buffer. For example, in one embodiment,
for each store buffer other than the one having the same thread ID as the load
instruction, it is determined which, if any, matching store instruction is the youngest in
program order. For the store buffer having the same thread ID as the load instruction, it
is determined which, if any, matching instruction is the closest in program order to
(including equal to) the CESI. Then, it is determined which of those store buffers that
have a matching instruction have a thread ID that is closest in program order to the
thread ID of the load instruction.

Store buffers 184 may be circular arrays each having a head and a tail. Initially,
store instructions with the greater SBID value are younger. However, as store entries
are deallocated and allocated, the tail will eventually wrap around so that the head

points to a higher SBID entry than does the tail. In onec embodiment, a wrap around bit



an execution pipeline to execute instructions of a program wherein &3 MAY 2002
| east sonme of the instructions are executed specul atively; and a trace

“buf fer out sidmolsheoexecution pipeline to hold the instructi opstuasshkewdser ei n
the instructions nmay be re-executed fromthe trace buffer in response to
detected speculation errors and wherein the instructions remain in the

trace buffer until it is assured they are executed correctly or are not to

be executed as part of the program 22. The processor of claim 21, wherein

the instructions associated with speculation errors are replayed in the
execution pipeline fromthe trace buffer, ;and the re-execution is part of

concur rent | yas@iid ¥nE BEESTEossaRm b P freaoant: SHRLGRES s wwidsd
buffers O“tsﬁ>qo&ﬁﬁnﬁéﬁgﬂ£%¥9¥ﬁg&$£bﬂ? to each hold instructions of one of

t he threads, erein eac race buffers includes an output register

file to hold a registeg contxduiidh of RBr@B2RGH@Eed one of the threads and an
i nput register file to receive the register context of the i mediately
precedi ng thread Whepraogsranmandesn is24eculdik itprddressotomparet aiith (A3 adadeedesi n
the trace buffers include conparison circuitry to conpare contents of one
of the out puff loaginstragtigrs|te deigraine pdnghe Htagy ooad mstrogtiansehatmprilaterdyi st er

files. 25. The process of claim 24, wherein the conparisqgn is only made
at the end oPrOBHIM PEET HEBMS BIMetra YSPESE AVREDHEC BF SERE sgRRsneNe 567 A

processor, Cﬁﬁgﬁé@dnn% cfbskdi 3Er YA [RI QLS CHS.1] PAnRATS Yy RO sBlPSAIE O

hol d instruc
designates the earliest load instruction that may be considered.

In one embodiment, a different comparator is associated with each entry of cach
of load buffers 182 to make those comparisons. One of the comparators is comparator
324, illustrated in FIG. 26. Merely as an example, comparator 324 is associated with
the entry LBID 1 of load buffer 182A. Comparator 324 receives the address of a store
instruction at one input and the address in the load address field of entry LBID 1 in load
buffer 182A at another input. A signal on output conductor 326 signifies whether the
addresses are the same. Conductor 326 as well as output conductors from other
comparators are connected to MOB control circuitry 302. Comparators (such as
comparator 324) may also compare status bits of the store instruction with status bits
in the load buffer as described below.

F1G. 28 is similar to FIG. 27. However, in FIG. 28 load instruction addresses in
load buffers 182A - 182D are compared with the address of a store instruction to be
executed, and match determining logic 356 determines whether to replay load
instructions. In one embodiment, match determining logic includes replay triggenng
logic 394 that provides signals on conductors 194 to indicate to the trace buffers which
load instructions are to be replayed. In one embodiment, match determining logic 356
considers matches of load instructions with the store instruction beginning with the
CLLI. Different algorithms may be used. Thread management logic 124 indicates those
thread IDs that are later in program order than the thread ID of the store instruction
being executed. In one embodiment, all comparators are enabled. In another

embodiment, only the conductors in the load buffers having thread IDs equal to or later
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instructions are enabled The threads to consider can be determined before, after, or
during the determination as to which load instructions within the load buffers come later
in program order than the store instruction.

Under one embodiment, detection circuitry to detect certain speculation errors in
execution of load instructions inciudes the comparators associated with the load buffers,
portions of match determining logic 356, and associated control circuitry. In other
embodiments, the detection circuitry could include somewhat different circuitry. Itis
not required that the detection circuitry to detect speculation errors be in the execution
pipeline. Different match determining logic could be used in connection with data path
control logic and replay triggering logic.

1. Cases in_ Which There is an Address Match

The status field (SB hit, SBID, Thread ID, Replay Count (if used)) for those
younger instructions for which there is an address match is considered in determining
whether to replay. The status field indicates whether the load instruction got its data
from memory (e.g., data cache 176) or the data field of a store buffer. The SB hit field
has, for example, a 0 if the data came from memory and a ! if the data came from the
store buffer. The SBID and thread ID fields hold the SBID and thread 1D of the store
instruction from which the data came from. The thread ID of the store instruction is
not necessarily the thread ID of the load instruction for which there is an address match.
The thread ID of the load instruction is implicit in the load buffer. The replay count
field (if used) indicates which replay is involved. (If the SB Hit is 0, the data in the
SBID, thread ID, and replay count fields is meaningless.)

If SB Hit = 0 (previous data from memory), a replay event 1s signaled from the
load buffer over conductors 194 to the trace buffer identified by the load instruction
thread ID and that load instruction and all dependent instructions are replayed from the
trace buffer. The instr ID and thread 1D are passed over conductors 194 to indicate

which instruction is replayed.
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the store instruction, and the SBID of the status field matches the SBID of the store
instruction. In this case, there is a replay and the replayed load instruction receives its
data from a new entry or memory.
C. Reset
A thread is reset when it is determined that the thread is not in the program

order. However, loads from other threads could have taken data from the data field

associated with store instructions in that thread. Thread management logic 124 sends a
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of the reset thread is compared with every load in every load buffer (except perhaps the
load buffer corresponding to the reset thread). A replay is triggered for load

instructions where the thread ID in the status field matches the thread ID of the reset
thread. The load instructions are replayed from the appropriate trace buffers.

3. Replav of Store Instructions

As described above, load instructions are replayed in response to execution of
store instructions. In one embodiment, store instructions are replayed in response to
register comparisons in the trace buffers that indicate a register value has changed. For
example, referring to FIGS. 12 and 13, instr IDs 4 and 3 in trace buffer 114A, which are

store instructions, are shown to be dependent on registers R1 - R4.

4, Replavs of Multiple Load Instructions

It is possible that more than one load instruction in a load buffer will have status
field match with a store instruction. In order to avoid complicated logic, one approach
1s for control circuitry 302 to detect when there are multiple load address matches and
cause all instructions after the earliest load in the trace to be re-executed.

5. Final Retirement of L.oad and Store Instructions

When a load or store instruction is to be finally retired, final retirement logic 134
provides signals to trace buffers 114 and MOB 184 indicating that an instruction is to
be finally retired. The entry in the trace buffer (identified by the instr ID and thread
ID) is deallocated. In the case of load instructions, the entry in the load buffer
(identified by the thread ID and LBID is deallocated. In the case of load instructions,
final retirement is complete. In the case of store instructions, prior to deallocation, the
data in the data field must be committed to memory. Decallocation of the entry in the
store buffer and hence final retirement does not occur until confirmation is received that
the store is complete. Alternatively, the entry may be finally retired before

confirmation, but reallocation of the entry cannot occur until confirmation is received.
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Signals on conductors 200 can indicate to thread management logic 124 when the final

retirement of stores is complete and the next thread can begin.

SB Retired indicates that an instruction has been retired. At the time final
reurement logic 134 indicates that an instruction should be retired, a bit in the SB
Retired field is asserted. Once the SB Retired field is asserted, the associated
instruction is written to memory in order. As soon as MOB 184A learns that the
instruction has been written to memory, the SB Retired field is deasserted and the
instruction is deallocated.

Load buffer 182A and store buffer 184A may be queues with a head and a 1ail.
The head is moved when an instruction is deallocated. In load buffer 184A, and trace
buffers 114, retirement and deallocation may ‘occur simultaneously. Final retirement
logic 134 provides signal through conductors 136 and 140. Demux 188 selects whether
one of load buffers 182 or store buffers 184 will receive a retirement signals. Demux
188 is optional and could be replaced by cnable ports in load buffers 182 and store
buffers 184.

F. Additional Information Regarding Thread Management Logic and Final

Retirement Logic

In one embodiment, thrcad management logic 124 uses a tree structure to keep
track of thread order. Under the tree structure, the program order (which is also the
retirement order) flows from top to bottom, and a node on the right is earlier in program
order than a node on the left. A root is the first in program order. A tree is an abstract
idea, whereas a tree structure is circuitry that implements the tree.

Threads begin at the instruction following a backward branch or a function call.
That is, threads begin at the next instruction assuming the backward branch were not
taken or the function was not called (as illustrated by threads T2 in F1GS. 4 and 5). In
so doing, from the perspective of a thread (node), the program order of children nodes
of the thread are in the reverse of the order in which the threads were started (created).
For example, in FIG. 6, in time order, execution of thread T2 begins before execution of

thread T3, but in program order, thread T3 occurs before thread T2.
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tree: (1) A thread at the root of the tree is removed when the thread is retired. When
the thread at the root is retired, the thread (node) that 1s next in program order becomes
the root and nodes are reassigned accordingly. (2) A thread that is last in program order
is removed from the tree to make room for a thread higher in program order to be added
to the tree. In this respect, the tree acts as a last-in-first-out (LIFO) stack. (3) A
thread may be reset and thereby removed from the tree when it is discovered that the
program counter of its parent thread is outside a range between a start count and an end
count. In the case where a child thread is created at a backward branch (e.g., thread T4
in FIGS. 6 and 29), the start count is the target of the backward branch and the end
count is the program counter value at the backward branch instruction. A thread started
after a function call can also be reset because there is no return from the function,
although it is quite rare for this to happen. One approach for dealing with the
possibility of there being no return from a function is to ignore the possibility and let
the system eventually remove thread from the tree when it becomes the lowest in
program order, as in event (2). When a thread is removed from the tree, the resources
allocated for that thread (such as a trace buffer, store buffer, and load buffer) are
deallocated.

Events (1) and (3) are illustrated in FIG. 29, which includes the threads of the
example of FIG. 6, with the addition of threads TS5 and T6. Thread TS starts following
a backward branch instruction at point J and thrcad T6 starts following a function call at
point K. It is assumed that there are only four trace buffers. FIG. 30 illustrates the tree
structure at time t1. Thread T2 is added to the tree before thread T3 is added to the
tree. Thread T4 is added to the node after thread T3 is added to the tree. Threads T2
and T2 are children of thread T1. Thread T4 is a child of thread T3. Following the
rules of top to bottom and right to left, the program and retirement orders are thread T1,
T3, T4, and T2. FIG. 31 illustrates the tree structure at time t2 assuming that thread

T4 is reset before thread T1 retires. The program and retirement orders are thread T1,

T3, T2, and TS. FIG. 32 illustrates the tree structure at time t2 assuming that thread
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T4, T2,and TS. FIG. 33 illustrates the tree structure at time t3, which is after the time
thread T1 retires and thread T4 is reset. The program and retirement orders are T3, T2,
TS and T6.

Event (2) 1s illustrated in FIG. 34, which includes nested functions. In time
order, the threads are created (started) in the order T1, T2, T3, T4, and TS. However,
the program order is T1, T5, T4, T3, and T2. In the example, there are only four trace
buffers. Therefore, not all five threads exist at the same time. FIG. 35 illustrates the
tree structure at time t1, which is before thread TS has started. Program and retirement
order are T1, T4, T3, and T2. Thread TS is not yet part of the tree structure. FIG. 36
illustrates the tree structure at time 12, which is after thread T5 has started. Thread T2,
which is lowest is program order, is removed from the tree structure to make room for
thread TS. A thread that is removed from the tree may be restarted at a later time.
Alternatively, another thread may execute all or part of the instructions of the thread
removed from the tree. In one embodiment, in the case of reset, a thread may seek to
join the next following thread rather than the reset thread. Alternatively, the thread may
just continue unti} otherwise ended. The functions of array 198 may be performed in
the nodes of the tree.

The thread IDs of the children threads are properly positioned according to
program order in the tree structure. (Although the program order as determined by
thread management logic 124 might change.) A thread is finished when it joins or
matches the program count of the next thread in the tree in program order. If there is
only one child of the thread, then that is the next thread in program order. For example,
in FIG. 33, thread T2 is the next thread in the trec in program order.

Final retirement logic 134 gains information from the tree structure to assemble
array 198 or straight from the circuitry of the tree structure. There may be decoding
circuitry between the tree structure and other logic of thread management logic 124 and

logic of final retirement logic 134, Array 198 may not be required.
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In summary, the tree structure provides information for at least the following
purposes: (1) the tree specifies retirement order; (2) the tree specifies program order,
which 1s used by, for example, MOB 178 as described above; (3) the tree specifies an
end point of a thread by indicating the starting instruction of another thread; (4) the tree
is used in thread resource allocation by indicating which resources are available and
which resources get deallocated.

G. An Embodiment Without Multithreading

FIG. 3 illustrates a processor 100 including a pipeline 308. Processor 100 is
similar to processor 50. However, a trace buffer 300 is the only trace buffer and a
MOB 310 is the only MOB. Processor 50 is not designed to process multiple threads.
Thercfore, thread management logic is not required for processor 100. Trace buffer 300
may be similar to trace buffer 114A, for example, except that multithread specific
components are not required. For example, conductors 216 and output register file 210
would not be needed. Various circuitry may be used to detect speculation errors,
including well known circuitry. MOB 310 may be similar to MOB 178A, for example,
except that multithread specific features are not required. For example, a thread ID field
would not be needed in the load buffer. Other components of processor 100 may be
modified somewhat with respect to their configuration in processor 50 to remove multi-
threading related features. Trace buffer 300 and MOB 310 may be used in connection
with various speculations and recovery from errors therein. The trace buffer allows a
large number of instructions to be held outside the pipcline for possible replay before
final retirement.

Processor 50 could be used in connection with a non-multithread program. In
that case, thread management logic 124 could always keep the same thread ID in
program order. Altermatively, thread management logic 124 could be disabled. In the
non-multithread case, only one of trace buffers 114 and only one of the MOBs 178 are
used. Alternatively, trace buffers could be combined to make a larger trace buffer and
MOBs could be combined to make a larger MOB.

H. Additional Information and Embodiments
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108 of FIG. 2 in that an entire pipeline (e.g., separate rename/allocate unit for each
pipeline) is included with each of pipelines 0, 1, ... W of multi-pipeline unit 402. (W
may equal to or more or less than X.) Otherwise, processor 400 may be essential the
same as or very different than processor 50. Other processors may include some
features of multi-pipeline unit 402 and some features of pipeline 108.
Each of the processors mentioned herein, may be included in a part of a variety
_of computer systems. Referring to F1G. 38, merely as an example, processor 50 may be
part of a computer system 430. System 430 may also include a second processor 434.
An on-chip second level (L2) cache may be including within processor 50. Processor 50
may communicate with a memory controller 440 through a processor bus 442.
Memory controller 440 may communicate with main memory 446 and peripherals 448
through buses 452 and 454.

A pipeline similar to pipeline 108 or 308 (in FIGS. 2 and 3) could be used in a
processor that does not use register renaming. In such a case, the components that are
involved in register renaming (e.g., rename/allocate unit 150) could be modified to
remove renaming related features.

The circuits and details that are described and illustrated are only exemplary.
Various other circuits and details could be used in their place. Further, there may be
various design tradeoffs in size, latency, etc. For example, the maximum operating clock
frequency may have to be reduced if buffers in the execution path (e.g., in the
reservation station, register file, ROB) are too large. The components illustrated herein
may be designed and constructed accordingly to various techniques.

There may be intermediate structure (such as a buffer) or signals between two
illustrated structures. Some conductors may not be continuous as illustrated, but rather
be broken up by intermediate structure. The borders of the boxes in the figures are for
illustrative purposes. An actual device would not have to include components with

such defined boundaries. The relative size of the illustrated components is not to
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e term “responsive” and related terms mean that onic signal or event is influenced to
some extent by another signal or event, but not necessarily completely or directly. If
the specification states a component “may”, “could”, or is “preferred” to be included,
that particular component is not required to be included.
A MOB could use data matching rather than address matching to detect
misspeculation.
Those skilled in the art having the benefit of this disclosure will appreciate that
many other variations from the foregoing description and drawings may be made within

the scope of the present invention. Accordingly, it is the following claims including any

amendments thereto that define the scope of the invention.
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2. The processor of claim 1, wherein at least some of the instructions are subject to an initial

retirement at the conclusion of their execution in the execution pipeline, but wherein these

instructions remain in the trace buffer until a final retirement.

3. The processor of claim 1, further comprising final retirement logic to signal to the trace

buffer to deallocate entries in the trace buffer holding instructions to be finally retired.

4. The processor of claim 1, wherein the execution pipeline may be used in shared resource
multithreading.
5. The processor of claim 1, wherein the trace buffer is a first trace buffer and the processor

further comprises additional trace buffers and wherein the first and additional trace buffers hold

traces from different threads.

6. The processor of claim 1, wherein the execution unit includes a register rename unit and

the trace buffer provides control bits that accompany the instructions being replayed.
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12.  The processor of claim 1, wherein the processor is in a computer system.

13. A processor comprising:

an execution pipeline to execute instructions, wherein at least some of the instructions are
executed speculatively; and

a trace buffer outside the execution pipeline to hold at least one of the instructions,
including at least some of the speculatively executed instructions, and results of execution of at

least some of the instructions, including at least some of the speculatively executed instructions,
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17.  The processor of claim 13, wherein the trace buffer is one of multiple trace buffers
outside the execution pipeline to hold traces of threads, and wherein the execution pipeline

concurrently executes at least portions of the threads.

18.  The processor of claim 13, further comprising final retirement logic and wherein the
instructions within the trace buffer are finally retired under the control of the final retirement
logic, but some of the instruction may be initially retired following execution in the execution

pipeline.
19.  The processor of claim 13, wherein the trace buffer includes an instruction queue array.

20.  The processor of claim 13, further comprising a decoder and wherein the execution

pipeline and the trace buffer receive instructions from the decoder concurrently.
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21. A processor comprising:

an execution pipeline to execute instructions of a program, wherein at least some of the
instructions are executed speculatively; and

a trace buffer outside the execution pipeline to hold the instructions, and wherein the
instructions may be re-executed from the trace buffer in response to detected speculation errors
and wherein the instructions remain in the trace buffer until it is assured they are executed

correctly or are not to be executed as part of the program.

22.  The processor of claim 21, wherein the instructions associated with speculation errors are
replayed in the execution pipeline from the trace buffer, and the re-execution is part of the

replaying.

23. A processor comprising:
an execution pipeline to concurrently execute at least portions of different threads; and
trace buffers outside the execution pipeline to each hold instructions of one of the
threads, wherein each of the trace buffers includes an output register file to hold a register
context of the associated one of the threads and an input register file to receive the register

context of the immediately preceding thread in program order.

24.  The processor of claim 23, wherein the trace buffers include comparison circuitry to
compare contents of one of the output register files with contents of one of the input register
files.

25.  The processor of claim 24, wherein the comparison is only made at the end of the

retirement of the preceding one of the threads.

26. A processor, comprising:

a trace buffer outside the execution pipeline to hold instructions;
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an execution pipeline to execute at least some instructions, wherein at least some of the
executed instructions are executed speculatively; and

the trace buffer being separate from a source of the instructions to the execution pipeline
and wherein at least some of the instructions held in the trace buffer are associated with

speculation error are re-executed in the execution pipeline from the trace buffer.



