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- PROCESSOR HAVI NG MUTLI PLE |' ROd Z41VI COUNTERS AND TRACE BUFFERS QUTSI DE AN

- 1; 7~ECUTI CN%O b3 Bl NE Rel ated Applications: The present applricaaissemesand
Appl . Ser. . \- entitled "Qut-of Pipeline Trace duffer for Instruction

Repl ay Fol |l ow ng M sspccul ati on" (docket no. 42390. PAGE3) and Appl. Scr.

No. \-,- entitled "NeORIBSSEHEHAWING MUEEIPDEA Nroad a0 HONTERS WNyst i ons

in a Processor That Performs Qut-OF Order Multithread Execution® ocket

no. 42390. PAGED), fil eTRATEBUFNBRSONOSERLIAN IMEUESSN IMIPEINECoNON

speci fications. Background of the Invention Technical Field of tllc

I-nvention: The present invention relates to processors and) nore

particularly) to processaors that 'prl_gcess dependent tlueads concurrently.
| 3ackttround nrt: &Fiﬂé&ﬂ@%ﬁ&ém f PrseRiSeRUsAdionand i\pps Jer- No. _ N\~
''m croprocessof LAQr m t.echni snsHehe as_branch,prediction and out - of

% 6 t{)?lt’lp HEHYES BRHE! fob?nsl?rugg%r} Islg?lg)(/?:ﬂgo%u?_ of order

; enli{l
order execution t6 ehhance“perfornl ance. Proce

execution pi pel| =Yl noakmd i i i fferent t han
The order | R R e o B, 3o Dkt er T | one
may be execut edi@ibryTys@hdRi OMtiédhg ESIERTd Si6rel IASHICtiohs RNBPFcREssor That cl ~
there arc not dependencies. Qut-of order execution increases processor
performalice Merforayuidiedereriuttitbread Exesutiond fddséetrg. BB 20. PG6S) Vilbdécause
of programinstruction order. Instruction results are reordered after
execution. Theophagkedl semdih hgyveckesentigBpepraewaisescifieationspl i fi ed by
restricting instruction decode to bqi ng |(£f)[;|delr The processors may then
identify how data flows from one 2758EPYUCPl B V6" WQibsequent i nstructi ons

through regi sters. o, gRIUERRIO BRLGME CRIdYSSn: fIOBRhELAENG o &AATRd and
instructions wait inmreservation stations until their iInput operands arc
generated) at aMai gldrd parechingy, 8heodeSrethat FrobéR dRPRTIRRY ihada8s EoRGiricans!
units for execution. Tile register renaner, reservation stations, and

rel ated mechani sns Badkrround s\rt: uCtirem Suprasdaity pepesods seiles d ogebprecessar, t hat
a dependent instruction is not executed before the instruction on which it
depends. AccorRfrieghygchaintis pich@e Sswek peedictiongnd edt-elyorder axcdetforf loteohargad
decode. 166166* C00002 'c~~"2 WO 99! 31580 PCT/ .US9&I 26501 2 When.the

i nstruction f rRSAOHENGCdFIGOr O VEBHL-OffPBdes SXERRLIGN BIPSHRGT SXECHT S ct ed,
the processor SmétbﬂYi% ?lntzpﬁ'i"fc;eﬂl YR thgrqtﬂ‘elorhprqn'\ﬂﬁ%k{h'\%.tiﬁs? CB&?C\%%\JC%ctfcﬁé hed
fromthe higher evel” cache or nenory, or until e nispredircted branch is
resol ved, and #faqices&@utihQRicAbnd ey baks@uRAtdut bBorldes &t rddpectt8 S fucQénsStdeh
behavi or is that independent instructions before and after instruction
cache m sses awfichtisipt 8dinot échehdairidhe Out-alfivadicr BeecctK e ilicedsésprpeyssdr el |
altl~ougl~ it may be con~ect to do so. Ivfultithrcading processors such as
shar ed resour ceeriamnegeHyaaevenynp exrsesebvEtsdrm being idlp merdly bpeavseelupsiaivb)
processors Dave the capability to l]or cess an%éecﬁe ute nultiplc threads
concurrently. HFYEUIOR 08 s InshAEQMNESH SHT O ERQELET L2l GEe8nd execute are

i ndependent of cacti of.her. Far. L i-L.her. g
conpletely i ndependzlrllet {aB‘F 85’?3511%"%?&&8 (L:&%nrd %ﬁﬁﬁ{é%@ﬁgﬁéﬂﬁ’g?gﬁ%’“g‘?‘gc%“

speci al |y conpidcede iPbGhER Stdtd. UBRAToMsEd?9 Hay ARRERERITS he s daed MERS fohy &rdS.
E- | owever) these processors do not | ~avc tf~C ability to concurrently

execut e di ff ermstrudtivhaadsbscquom iilseusitng Umoagin eomisidrat To apstrapeogi@apendenci es.
Tl ~c useful ness of the rnultithrcading L{).r ocessors is thereby limted.
Accor di ngl y) t tasrestricss,acgigterd afcorenaméd and mpleedions Wi ot esseypdon flationsaips! thsis
ability to concurrently c~ecute %f e(.ept. t hreads f rog1 t qe sanme program
where there nmalPHECRREHEIAENESER Smdhyhich timg Wiy 3pfsissued to the appropriate

functional units f{or execution. The register renamer, reservation stations, and related
mechanisms link instructions having dependcncics together so that a dependent

instruction is not exccuted before the instruction on which it depends. Accordingly,

such processors arelimied by n-order fech and decodc LT

*166166*

LT
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Summary of the Invention In one enbodi nent of the invention, a pr ocezsgo%'r“' ’
i ncl udes an execution pipeline to concurrently execute at |east portions of
- tlueads, wh@ijoladp | east one of the threads is dependent on PETT/USE8/3450!
anotlicr one of the tlueads. The processor also includes detection
circuitry to detect speculation errors iili the execution of the threads. In
anot her enbodi nent Whehdhpmecegsorirdm theudgsuction sachcmaingg @metrardcodgs ¢ t o

control dynam ¢ creation of tlueads froma prosram |3ricf Descri Pti on of
the Drawi ngs THETGNeht PORTRFISOTRVEFHRIIP Hteh YoH Ercripglruptipr back e fedtedi | ed
description |}jven, bel ow and fromtl|~e acconpanyi ng draw,ngs of enbodinents
of the invent h%llllﬂ%ﬁ rer ﬁﬁaé\?‘él}e,oréﬂ%?%Woﬁw’ﬁgyct"é'g%'ﬁd‘?ﬁd&%?ﬁcﬁ 1§ FrSolved @Rt on
to flit specify i e Qr ol ~ [ 26501
3 descri bgd. @E% xg(?[g%? o@@i%l‘sae%%l{ lgrﬁuaegidﬂu%nrc%gé%ﬁgﬁégﬂ%ﬁ%ylsgﬁ g‘](]%%gl’ S ng

hi ol ~ I evel blngGHcithrBcRT h@PLRS S ALON cithe GEEdahiH HAPRANGEE Brarh@REnnot
enbodi nent of a processor. -FIG 2 is a block diasram of a processor

accordi ng to bnexeentxddn penticloditiiodgh it mayeld ¢orect felda.so3 is a bl ock di agram of
a processor according to another enbodi ment of the invention. FIG ~l is a
f1 ow di agram of an Nélﬁaﬂmaéimﬁprpmssmrse@ld@.shmcgrcsyurcg naulfitheoadirgapnoagasors
anot her exanpl e, of }WO té.\/cads. Gis a flow di aggigm of an exanpl e

Fl
oCCour t hr ead@"d ei-ghiP7Mplipzcgsses KVMT) PERGCEFOBY Rave A Fanabilie o RTOESsS gnd £Rgsute

t hreads of FI £, 1 8 1 k dia Bl lustrating individual tract
buffers accor B°ng cl)h%%es cé’%érr&l Oﬁ‘cflﬁicﬁgsr at fhc?c pcggr’\c.cslicfr&%r%cﬁ MATFSYEs

|
_ cor ¢ _ odi ment 0 i nventl _ _
a~i array i ndueahid@nBEQQT sl Fot ELTRAE, (RE 083 afe diBr FrbABRImpidi&y 10 i's

a bl ock diagramrepresentation of certain conmponents in one
independent programs or arc from the same program but arc specially compiled to
crcate threads without dependencies between threads. FHowever, these processors do
not have the ability to concurrently executce diffcrent threads from the same program
that may have dependencies. The usefulness of the multithreading processors is
thercby limilted.

Accordingly, there is a need for multithreading processors that have the ability
to concurrently execute diffcrent threads from the same program where there may be
dependencies among the threads.

Summary of the Invention

In one embodiment of the invention, a processor includes an execution pipcline
to concurrently execute at least portions of threads, wherein at least one of the threads
is dependent on at least anothcr one of the threads. The processor also includes
detection circuitry to detect speculation errors in the execution of the threads.

In another embodiment, the processor includes thread management logic to
control dynamic creation of threads from a program.

Bricf Description of the Drawings
The invention will be understood more fully from the detailed description given

below and from the accompanying drawings of embodiments of the invention which,

however, should not be taken to limit the invention to the specific embodiments
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enbodi nent of a trace buffer of FIG 8. FIG 1 1 is a block diagram
representation of certain conponents in another enbodi nent of a trace

- buffer of RygooBisstl G 12 is a graphical representation of pBETUSHEL6EF! one
enbodi ment of an instruction queue array of the trace buffer of FIG 10.
FIG 13 is a graphical representation of po#tions of one enbodi ment of a
dat a and depeddenbsd.dur ay {of cxipimatipage bukfsemdof; dalyG. 10. 1~1 G 14

il lustrates one enmhodi nent of nodifier registers and a nodified register
used in creating tKE dejsedtehtayckblatidiagragiieprgsansayiopof Fr@in IONPEEES OB | S
a logical OR ga%e .useg #n creating the dependency field of the array of
FIG 13. F1G “qPHIENLo%3 BRCERAt i Il ustrating one embodi ment of operations

used to create t he—F@GP@RQJ?{?S&'k fiaElath ﬁaﬁrb&@so@%&%diﬁ%é&%&e ddirﬁ!:r%ofézc i f i‘

gr aphi cal representation a particuldr register a ocations in

2 ~ a~/ Lt.~ajgvehiton. WO 9931580 PCT/ US98/ 26501 4 trace buffer that |eas
dependenci es thereon according to one enbodi nent of the invention. ):1G 18
i s a graphical repiéSehtsatblock diagpar ¢fi oprscasforanevréinpocl ameinr eafbodiment of the

invention.

FIG. 4 is a [low diagram of an example of two threads.

FIG. 5 is a low diagram of another example of two threads.

FIG. 6 is a flow diagram of an examplec of four threads.

FI1G. 7 is a graph showing overlapping exccution of the threads of FIG. 6.

FIG. 8 is a block diagram illustrating individual trace buffers according to one
embodiment of the invention.

FIG. 9 illustratcs an array indicating program and retirement orders at two times.

FIG. 10 1s a block diagram rcpresentation of certain components in one
embodiment of a trace buffer of FIG. 8.

FIG. 11 is a block diagram representation of certain components in another
embodiment of a trace buffer of FIG. 8.

FIG. 12 is a graphical rcpresentation of portions of one embodiment of an
instruction queuc array of the trace buffer of FIG. 10.

F1G. 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 onc cmbodiment of modificr registers and a modified rcgister
used in creating the dependency field of the array of FIG. 10.

FIG. 15 is alogical OR gatc used in creating the dependency field of the array of
FIG. 13.

FIG. 16 is a flow chart illustrating onc embodiment of opcrations used to create
the dependency field of the array of FIG. 13.

FIG. 17 is a graphical representation of a particular register and locations in a
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output register file of the trace buffer of FIG 10. F1G 19 is a graprE;i éaltL
representation of portions of one cnbodirnent of an input register file oC
the trace bwdewsiesso FIG 10. F1G 20 is a bl ock diagram of a KIMpEFAEHN
algid replay triggering logic used in connection with tile output register
tilt of FIG 18 and the input register file%f PIG 19 accordi ng to one
enbodi ment of ase bpHeehetlea depandencas theyeepn gcowial worgmmbodisemat theg poi nt s
at which the contents of the output register file my be utilized. FIG 22
is a block di d§¥8W°I | ustrating individual menory order buffers (MOBS)

w thin the MB of Kk .acecor di . enbodi nent .of the.i.nventi on. F1G
23 is a graphical rrgpgr' égén% éﬁpglﬁglgrfﬁr%%e%?aﬁlgﬂgy8 U0 OE RGP c#ﬂ“‘:B‘fOfla‘"mstoi c

buf fer of one @fipdiheridE 8% Fhindhize Rifrer 518G, 44. 1 s a graphi cal

representation of portions of one enbodi nent of a | oad buffer of one of the
MOBS of FIG 22. FIGG.289 i§ & praphical @fresertaivhpdpdtions o0 Bpatmbediacdl essempal

| oad and store instructions. FIG 26 illustrates a cornparator conparing
addresses of stepistsr firdollthattagoistifenof FERd0. FIG 27 is a bl ock di agram
represent at i on of MOB cont r ol ci ! SUi t rfy a‘nd stoi c buflf gr_s, according to one
embodi ment of the i PerPivhblopk daumg olg comppiar A ARl antrieepHeL BAKCABEDH of
ERRRCTCTHAR M et Sl MR R I
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.
FIG. 22 is a block diagram illustrating individual memory order buffers (MOBs)
within the MOB of FIG. 2 according to onc embodiment of the invention.
FI1G. 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 onc of the MOBs of FIG. 22.
FIG. 25 illustrates a comparator comparing addresscs of load and store
instructions.
FIG. 26 illustrates a comparator comparing addresses of storc and foad
instructions.
FIG. 27 is a block diagram represcntation of MOB control circuitry and store
buffers according to onc cmbodiment 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 examplc of six threads.
FIG. 30 is a tree illustrating a relationship in the threads of FIG. 29 at a time t1.

FIG. 31 is a tree illustrating a relationship in the threads of FIG. 29 at a time (2

assuming thread T4 is reset before thread T1 retires.

q
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F1IG 30 is a fret illustrating a relationship in the threads of F1G 22.9"f' 2
atimetl . FIG 31is atreeillustrating a rclationsirip in the threads

-of FIG 29 ayodstike |2 assum ng thread T4 is reset before t|BEEHEPERES0I
retires. 2 1" ~~ Lr" W 99l 31580 PCT/ US98l 26501 FIG 32 is a tree

illustratirr~: a relationship in the threadss of FIG 29 at a tine t2
assunrng tiucad T1 FEDiJY2es abekollesthhineact|didbnsisiprieset thrdatiGol BIX.i29 adatiimeet?
illustrating a relationship in the tlueads of FIG 29 at a tine t3. FIG 34
is a flow di aghsHming usqaﬂ;;lplirﬁgrcarbcw%whmaé Tisresti-ve threads. F(G 35 is a
tree illustrating a [(?1 tIOI’lShIE inthe thre ds of F&G 34 at_a tine

FIG 3Gis a treeif 'SPiEG ! ”%‘@F‘%F{ﬂ%‘fﬂ“ Upyn Ly W%F%&GE‘Q)f”F‘l‘&l“%Bat

atinel2 FIG 37 k b, i.on of rqocessor according
to an alternative e%?%&%%"‘% %E{i\ Fﬁéﬁggg&aﬁp‘gwﬁchqng%rrput er
system incl udi ng the|@roeResRk ithsifalif a dladdsRip! lﬁ%&%?&lﬂk BE r@ BQfalPrlﬁxfmeUr ed

Cnmhodi ntnls A. Creation of Threads and Overvi ew of Pipeline . Detail
Rcgardi ng' fracc | 3uffiGr30 is alideellluslraaag a Beddaiship i 4if t&reabﬂsfFL@tﬂoﬂ aQiRe €.
Array 202A b. DI\D Array 20GA and Dependency Ceneration Crcuitry 212A c.
Qut put Regi ster F| | &1Q1DAs arkdodkrfiagraReisenlatior o xprRo@soraccdudaneioBuf f er 1

14" C. A Repl ay uence orit ond Level or Final Retirenent E.
| ~~t crory SystéWfria 'ﬁﬁ?@%gﬁlé?é‘%ﬁerﬁg% Buffers

F1G. 38 is a computer system including the processor of FIG. 2.

Dectailcd Description of Preferred Embodiments

A. Creation of Threads and Overview of Pipelinc 108
B. Details Regarding Trace Buffers 114
l. Tracc Buffer 114A
a. Instruction Qucue Array 202A

b. DAD Array 200A 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. Sccond Level or Final Retirement

E. Memory System

1. Store Buffers and Load Buffers
2. Comparisons of Load and Store Addresses
a. Exccution of Load Instructions
b. Exccution of Store Instructions
c. Reset
3. Replay of Store Instructions
4. Replays of Multiple Load Instructions
S. Final Retirement of Load and Storc Instructions
F. Additional Information Regarding Thread Management Logic and Final

Retircment Logic
G. An Embodiment Without Multithreading
H. Additional Information and Embodiments

FIG. 1 illustrates certain components of a processor 10. Processor 10 includes
an execution pipeline 12 and a trace buffer 14, which is outside execution pipeline 12.

Exccution pipeline 12 may include a memory order buffer. Instructions on conductors
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2. Conparisons of Load and Store Addresses a. Execution of Load 22 ¥ "
I nstructions b. Execution of Store Instructions c. Reset 3. Replay of Store
- I nstructionsv@leoFregel ays of Multiple Load Instructions 5. Fi ndICTREPBRERENL
of Load and Store Instructions F. Additional Information Regarding Tl uead
Managenent Logic and Final Retircncnt Logi c6G An Enbodi ncnt Wt hout
Mul tit hr eadi nd8Hre pddided smakecknbpopipatinoi fondx&vbiodi TeairstrEti@ns hrd ditaust r at es
certain conponents of a processor 10. Processor 10 includes an execution
pi pel i ne |2 amiCdded Geughropdrclaw22dpia@se pulleatsiTde ivstaetenonapbpetdcuied12.
Execution pipeline 12 may include y_order buffer. Instructions on
conduct or s fp%ufai‘,v:c ly ‘EEAE“QE‘@“\WIﬁ?@gﬁggggﬁﬂp%ﬁrj)&%ggp%ifn@ql cgdata
provided to e i i cyut.i,Qi.. Jhe r j l,so
B ovi ded t hr ough LR B R Rk S0t bl A ¥t G p S (Bl BB ORL RaR
execut ed sl reqivabdd dhicdskdr 1DXREIUEEANedMhRISE NAciLding i BBR KiFrePl 4 (B Betect
specul ation included data specul ati on and dependency specul ation. Any of a
wi de vari ety cheapaom atdro(sissmyguleons)wol wedcoRrdes dem.10 i ncl udes
mechani sms, including in trace buffer 14, to detect speculation errors
(mi sspecuf ati ons) an#cs a nHspgedption sractohiesh thpymisspegulpicd spremiatien isamoyided to
detected, tile m sspecul at instnrction is provided to ecution pipeline
12 front tracecxﬁiﬁ“foé‘rp'rieimf:ﬁgdj[ﬂjﬁ "Ef)‘f'lt}‘i@ct'df‘él“%&g]éﬁ?f‘ %lof%g‘f(ﬁyje'a repayEddtut i on
pi peline 12. | - tin0R¢L S: \/ ALkt nSEructioQn idall
i nstructions éﬁ%ﬂ' éﬂﬁbcgﬁ]%tlﬁéqlrlrllrz{nrst[fg‘?llog’r{?arrcg la&gl-i’ey:‘acgﬁ%té%?loal(ap%%‘Egh not
necessarily siguhicaBrOSSIMdedilonare iBEtdsRhOR-Eculc8PlIdBEEh hdl btdskarilyt he
instruction and all instructions following the instructioh In prograixn or der
arc re-execut edimullheopsipgl an ins@enionds tdaplagedder fullil (Be iRghEGLdnaRs woul d be
executed in an in order processor. Instructions may pass through conductors
18 entirely inngrusgonsdadioteng de instrusooretntriregraot drder artemexscagd afhopmgram

Processor 10 may he art in order or out-of order processor. Tile
re-execution oIS IEFHABTIIC HFEHFURIS I GrRS SXeERIFALD AR 11 OFEEF RIGEISERMHs whi ch

arc dependent fol} tile de enderllt innstralcgi 0 be'.n? repl ayed. 'The .nunber . of
re-executions f rIGHiofF MY Pang hrouel BE L ?{fgéﬁ‘h& i @SH%f‘b?rFFrn‘H ‘Pis?'é‘:lé’}'/'%t s
whi ch trigger JtﬁﬂllﬁM?Bro_'thnggﬂﬁF.a’rocE%s P18 RRPHEERI b V?ﬂf&ﬂ&'&’& rp%acks'drna'

execution and re-executiron. Results o ast pare o e 1 nstructions

arc provi ded tphdeas@cihithf&Ta depeQdegh irs @06l et iRa B red@ iFin@bctiont whiRNBRE | 0gi C
34 finally retires instructions in trace buffer 14 after it is assured that
lilt instructidopsndet en dlardepchdont exeoctiacboig feplayed.i Ghaoabrherof ré-axecutions of
re-execution. Execution pipeline 12 may be any of a wi de variety execution
pi pel i nes ari dinpyctivas sarseeedrsivlled by cpatrqjbng Picparitaavhighdaggeriremays dal i ne 12

may be used in connection with a wide vari ety of processors. .Ex |l es arc
provided i n FIETBT lohmenpot Pay BERsapsalp eeutorandigeseetm S8 BRor
o Seout 1O PIBE A e ek o ARkl Wb R RETA
in FIG 2, exegitdRéntMRebl maallPRetireiChseRSohEDI Bdc8bulfBNBMMG it i§ BssAEddQhat

enbodi ments, the execution pipeline dots not include register renam ng. The
processor 1 {hctdslruk@ons. werc \8Rr&QlyXKa&hled either originally or in re-exccution.
Exccution pipeline 12 may be any of a wide varicty exccution pipelines and may
be a section of a larger pipeline. Execution pipeline 12 may be used in connection with
a wide variety of proccssors. Examples are provided in FIG. 2 which illustrates
components of a processor 50 having an execution pipelinc 108, and in FIG. 3 which
illustrates a processor 100 having an exccution pipeline 308. In the embodiment of the

invention in FIG. 2, exccution pipeline 108 includes register renaming. In other

embodiments, the execution pipeline docs not include register renaming. The processor
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PCT/ U5981 26501 7 may concurrently process nultiple threads (as in ZkZE&'ééséLjL

of processor 50 in FIG 2), or not concurrently Process nultiple threads

- (as in the @ase;efsoprocessor 100 Iit P1G 3). Processor 50 wPCII/Us88/26501

di scussed first. Reference in the specification to "one enbodi ment” or "an
enbodi nent" neans shat a particular feature/ structure) or characteristic
described in eogreetiomiy frocésbendigliodiceddsens inl e taxelor@asteisdr 30 ih BRSL2)06€
enbodi ment of the invention. The appearances of tire phrase "in one
enbodi ment " i novearicousniy prossssimultinke tbpeds (b cathecascagipromtssare®@ss &G 3). al |
referring to the sane enbodinent. A Creation of Threads and Overvi ew of
Ri pel i ne 108 PRREFWEOPOMY bersquewdilddd t hr ough conductors 102 to art

i nstruction cache (riefg%Cft'e)tl 1 W, A? delcher 18%; s i, | yst raé?eﬁj as.,,

recei ving instruct i one Fyoh e WEEHiSatigA0 "Bl eHPedmRal (o o717, C BB HCHe dRiias

I nstructions WLQ@SE?U% AR s bRE NG c%gécle%p@n&&gbﬁ&dﬁﬂ 8Bmc38m»ﬁt)ﬁtth nd

i mpl ement ation ch the term™instructions i nc e macroopcrations
(macro-oP), nicaibedivma & inelded HONAIast Be HEHYIdFMET RE theliBVdMish. TS hpptatdnns.
Any of a variety of instruction sets nmay be used including, but not limted
to) reduced i nétireygdirasert‘is ete embgpditicnyy i¢ PhiB)s paces onthk epecifiaitivnatd an  set
conputing (C1SC) instructions. Further, decoder 10G may decode Cl SC

i nstructions t§cqszar8rallgeferringtp dhpssamerestbodiendnéns from | - cache 104 arc

provi ded to pi elir]; 108 tﬁougﬁ 110 ar'})d .0 ce buffers 1 14

t hrough conductors ‘areaigon o Lhr V%—%—M“ YEEEEW ions. A thread

i ncludes the trace L I I i . yal yes rd
program count er val Iﬁglggct{f)ﬁ% g{fﬁgﬁﬁg%ﬁeﬁe rﬁﬁlﬁ%g%ﬁo%ggt (?:gr %gkn\é@ucgiofnfcgghecn -
threads front qciy)Q0nam &colr008SilhuBirdicE AR N iRV iIdnDBcadhan bi
counts to Programcourtiers 112A, 1 12B, ..., 1 12X) through conductors |30
(where X repr edientasivtiheonldrzesdoihstprcighaibefoeuhéyetesgh 1-Aghan 04. eRapaplding ok tiay
be 4 or nore or |less. Thread managenent logic |24 also ends threads by

st oppi ng t he #98t&} andidnPeweranecewatethe Fim Sadireieagemenincluslgincact®4 nay
cause the program counter to then begin another thread. Portions of,

di fferent tludRd&ere (BBHORM Shtary oPEades HARY)- USERE Oflss orre, OIS BHRIHE

where in a pro . Cr eat threa r ea 1. S =l
001 3180 pe1] U St b7 SERBLALTSR B s B Mk B nay iy Brestegt,
decoder | GG t hr QU ok QB RiiRg HRE5C) T Roib & 3ER BN m%mgwgﬂ@sestl ons
inserted by a programrer or conpiler that expressly demarcate the

begi t ui i ng andngndiiogs.oFurifvr ededsdcrAlObandiaddcudd €1SA Indeadiom e RESE istrhagpns.
124 may anal yze instructions of the program or process to break up a
program or pr dossscioop fionedcaahiel 108 achprotidod td pipolingi FBahengh MUK, anEde
exanpl e) branches) | oops, backward branell|es) returns, junps, procedure
call's) and fun&FEdniies |14 hrehcondsbithts to separate threads. Thread

managenent |ogic 124 may.consider tl=~e | th.o ential Lii w
many vari abl es arc #r%{/ac??’(\’/se%liatoﬁglshnd%oé‘ls' ggg{/eg?i”gﬂf(gghfcﬂg%cggxr]%r%{g%m%iiﬁ"g?

bet ween succesgicy Qs tdgitadsiucdladl gr Rt Eo @G hanRs i N considering where to
start a thread. Tlircad managenent 1 ogi ¢ 124 may consider tl~c program
order in determ ni NGhichdmafsgsnttat logk 104 drdutaalifferctl theady fogh ampregra@rori s flit
order ilic tiueads and the instructions wtf~in tl~c tlueads woul d be
execut ed on anpropessrinécagrcolddsyoprovithg statsng ceunitoprogrami aeuniges t Rredd2Bmy
be executed out of_order (contrary to program orderzh. Tl ~c threads may be

treated cssci U-al 14Xt FABAHSrS B0 HVIRSF P presents thewaPehalBrg8®hl 1 ogi c
124 may include_a predjction chani sm i, ncl udi n L star : | d
maki ng 1 css t hd u"b%f)r 1 2L HE %S‘ i g%axgﬁ‘mogf org ﬁsr%iag4 1 rcﬁgr%aﬁéﬁéﬁ%tﬁ%&?xﬂlm
may create a thiga d@lﬂ%aﬁ?gﬂ]séo?hﬁﬁ (0185 TABE pidpRim EQGL N T8RChdWRASaRShent
actually part oF the programorder. In that case, 1C the sane code is
encount ered agajghc 124@apeashethd fragrBciinics o totbezihansihedhicad d@beions bhe
whet her to create that sanme thread again. Thread managenent |ogic 124 may
use a conbi nat ddferaft thredysvaacenaumeatly wad font I-eashel$0nd use of express
instruction hints froma conpiler or programer to deternhgf nggg in the
instructions to credcAdgryrGyhere iy A AIREEHN P POCEIL? AR BHAY NE2E  eat i ng
tl UCads froma programthat was not especially witten or conpiled for

mul tithreadi ng) wherein at icast one of the tlucads is dependent on anot her
of the tlUCads. The program may originate fromoff a chip that includes
execution pipeline 108 and thread nmanagenent |ogic 124. Dynam cally
creating the threads, executing the threads, and detecting and correcting
specul ation errors iii the execution is referred to as dynamc

mul tithreadi ng.




. pravr %00
F1G 4 illustrates a thread Tl that includes a conditional backvvarg %r‘éHchL’
~'r~71 L tr. ~ 1~ WD 99! 31580 PCTI US9&l 26501 9 instruction. In program
order, threagb31iss executed follow ns the conditional brancRCTASPE ST on.
In time order) thread T2 is executed specul atively beginning at the tine
thread T 1 first reaches tire conditional branch instruction. Therefore)
portions of thnaademitnalndicT24an® rexenstradioaoficurdeestier Y06 IHrodd @adudiadrs 128.

i nvol ves m sspecul ations, the effected instructions of thread T2 are

repl ayed. Thr edY hrrdgamyrinclpdyingtraignringctgsiin oprogtenreeumtcootpilehdapr ogr am
counters through conductors | 30. .A purpose, of nitoring the count is to
det er mi ne w t cHPESEAr HEF%%WFge@H’d‘.”gﬁ8$°’éq{%%ﬂgf°aé\%e?\llﬁrﬁﬁ‘Vé&)‘hd‘ﬂft‘:i‘%n of the

condi tional br i . ) sl o ter of tl>read T1 were
allowed to conr??[n 8’,“%“?%%@3 na]lgl v"élrrfril glelt? %s?r?:&@éﬂsio?s MTREPFLRTBF 30 ?rﬁg\gaﬁa
T2. Therefore, prbpr@agr pREEARIEcd!10UkcselE b4 $HORFTE RS 1RED r of
tlucad T1 Wnenpt e con}gii%ti onniﬁgl not r%et. FI é 5 iIrI usﬁea(?{égmé ?ﬁ?égd T1
that includes @afdhiee!loops, datkward bfahuisds| Rumd, lurpFs) BrorARE d4ls, aNRMctibiecasl |
instruction is reached) the programcounter junps to tile location of tire
function and exexbt goathpointsgo sepamata tireasisr libtchd managenwini tigid 12¥emaheoysidegr am

counter returns to the instruction after the call. In programorder) thread
T2 begins at t'he!§nesh PLRPPIEHIF SIFHAY BHY oEklEnare involyodethsmgarber ohr ead T2

i s executed speculativel v beginni t the ti thread T st. reaches the
ol |1t Oy oo h gt afc BT LLIReR slerEnbt Tt R hdn R BRESor

thread T2 are wRALAYS@rt aliif@@d Thrchd ﬁﬂq§gcmnlok/&c512w g Mﬁ@HﬂEﬁ:Fodrﬁﬂ%!?@é
the first instruction of thread T2. The Load and Store MX I nstructions
inf 1G 5 w linhdeerdiisiogsisecisbundhrdw.of Bir€ads GTht bregtdnabrier ishh€adir thk,thrkdds T3)
and T4 which are part of a section of a program D fferenl rrogram
counters produdy lBﬁnl@éﬂ@llmlsl\,Vllmz,lllcl'@,rcaéhdfow.bcmc@aw an an innerdqescessor. The
instructions to point A (function call instruction) and there from point

13, to point CUEELHHTSMGHED USABIeRET BI2Y PAAYISUICH L elcariei{Fontrasy s Piagrad and t o

int C i the | b t ed | ,ti T LT I t
point C agai n (Loe, LOGATRY, BS, LEPSLe.aeual A LLME, T ead T2 hech s,
instruction of mang cB‘r&H\PFd&% ?_t4hﬂ5y i'nélugg‘l: Eﬁgicagn 91(3%:1211%1/5'%‘1 ?Iiuﬂﬁ-@ch I;Ii_ oﬁﬁllg{)l@qo at

the instruction that in programorder 1S I med a after the co i onal
lé;atc kward br alr_lgiboﬁk{j nfaRIngticss uamcbl ,%am 'F]lﬁt}i@ﬁ. Fér gahic, Ewrcﬂd%ﬂﬁh&hcrﬁ,lo%@ 129 ity
to point and to point I, ich is areturn instruction to the
instruction tremtd thtcadradd QWO (981 3AEBOnEER! 116 8L A6 WO ndiGrciuziip hatod flye
followi ng point A where thread T2 begins Tltread T4 begins at the
i nstruction therogram prdsgr Hnbar@es. if Wie simeendgtiesiponniesd agpe, b8 MR OHal
backward branch at point E. As jllustrated i,n PIG 7 ortions of threads
T1 T2 T3 ar PR Bop B et ootonRy heitea ot aliHes (RGe PeDl y TR
threads arc fe %qig: : r R QQram
order is not féﬁgﬁﬁ%)gﬁ?? t?zr?eag}?ae_r; gi%%ﬁ'?%ﬁ%%" ?éﬁgg&%ﬁ%%?&gri T4
bCg111S 111t 1t bEGJredsGhstridcBad AithBorhRSbhipatd &pFo@hmRRE M etébnife whB@ ifihe
respectively. The vertical dashed lines show a parent child rel ationship.
Threads T2, T3jnsanctidit tarceeapxtheesded specul atively by relying on data in
registers and/or ncrnory |locations before it is certain that the data is
correct. Processor [Domaglicadlypeeahas thregssds ereatdatbieadsnrys gaEesrary that wasmpt
cause ntisspccul atcd i nstructions be replagyed. It.turns out that thread
Ta'Ts ot par ETGFay BTG ERRPORU D ToHi g e R Al BRI A R
orogr am or der . UeegRE Fprbifer SEUELERERES TTrodeGRE dbibiie B B ol ub)2,
hleld 0{ gr?Ces%ctl{?:{%ﬁ%g%%ﬂiohgi;ﬁ{i@@mﬂ (He&Y ﬂéﬁﬁﬂag@?ﬁﬁﬁ@%chgﬁa gz;xﬁiidﬁlll l_El_kgﬁlting
al |l ocated for another read. In program order, reads : an
woul d be executigdhesdb,adxdcomiig the thsdads,lanédeicdiing andenrrtdtingespccul@jonariods e

thread T2. _ . _ _
exccution is referred to as dynamic multithreading.

FIG. 4 illustrates a thread T1 that includes a conditional backward branch
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Referring to rlG 2, instructions fromMJX | ! O arc received by
renanme/ al |l ocate unit 150 which provides a physical register identification
- (PR ID) of tRhewsemsned physical register in register Cle 15RCTURE/PMID is
provided to trace buffer 114 tltrough bypass conductors 12G Al l ocati on
i nvol ves assigning registers to the instructi®ns and assigning entries of
the reservati onnghatioonsn pfogatinetidt, ehresE TR iLdMet udd GlloNGEhE REnNNESKABEHSCAl C
ready Cor a particular instruction in the reservation stations, the
instruction is inssigddnt & bne codert thread dias axdcuredispedudativelycheginnmtgeg el time
floating point) of gﬁﬁeﬁ”“ on unjts 158 or a menpory executiaon pipeline which

r

i ncl udes addr es8"g Bt BsAckRtithe gonajontirbranglhinsirictiopddmcisigre erortismp)f thread

and data cache 17 pendi n n_t he inst {i )...oper ands .be provided
front register ﬁ %ed Jfgfr{]%xre(%gtﬁ e rﬁg_{%r Lﬂﬁré@(??%ﬁ'bve w&ﬂé‘ssé’ﬁg_@é'i‘%n ©of the
i nvention, depediaRid ihSpidiidns bPFca THAR réplhytigead may be so linked that
they are not executed out-of order. However,  dependent instructions from

C2 ~~~~,~" c~""~ WOrBRad xR0y ditehi 14598 12OHA mbhieh thé es@bf theyeademWayntba
concurrently fetched, decoded, and executed out-of order. The execution of
certain of the thhouhdondegiotsd 38 pécpirabsoas. mdtotoring gire qpanf srtordetcemnine when a
reservation stations and rel ated mechani sns arc desi gned to | eave both | ow
| at ency and hi gihecagghavidsnd. i esei@mpre,iventiceandiion of e qoatdidiony! kiperh is not

bandw dt h [ I tricti th f inst ti
hat " can b val TG 'R PRI RGNy B4 hao W Baen§rismi il ahance t
buffers 1 14 OUﬁxé'tﬁﬁiigéntﬂfJéi'BP%thé?d P! ?ﬁ&@foﬁ!m‘%d xl?a%/nd v@ﬁmEBH%f;Iﬁgl% stops

e
avai l abl e for cxecu ay W thout significant ecreas t hr lS]élEcput
of pipeline 108proghen ebirtét oMbrch@ir@n@ienand vaRNiAXeastHEN pi peline 108 and
trace buffers 1 14 can be reduced through pipelining. The result of a
execution and rel at e8lG.nf dusestcomthaea] Tar iliat wkluticoafusciiorcbdicinstomtion] 132
t hrough conductors 122 (in the case of registers) and | fuough MJX 192 and
conductors 19G Progtaaerdcpuriicarie calhipstranonrigenarhes, ha@regsrmcedntehiuomsde Hsn
may al so be witten to ée?i st.er f(LI e | 52 .ﬂnd associ at.ed re-olider &Effer
(ROB) 1 G4. OncE@STH le8BFYNCHAN AP hEHEHEUNEN? BRUAAT ISP et MBIFhdiee (i Pragspm
to register fil i r i j et i I
rar aa pi pel i ne 1B ERRNTE RSB SR Ik N, RlbioBb R LS Byl PE R E,
or initial retipenRAfuctibh [AlovARE AleGefubit:Cirnf & brdef iGkad €3 IS &RBREA spRIRHLOGS
for tl~e retired instruction in schcdule/issuc unit 15G i ncluding the
reservati on st abdgimsing e $ihey thfdall @ | (&R, reauhds ROIc3ll.| [fB4read T2 dowalveacat cd.
However, all needed details regardinb the instruction are maintained in
trace buffers llni%pamdalMGLt&cL‘gfsctgmliSlmalinﬁS@llhrF@tT1 ewonapipyetestreakedl bedsow.

n dependency exists between a |later thread and an, earlier read wh i, N
program order) WREAIGSERETPH cOHBICT Aghesths g%?él”]sguﬁfoﬁdﬁéléraaq kgt ﬁgc éf&f“fi and

tl uead. The dat rrg)(d}_f\na‘\/sgmgg 0 iRrﬁguggﬂugjgrﬁ%%ggssg?hé‘io@( tluead tluough a

menory or non- lr%:r)ry !ﬁs ruction. Fof ‘exacl c later tlucad may be
dependent on the earl@r ¢ il yigalds hlrciisloRd2l w,&mgu \Qnic}uaretm &ﬁtﬂercuérﬂsﬁ@d
e

has the same address as a store instruction in the earlier thread.

later tl~rcad npyopadii 0 Diffc@QPEIEEIM countdrk peodaad lhireads My TAAT3, fanaM4. Thread T
iNStruction in the later thread involves a register that was nodified in
the earlier thraatudes kespivstynsatolpmirgrA (fnsetranctall apstiustigpped degit from peintdand i er
i nstruction when jn _program order t | aser instruction uses data produced
by the earlier PAYY F&epwéjHPnaﬁ?écer%ra"z pstructigs)qlo @ﬂﬁéaﬂfiw@c’é@'@i%@%&c

PCT/ US981 26501 17 "dependency" . I S I R the: i’ \
specul ation." Al ooé)xlgﬁ)pﬁ% ' aéda%%éﬂdﬁﬁ‘:é?} g%él!(jzﬁlzabtré?gﬁgl{@gzﬁérggﬁ%?ﬁﬁgﬁt%%mm
there is no depgpfiencinieliureMciicadn MStridphi Pemdctih Bk clcdsh bt A.
instruction. Address matching is an exanple oC a technique for checkinb for
dependency specuthadadors Beding &.thdimsexaivpltrataf prigian splecisl iaimeadiatélg after the
specul ating that the data in a register is the correct data. Register
mat ching i s an eradipbealdfackworlciraiduel oo & prekbsdntigugsdp Pat &, peeint Bitp paint

errors, B. Details Regardi n% Trace Buffers 1 14, . . i
G, to point H, and to point [, which is'a retum instruction to the instruction



. ? v il
Referring to FIG 8, tract buffers | 14 include trace buffers 1 14A, |2&14'B,L !

1 14C, ..., | 14Y, where Y presents tflc nunber of trace buffers. For

- exanple, if \Yogo$hskh-C.. Y =D), tllerc arc 4 trace buffers. pcfru¥dsizssdiess

than 3, trace buffers 1 14 does not include all the trace buffers shown irl

FIG 8. Y may be the sarne as or different tl@an X (the nunmber of program

counters). Tragembdiifedy follbwidg paiyt hevirrsihgt €2nEamE Y THiewH dRGhdgs@it the

i ndi vidual trace buffers) or physically separate trace buffers) or some

combi nati on of inshHeckepthaRefpspgrmeréw iFingnedateiyrefenteenbdidbna itk winddaahch

managenent | ogi c 124 includes art array 198 that spccif ies the program

order (wi ~ich PSPUPSE the retirement order) oClllread 1 Ds. In the

Pt s 1oL o ASLSrOF, A% Mioh PP S Frane TR, "

to a thread ID. Por exanple trace'b 'assi
trace buffer 14ddRell S‘nﬁ%'ihtgﬁ&ﬂcotnlaﬁﬁ@tmyl B ’thrgzgd% e : RRGied, | ddBadkdl g&¥ul@8 out

hardwi red or programmed. | n one enbodiment) cacll program couhter

associ ated wi t bf ardeabtdaosd @t ptdpraadrdcPisamd fdlroa\ﬁ‘c@ Wﬁﬁ]@bfd&%&@ﬁtrﬁié[‘dﬁ}cﬁds
there is not such a restricted relationship.) PIG 9 shows an exanpl e of
the retirenent Tar §&yarf T4 begadsiratdistalydotio wimgdndtivmiorls2u pbimts ApCearahip) e,
there arc only four trace buffers and four |Iluead IDs. The associ at ed

tl uead nunbers r%?peclszTh%vfﬁa?% deshediliges shopenparag child trﬁ@uwbr;erf&lnwts@w
tile thread nuc{;g parent esi s 'ls Cgt actuaII\élncIudedlng/ | 98. At
time tl) the pr g?’é 4K PEEY FLRSEREYGRPY FeY NG 0B ata ) Jeeisisrs pod/oR AEMRRY  as
in the exanpl e|QhiBlGerfie lBﬁtc‘éﬁﬁ'ﬂ lﬁdlqﬁc%daf%qghﬁ:h réc%%soﬁ'thbﬁagﬁxgagﬂﬂ?sdlo

that thread T4 is not in the program or erefore) threa I's reset,
nmaki ng room f oicick>hagechiativhaind besimisspeblicd Isthublidisas Sehedihfdd. Tt LARs out

Thread TS is associated with thread ID 4. Thread Tl retires, nakin6 ~ T
~' "s~ Ev~2 WOlsotizesd TRCTneI$e8|d60drog@nr ordam. fﬁrrcadﬁT@ady‘BGctxacmecamembuffer
1 14r1. Thread TG is associated witft thread IDI . At trine t2, the

program and r ethfEasdriianagsnet lqgie {4y desniings Ui thread Thiscotpart of thetpmegran order.

t d bef t ds TS TG | d
T erant t o ot Thading 3urta? TasRR! be 0G0 MRt R Bl Sl Arprhies fatad T4
changed) . Depeg,%aagsor%o% & @S&amééawaua@gcg angc{m{;o?%x&h?ﬁﬁreahh% plodffRd T2

was initially ore threa I'n array rogram and
retirement orderderOthkchdoa 1CPD rRAITENo@AE belekedttckOR fllowd: rmsntuuﬂeadﬁﬁ then thread
mentioned) tire program order of threads is the order the tlveads woul d be
execut ed on anTi3naod den tpread@2sor. The program order of instructions is the
order the instructions would be executed on an in order processor. Thread
managenent | ogic 124R¢f9rtr§1grli> §1G n%@%@éwllsﬁqlmi\’w)allllQWCFF@Q’\YﬁChQY rchamefaijecate
program order fot e th ver,, thre ic 124 does
eventual |y dct é't“httllsﬁ ‘§]“P Pff’vf‘}eaé PEEB‘@?'&WB‘FHEF“‘ F?é‘f‘ ?{ﬁﬂ& tog% réf’a"?)"‘?t race
buffers 114A) st t

IBA, | | . %‘C?Ll r\e(g’s ﬁé\éggcg?géo}/%t e@{%eﬁ ‘fﬂs d‘i “'83%?"‘%%"?‘3&"‘%“ ,%ﬁ,ﬁay
be denul ti pl exn%asa d’o@mHhélbbé 1het \ml%raamnelu@m@sr&sﬂguﬂagéeg@tcr%éiéﬁ)he instructioh8 ¥n@nd
conductors | 18. Alternatively) enable signals nay control which trace
buffer is activatigdingShirlds ofiliteaeseatdtivalsiationhefr seheduje/lomieamitulfio. farcalthel
conductors to handle parallel transactions. Trace buffers 1 14A, | 14B,

.., 1 14Y supplpgrands BruEad s aseiquar Apssycion brthardsenatien stadepsathctigstruction
pi peline 108 throu conductors 120A, re connec.

h ed
P e onduct ors 1 grated e e A ERON S (o cinissat MRy ph e ARRams
buffers 1 14 m3‘1y58 r’LCxHE&,%‘BIJx%:LH?o% {,Jl.lnEQHQQ Hou &Catdgxre %&8 dag Wf\%

reexecution. At th Instructions

al so pass tltrodgibly ddét burrekQMOB) meaﬁd 884 cddhBB76. AD&ﬂMr@ éxﬂhanﬁkuucuons
instruction ID (instr 1D) acconpany each instruction through |lte pipeline.
A replay count aomeyaralsseayalecpopidny foherepingt filectS2ahrougincdritactas €6%f Uhdadnand
store instructions, a |load buffer ID (LB1D) and a store buffer 1D (SB]lD)
may al so acconp@lﬂ?odlh‘@“l plsthe invenoen. depergped 1%69'%‘%‘““@HE’CE@PBYé%?doéBHkB(’

t 1 | t th D SBI,.D v
P e el ekt e QU ioete B dentbien s RuE RS e o

descri bed below) a PRI D or value may al so acconpany an instruction bei ng

re- execut ed. ~ 2 ~'w ~~~~ WD 99/3180 PCT/US98I' 6~01 14 '1 race buffers 1
14r1, 1 14B, ..., | 14Y' recerve PRID, LBID and SBID values fromrenane/ al
| ocate unrl 1 ~0 throu~l| bypass conductors 12GA) 12GB, ... 12GY, which are
cor~ecled to conductors 112G Trace buffers | 14A) 1 14B, ..., 1 14Y receive
writcback result inConnalion arid related signals through conductors 122A,

122B, ...) 122Y, which are connected to conductors 122) and tl uougli

conductors 19GA) 19GB, ..., 19GY V\A I | cI ~ are connected to conduct ors 19G

I N 1 N A N AL AN AN AN I\
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1. Trace Buffer 1 14A ReCerrinl; to FIG 10) trace buffer 1 14A incl ugeg ‘énh’z

instruction queue array 202A, a data and dcPcndency (DAD) array 20GA, an

- input registeh ofrblsen 208A, an output register Crle 210A) deperfddriesps/26501

generation circuitry 212A) and control circuitry 224A. The term"array" is

intended in a broad sense to include inCornthtion in multiple directions,

wi t hout restri éificomt thocaslamtaychsl cncéoemby fetchddndéqoded iand emial Aryofor@02Ahe

Wth reference to FIG 12, the follow ng describes the structure of an

i nstruction quetREUEST eficepamlbsitireads may b€ spsculivii t h ot her component s

according to one en‘E o‘l ment _of the invention, Insél LfCtI on queue array 202A

recei ves instructi oh® Heh BHEIMPPEMIESCEAALS PSR fclalFd mMeghanissps aje designed

particul ar thr ﬁ)ai%ve-mﬁ\ IIOQ'SlBleH% 1%@1&““&)5\5&!\“(1@\ 12!1 &3 s%ghctx%sh Eqat%lr\]cd :W\rdl tten

into instruction queue array Structl ons are of
anot her t hr eadbatRvithirkdBRenhdMiOplace ﬂe§l$’bﬁé&ﬁ:tanHe ALRHE &fmarm.aifxseml@mantﬁeace
buffer or by instruction queue an ay 202A al a different tinme. Instruction
queue array 202aAitingah idessaraaticousatfanel 8y positibnihgrred baffers 014 eashde pipcline
instruction idenlifrcr (instr_ID). ~ 2 ~"'"~~ L~"~2 WD 99/ 31580

PCTI US98/ 26501 149 anpms apeler elipstHcHent andearsilabicouerccybomniimy witliduer ent

fields arid a diff t nunmbers, of ro I n.the embhodl rnen struction
queue array 202’/&'“@ lh ‘r“ifé?aéWFéWlS’Hgéﬁm\?QP'@%l"?%l%ot E’d‘lﬁéef: é‘ﬁ“cf’b{’}it‘”&‘ahl d be

in other enbodi %{ar g Blggﬁl]icr Wtﬂngr]raggﬁhlﬁergrl T@XanZt%ZrAd&ch (lihrgl:!lél ?tp lleang

conl ponent s i ude vari ou

signal s, and struct gnerdsORbf hS ch@tutibh hr\lﬁr‘éfa@etdqmor§ﬂm 4k SdrtlR) I?drﬂ%ﬂt@oac@nd
structure are not illustrated because they vary depending on til

i npl ement at i onunarlé2 undeglstomddetbys tA2qsethe kasclof dedistdrs) dred tarcmghaﬂdmmﬁ ahd
greatly conplicate this specification arid |end to obscure LIIC
[11VC1111011. rasducipss | ¥h rage buffers kidadbe msphteandrcjagd xufﬂrmaumggpyazm be

Lhe Y eng Qe?vﬁ{cnrséﬁs‘%ﬁﬂﬁ(‘?ﬁﬂ%ﬂf aebea LR biffer RO g P Metesul
| nstruoti on augye: BEANRIPAY e Pk IRERPT P4 Mo hB%t [dChi,ons in

the trace that eave ri een execute e tnstructions arc not

received by trfi’t%u%lﬂ@rretﬂrca-ﬂl et &BIR AbIRE A0S iUnkerhe® ¥Rk idMent is
instruction is finally retired front instruction queue array 202A and a row

i's deal | ocat edcallgata figslcod! dr neitivlatiieunarAay deldle dgdirartedd) Getiremei, fegources
all ocated and deal | ocated by novenent of head and tail pointers. of code:
| nstruction quémetharmagd @Slzwcllos ideddilgbssut peil d86 ichelingothe wescrvatiph elﬂllons

followins lines 10: mul R1, 1L?-3 RII R2-->

RI3 : add 10, reeigerfilRdpl and ROB 'ﬁ&ar-c,dciuacstcd sHarV@vmalbnqcérfﬁctwlﬁ f&ﬁ“ﬁ&“é the
tile first six.lnst {ﬁ?z&r‘e%lalnl\é\"n%mr?trgcc bn.llrﬁ%&dLM 1dVMi(513 ll%% u%ﬂpg?%gltrc{xgﬁcnﬁ

trace buffer ot'llltruc an ‘trace

is trace bUfferdc}cn]oéé\belE@e "Op Code" field cont al ns t| I e operation code
associated wth tile particular instruction. "Dest," "Source |," and
"Source 2" 1-lclds ixegdcnlsncleqistetsdtweditd laey (Beidrane ah caﬂrerdusaﬂmm ia of

tile instructions. The "Index for Source 1" field) identiFres instruction

rltr ~9 program order, data used in the later thrcad is produced in the earlier thread. The data
may have been produced in the earlier thread through a memory or non-memory
instruction. For example, the later thread may be dependent on the earlicr thread if a
load instruction in the later thread has the same address as a store instruction in the
earlicr thread. The later thrcad may also be dependent on the carlier thread if an
instruction in the later thrcad involves a register that was modified in the earlicr thread.

Likewise, a later instruction is dependent on an carlier instruction when in program

order the laler instruction uses data produced by the earlier instruction. The word
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2r a;~ E. .~ w0 99!315S0 PCT/ US981 36501 I1G entries within the trzage" '

buffer 1 14A that contain the source. For exanple, the destinatron of instr

ID 0 is usedypossiseurce 1 for instr 1D 2. Therefore, a 0 is pRGECEPS2AK he

"Index for Source 1" field of instr ID 2. The destination of instr ID 2 is

used for source 2 for instr ID 3. Therefore,!?a 2 is placed in the "I ndcx

for Source 2" fiwradapty rptso used 3 thaph)ist fidépratesy apdudtiondare. cx"a‘hﬁaldé,ﬁazlld

1" and "Valid 2" field are bjts that arc set to a first value (c.g.,

| ogi ¢ 0) when eR’EB??‘@gﬁaﬁw ?16"@66?‘%9@ labpe thh dhes isdre 4°ﬁ§lﬁc}enmbﬁ%@%éé@ﬁd

DUt for 1 Lan) AP e auBOn a0t e B%piCBE RS Palceoh of Reereda bR

operand for anRsklc I hasiRe Pd9§e¢m wss@xcm%q%%% by, @arf)@§tt)lf35:l5' on

withintile tllrcad. Source T i'S pro uced outside the
trace in Instrtsﬁdcumnoﬂwclﬂmnqymaolzé\dméeﬁarralg.ﬂgrl ¥ thovdriedt dat®f RégISEF 1D O
is alogic 0. Source 2 for instr ID3 is fromtile destination of instr ID
2. Accor di ngl y maahigdis 2n ekampis bf a kddhBiqus {aa cheagingg fbr ddtaspecuttioorrrbl. | nvol ves
adding R1L to a constant "10." The constant may be stored with tile
instruction, iMa SMMM%L&%)) in the source 1 field, or

the Saurce 1 1 el d PO IcpSaurose gt FAaFYRE Befen st Lt g1 B0t 4 e
placed 11 tile Squgoeyfekiehdecih HkOLBHE Eice lAESBER) clhuihd Pollp arty -

SB1D associated™wi th' a storérql nstruction in a storeé bu% descr

bel ow. A | oad If fiefc drk Bhidke bii@drs. OV & iagstindiB, Dra@abwc@sswgb@st,ﬁd iNMIbdE Al
Toad instruction in a |l oad buffer, described bel ow. The SBID and LBID

val ues arc assnlgaw&ezdu:hguﬂfcaﬁmbahﬂ‘d)@as eYunayt bthScnaads ar diffardnt than X (thé he

i nstruction queue array through bypass conductors 12G A tl>JCad | D nunber
Gel d coul d be iwaibgdedrogram qousterYCT 1a3e buffarsud 4 aayahe POge niswnory dividedrioto
needed because it IS | b. DAD Arrav 20CGA and Dependency Gener at
dreuitry 212A iy idpa) tﬁ% Paffﬁwf mwlcaﬁése@msr?fé?hu?%fs mwwoasyblze}mof' the
i ncludes "i nstr ID entries (rows) that correspond to tile instr IDentries
of Instruction &Jeue Array 202A in a one-|o-one fashion. indeed)
instruction queue ar[(c%’m%@%l@@ AR c IR Y it A A e n R b f n‘ogrcem iRQhddsons
of tile sane array. |-lowevcr, in some enbodi ments) there are different
read ports aSSQﬁla&h?d98\/Itlta|ﬂs;bd’¢$ﬁdsuﬁé pograguerder aviiely is2sdAhandirbifbhiardayol Z
~ r ,l y ~4 W 9913t 580 206A. PCT/ US98l 26501 17 DAD array 20GA incl udes
a "Val ue or PRIUDtad |R4.dintthatxaoyne, aaelstraicttvdicr hires waﬂwelhmﬂddﬂcmdd@ytawnc
instruction or the PRID in register lile |57, The value iis witten_back
from t he executMmingiotasthread {iPafer pxaHie, ‘f@ﬂiﬂh”fffﬁrlddé\hls\ﬂﬁ'@@dlib’@ﬂd UHl‘t“P‘B‘Z

d back 2 and 1 b bi
i cat s whot HEPEEE B (APt S PP G d SRl FRY o DG o pr D
In one embodi men r[:]htm,c'ds ngﬁé&xﬁbgd Héﬁtt cﬁé\eproé{‘a}n%uﬂ{cr P@sgcnﬂ&ﬁwﬁmpg\tﬁﬁh&hgr

either a vali d or a va A " Replay Count™ fiel

uni quel 'y identijcag IBrantiNGtE u@ftﬁtrorwibﬁﬁawga the@ is A RBE Br&tried Feldtivhshipl)t ¢
instruction of the sanme instr IDis replayed in pipeline 108. Under one
enbodi nent, it is pod€. Blisbowhan czaimlplnsftlucxtm@mcnaqrdbeofdbm@m atannd i andpglrag ed
nore than one tinme within pipeline 108, In this case, nbodi ment ,
only the inforn8t i“bH‘%fé%@)‘&?ﬁ’aF@()e WFtOH'Yt four Hi’“gj’ﬁé%gfcrs ?’@prPaS/l ﬁ T Cwitten
back to DAD arr ay 20GA,. The des

| ogi cal registe?>° cl"l’*cﬂiffadl%ﬁmq?egsr argd ﬁ%‘l}j"i"b?qr%thcs (f‘pézﬂfjmlg(?é‘l%% ]Fr’lgalg‘sta g,

(R1, R2) R3, apd tlﬁé%d ﬁﬁrﬁh&qgéﬁ%ﬁg{cﬁgw watYﬁﬂy 1&%68%@@5}/ el ﬁt ll?rﬁcftfarthc

Iarger In the exanple pendency d entries are set to

indicate that apdatsn SRPRUASNGY ofdt@iNhaxl TUSTDEINRAN TaNad ARk emweomla e
trace and the |ns ruction entry) acid a 0O if there is no dependency. The
dependency fi el Besvienities: il dedtinfo2nhiicdeiérmssadubet tbresd iTd is het intbeprogowk drder.
need to be executed if an input value is received ésuch as when | ue

m sspecul ati on WBCTG&fédh@élﬁ} T4A§s’°ﬁﬁe“ﬁ“h%‘br’9@’t‘ formidread 3rBpceyn ‘Hglgdg)d“ =48

witten into tr %uﬁcr H E)e.rThrcadALléB is assocnatcd with threcad ID 4. Thread T1 retires, making
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dependency bits are conputed sequentially) and are witten into the |3AM~"’ t?
array 206A. The dependency bits may be generated before it is detennined

. whet her to mapbstssin i nstruction. The dependency bits in Fl GPCT8/S38/2650br

the six instructions 10 - i5, recited above in section B.l.a. The

dependency field can be created through a nkthani cal approach. Before

descri bi ng oneosudbr tpgaddacin)irachdutieebtd/anThviehd Thés explimedegihQrrcad IDre At
intuitive level. Intuitive Level The result of instruction 10 is dependent

on only regi st@isl2Rihepiprmrm and retirementeydet is thread\dd 992, 30% 8ad PET(108884d 26501

1S Therefore, a 1 is.placed ~n the Rl and R2 colums and a O remarns in the
R3 and R4 col Jffh@d&efoi“hg‘f?adl Ve \r/ﬂ’?FbH‘CBdll"G%d%ﬁff Hdhe MeH!d v haddiftgrent

st G | . ' . ! i v
ool tor s Ra ahread 155 bEPHobel abd Rt 8l bl ATREURERES DM ng onabe
alinthe %nag,rmnm S€d, Yinmay Rivd Eb"ehrthdé@lr@ad :lFf'Q/éxg ﬁﬁﬁ'ﬁl}y ¥ffork Rk ALES iirPQr:[%yzainz

directly dependent on registers Rl acid R2) produced 1'n instructions

| |, respecti viéiBybutlthc progtanuaid mtiréiAgnt Bider svolikpenétatictedast dteayR 98 adligheRP.

val ues al the beginning of the trace. In instruction |2, R2 is dependent on
the R3 and R4 val uehs aentidnsdbébipnegran wdertdi¢hreadsae theThrderahothedads mouldiot i on
2 is indirectly dependent on the RL -_R4 val ues at the beginning of the
trace and a 1 $ECHFALRAN iTMORRPTRECSSORATIEAITRFAR Q5Aer ¢{dRSUrup s Is thedrdasdhe t  of
instruction |3 | irectllébge en?e t on reé';i ster R1

S TRLO uced in .
i nstruction | 2™ TEPE Eo'e PCitASTY Tt Bh B4 R FEEL v ’rﬁé(g@ﬂﬂﬁgcﬁﬁnﬂpg‘-c 4
val ues at the QRgLANRGEiyliARIal} AR nRREIMSEud &%Ffa'r’rp&idgpfo} %m%%ﬁ%ds on

these values acid a 1 is placed in the Rl- R4 cofumms of 1nstr 3. Tl~e
result of instHertvoonivkdd nandidiea lopidepredute 8vcnamlya@icshiics R, trustpr&drains

order.

Referring to F1G. 7, trace buffers 114A, 1148, ..., 114Y receive instructions
through conductors [ 18A, 118B, ... 118Y, which are connected to conductors 118.
There may be demultiplexing circuitry between conductors 118A, 118B, ..., 118Y and
conductors 118. Alternativcly, enable signals may control which trace buffer is
activated. Still altcrnatively, there may be enough parallel conductors to handle parallel
transactions. Trace buffers 114A, 1148, ..., 114Y supply instructions and related
information for replay to pipcline 108 through conductors 120A, 120B, ... 120Y, which
are connected to conductors 120. It is noted that multiple instructions {from tracc
buffers 114 may concurrently pass through conductors 120 and MUX 110 for re-
execution. At the same time, multiple instructions from decoder 106 may also pass
through MUX 110 for the first time. A thread ID and instruction ID (instr 1D)
accompany each instruction 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
store buffer ID (SBID) may also accompany the instruction. In one embodiment, the
LBID and SBID accompany every instruction, although the LBID and SBID values
may be mcaningless in the case of instructions which are not loads or stores. As

described below, a PRID or value may also accompany an instruction being re-executed.
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produced in instruction 11. R2 depends on rebisters R3 and R4 val ues at
tire beginning of the trace. Tfrerefore, a 0 is placed in the Rl and R2
. col urms andwa dosdrssopl aced in tile 123 arid R4 colums of insPETUSOY2630T pe
result of instruction ISis directly dependent register Rl) which is
produced in instruction |2) which depends olf registers R1 - R4 at the
begi nni ng of the triasee bulffess &fwY.d,148, 1..ild4Ylraced RRID, A8IRland BIDcadiuens of
instr IDS. ii. A Mechanjcal Aooroach The followi ng arc regi sters and an
al goritlurr tH&E FREpTSE!esaa upy 1§ Hupugled )R WapeHaBEAf i“&Bd -ad@6¥ divierit o

mbodi t of the i tion. f ' Fl 4, d )
generati on ci REUITICsd ERUT RO sy Ugid i 2ohTB88eke0s  and

23G one for > i : j Lt Y gi ster
240 . “Terpor ary e ot erartinEghabEhla B ARSI B L RIPEAL N 28T

| ogi cal registieny, Rhich arc oieticd 16 condub®r21 22, aMALPEU Bl BRI | 6HR8rod®501 19
R2, 1Zi, and R4. ivlodified registers 240 contains a set of bits which

i ndi cat e whi chidcdgidiadh are gomteetes t@tenduotobel 960 didplgcsignals ans prowiictd dirsugh t hi n
a trace. Registers 230, 2323 234, 233G and 240 are updated every tinme a new
i nstruction i SonAuEesH s d%4mhe- -t 194de Whinhfase cormigeled cusridiflers 194t ween

registers is sogmewhat arbjitrary. For. exanple, they may all_be jn one
conbi ned regi SYIBUPIGRE WY A P grdbis Subsaralcumbet pmrallshraictors

register is prQyi i i t,g.t t ] r i i race, buffer
1T0A to mod 1 EBeg TG BRT 20,16, 8. | 8%pd 185 e [ 82 el 857 ud,
n~odi fi crs addgesaebodotcdRddir@reaonMput e t he dependency bits for the next
instruction to be witten into-tract buffer 1 14A. Note that as used
Itercin, nodifying la Fl&gil8terccimafiet i dredinstracyalitsecmbodinicht e tdaet Guilbe In
register. It does not necessary nean that the consents of the register are
di fferent as aliGedil ‘tm“Gbet“hé‘l‘ﬁ“s’tlﬂuﬁitql@msc%ﬂ emiadinent of g trpebefiert éihe of

RL and R2 arc nmultiplied.(as t arc in instructiopn 10) d the result is
witten into r%ﬁt?qéjlf'gi““ﬁ?f&?‘P‘Feb“z?@#t‘é’ﬁ'fds‘“{‘)ll‘“d‘hl"ari”’émﬁ%?P‘ﬁ%é’é@grr"I“ﬁ\ ik Kéent
as a result of i r i Q... For exanple) the contents of R after the
i nstruction woul lﬁ%é‘ﬁ?%gmgllr%%“g?lgﬁ' if the contents of RLis "0" or R2is

"1" before the instyuctiopc.BurEl Ggal G a flow chart 250 represents an
algorithmwhich is perforned for each source operand of an instruction
(e.g., source | andRsfetriigeod)Gt 00,efaeabelldrillieAdrgledaendystfucabitdqefuc RARY ar r ay
20GA. In step 2S2 it is determ ned whether the associated bit is set in
regi ster 240. 2B/ deskutd drebiddipandanep (RBH) arthy 2A@A bt inpnt regigies fibr 20840 ah D utmit
set, then the bit in the de(gendency field associated with the,regi ster is

set to a | ogi c&BIsEr Iig2 WiAqsgendsnet genemtign cireuiirye | By andronkgl dicino A4-s
set) the source, dependency. field . i.s_r using.the i. e fromthe
rod {1 6r rogi LB a0 s B i o bR HRGRY il P AR Rt "Nt
as stated in Séi?&ti%&?)wm%t?&HY&iﬁn%B%Q@HF%rRl_ts are nmerged with the
current instruction dependency bits Using a | ogical OR operation. Such a

| ogi cal OR operation is &l ustisguetob@uéds- gate2824 in FIG 15 (in which
multiple bits are represented at the inputs). In performing flit algoritlun
of FIG 1G the nodiiltetferegicso €iG. EhthenfodloWwingrdsseréfee thestrutigrearfantingsetiohat
exi sted i medi ately before an instruction is performed. Wth respect to 10,
prior to instr@eRuearay GP2AagH dis dpteragiohyih PHGT eaperenisgccrdipg toge

embodiment of the invention. Instruction queue array 202A receives instructions

fetched from I-cache 104 that arc part of a particular thread. The instructions within a
thread arc fetched and written into instruction queuc array 202A in order. Instructions
that arc part of another thrcad are writlen into an instruction queuc of a different trace
buffer or by instruction queuc array 202A at a different time. Instruction queuc array

202A includes various fields of information for each instruction identificr (instr ID).

/
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W O 99! 31580 PCTI US98l 26501 20 R3, and R4, and the val ues of roisters 230,
23""'", 23=1) and 23G are X (don't care). Under step 2~2, the nodified bits
- in register R4hoflz950RI and R2 arc each 0. Therefore, under stepT/REMB/ 265¢he
dependency CGeld hits for R1 and R2 are each set to 1 in rowinstr ID O of
DAD array 20GA. Registers R3 and R4 arc not fhvolved and remain a 0 in the
row of ItlSt1 Dllﬂeocntlenévpdunmmmuld@nwmh fanesvinedifteat [IRd4 andih éifefon euneets
is placed in register 230) indicating that instruction 10 is the npst
recent instructdidRVEolhByieMPor B! %PEP“SWJCPO“'FIU%C %‘"&Vu?é)sf\ HerREgERrEFRINNg2,

234, d 23G 240 t to
1 i ndlagatl ng :ﬁatucﬁi nﬁa OrB'dcre%nég)chdHD %60 Oghcr CWE?SS UISF' oi’]ﬁmf%‘?’hqlﬂe}i@%ﬁ“éce :

Tic dependency plipi ‘Q\dfzﬂfotﬂl&séoﬂx%ﬁlérqglllu%lrhéd gﬁﬂgrd?atvﬁﬁ% rﬂa)am%lum: lv@ﬂom@ﬂf‘% to
that 1 2 ~'.,"'~~~ E~~~2 of instruction 10 he i cal register co

of nodified regiigiay, aR40tricacRahNSs sl lisorated ] Subh 160194, Gtnals, arfd PhudGRE atemdt! ~C
R2 col unu~ of nodified register 240. The 1 in register 232 represents
instruction | lillutatbd bespecthcy vary mispendotg anthe2nplenicotatibo, drestdarstbbd by ItRosc
under step 252) the nodified bits in register 240 for R and R2 are each a
logical 1 (i.e.skikkghinthepgemdstoyd prselfy eqmplicaisdhisspeqilegition end lagrto RRsqU280)
and R2 (232)) |m"red aliely prior to instruction 12) arc used as an index.
Regi ster 230 contaiff§"'8"0 for instruction 10. The dependency field for

instruction 10 in i nﬁ%s[ru!:L%nngx ﬁ?ﬁésw g%n'uﬂhgwxﬁlfnaﬁ?%tﬁ:g rai?!;gard

contains a 1 for instruction enc Instruction

ininstr ID 1 i@edads®Ofor Wﬂi’lc st @I@le@@meﬂ et lﬁéglu‘éadl isGidt gt BPAn th craek 1 100
is1111. Therefore, 11 1 is placed in the dependency field of DAD

array 20GA far ¢xestiion &f @e pR]grars) rbdisfri@bnimpucinatay RN s whitweieas jre atill
is already in register 240 for register Rl . A2 is placed in register
230) i ndi cat i nginstiagtiangge ghedace Hhaf Qa\{cant Hél l?ﬂgslf:x‘rcé&fdntlhq lmsttfmqmns ew na
nodi fy instruction i Tre@&F gwjenc dfor truFtlon

generated in a SFRVFAPY Marm I § 19 AL ?ﬁ‘c %ctafclﬂf‘c‘ yny! aW“F%‘gq“é’&I‘s finglyy
added to the R4re?1?44‘“]m9m 151HR9!> h CQIC aﬁg%%bféﬁ ?rcﬂogscﬁ &éa?c%r SO ({l}q&cl 1

instruction 13 1S ace Inregrster 0oglI Ca pro UCGS

Wth respect toydRrihHals 91&)'3{41)1 Il@bhﬂzf) BcOalloRstEd Hﬁédiéanoéa‘ﬂad %ﬁﬂ%@crﬁ&ﬁ%f fegd
the ' nodified bit in regisfer 240 for R2 is set to a nder step 258,

the nodifier regidstdrmpoimersl Z2 (232), imediately prior to instruction |4,

is used as an index. Register 232 I~ ~ 1 ~i.~~ WO 99| 31580 PCT/ U898/26501
21 conta~iis a 1 for Instrycacqyegnandy 2%blsdbmrb@ém§0n®e¢l@nf\mh thadeemmigdincs 1
ininstr ID1 of DAD array 20GA is 1 100. Under step 262, flit logical OR
of 1 100 (sourc@ CPdFromlnstr ID1 ) and 0000 (there is no source 2) is 1
100. Therefore, 1 10 d in the dependency field of DAD array 20GA
for rowinstr 1D 4. ‘d@p‘e ety field of instruction IS is generated in
a manner simlar to #hatuldi3,R4 — R2

12: add RI,R2 — RI
[3:add 10, Rl — R4
14:storc R2 — Mx
I5:store Rl — My,

which arc the first six instructions within a thread. [t will be apparent that a trace

buffer other than trace buffer 114A is earlier in program order than is trace buffer 114A.
The “Op Codc” ficld contains the opcration code associated with the particular

instruction. “Dest,” “Source 1," and “Sourcc 2" ficlds identify the destination, source

1, and source 2 of the instructions. The “Index for Source 1" ficld, identifies instruction
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instruction 14, Instructions IS and 16 nodify an external nenory Iogazl'b‘oﬂ (o

and do not cause a change in registers 230) 232, 234, 23G or 240. The
» dependency iWwHaesBREd ON May be used by scl ~edul e/issue unit 158FT/0698/26501
sclredul e/issuc unit 1 SG may nerely derive its own dependency information.
Tl ~er~e are different ways in which a sequette or string of instructions
can be issued outiesofvithmabetriaf fidfer 1 144 At portepl tay soae P& exhfmplcd the
sequentially read the trace buffer and extract those instructions tfrat
have the depentféHestias efsngeltD Qntussdder sobean If for insépllay.. Thérofey,er() iszeacs inay
Dave the effect qQf creatjing bupples_in the pipeline. Aot]~cr approach is to
Dave bubbl es r@’ﬁnbﬁjﬁxg r %ﬁi‘g%’l ﬁg}?‘i’lggi{&“ﬁép&eTlé‘éﬁjﬁﬂ’ﬁ@‘an%(t‘F%dD gn%UfderfOF
execution/rcpl rrd {o 17), .anpt her proach invol ves .
addi ti onal har mé‘%CE‘e Foﬁé‘ﬁgﬁ@?)nﬁ' gﬁclrgrﬁ) “ay 2Z'E£Pa‘r°5(fmelzlgh[‘]d8’b?%ra$°”r"€ s@i&g‘?A}SFray
2G8 includes imstr ADxVAdiMRSs Lol NSkE uctions that arc dependent on register
RI. The values in array 2G8 act as pointers to the entire instr ID entries
in instruction queugharvalyd ROAA.“VHIdi2s field &%ityﬁfaYarchStttoraqaﬂi\J%Q.rcf({:.%matl'b%i@
instruction buffer. A block of instructions (Perhaps 2 or 4) arc read at a
time. Tract buf¥wehena ¢aespoudidg bauresibpdrargior{taadnstntD has/ecehquievicesty geidacand
pass each one of these indices that were obtained fromthe register array
into the decodBYf @ HisHuFtt RIS thethrepg in trace hyfder| 144 Aapndesecend valne dne..
cycle. The register,Rl . array could be assenbl t the line 11le dependency
field is creat %Eo,é"%éfg%" p’g)éf’%fﬁc BBHF%%&”?%"SI{@'\%&SO%CF ﬁﬂﬁ"r“&’éé‘l Wﬁduce%eby an
facilitates hi ghibapswvabh hemtay; S%uchJt(F)\qgoRﬁﬂqub%isEJrJ)&ucgc}gﬁls?quhé ngLd
ude de ry to d

Rcei stcr Fife 208A Trace buffers 1 14 inc tection circul etect
certain specul atihQuctioheisuc AGPOAANQdeordangy eafadigTestr 195 0 td TR gicy ey dran,

each trace buffer has an output register file that holds the register

cont ext of the2desiosi dPeds fionethd dasithation phipstr IDeXyi Ateerdifiglyevdlial 2 eCiastvéDtthe
regi ster context of the imrediately preceding thread in prol;ramorder. The
2 2 ~' ., ' ~~ < Isalegigd; 31550 PCT/ USOS! 26501 22 regrster context is the

contents or state o he .l ogi.cal, regj, st The contents .Qf the outpu
resister f-rle chan}’ésimfléo'].l%daf%lﬂcso%é}ﬁiE@'%&%t%‘écﬂ&t uﬁl@ GoReinRt ’i“gy gc
change in a regj PR Y e il e i I\ S: i.le i pdat ed
change |1, 2,1 eGbRielin Tl TBaRANbENh S i b, RS0 WL, | Bl
embodi ment's of (agu Mo oth@Fh&heRishi ISFROBA, (h X gkiBﬁQEa@stfsﬁB\v;r it f)SRRE An
input register file 208B (in trace buffer 1 14B)) although ot her

enbodi ment s cofitid fbeinsseD 3O lpathativel, sdret indidaeor 20818 bapthded pruthcrRgtcstieficilii | e

21 OB include a Value or PRID Crcld and a status field. The stat us 1-i cl.d
i ndi cates wi ~ct | ~cr Aastowl budifcy HP (&BAY) field/holdelant SRID apsocigdddwitina tstoee Wslruetiar

PRID. (1 anot hét* SRBONFErtdeiono sy THER) o el B

instruction dr : 2 nput. £.eqi i -~ AU : Not e
that i nst ructi SRTO T T R ere E e S R e P

and R2) neitf~eBIDfvaMcsiaed dssigﬁécﬁbypfcfﬁmh@/ﬁﬁédétc_t bt desdddnaé WellteRio 88 instruction
instruction within the thread brat includes instruction 10. f-iowever) the
val ue or PRI D fotueragiyshmiugh By pas doiicionul 26. be tiaead [ablmbér ok coyldtbe
register Fric 208A to be used in execution of instruction 10. Referring to
FIG 20, a conpiiudedrin ASURCicunPigre sTahe0%oubtisnefncedpdirccpusgiisis émpli¢il.e

208B (iic trace buffer | 14B) Cor a curlent read with |l ~e contents of
output register T le 21 GA (i@@@a@éﬂb@%ﬂiﬂﬂ%@%ﬁﬁ%ﬁm
precedi ng thread in,progr ] . T : i th , of
the execution of thépﬁf%g@afgﬁa 3p?%€§5:§0§1&gm ?’E}t.roead‘\ ‘é?ﬁfézﬁf’ﬁgqﬁﬂg‘ﬁﬁr i“gsi”ﬁlg?
execution of tRRREFRN) Mt tbHERBnd e GNPAS £SPRs bB1BlrEQIJPGE R AkhE 2074
of the retirenment of thé preceding tluead. In one enbodi nent, the

conmpari son i s omhyneasenalashiohclndodl, afstrudieon qicue erenf0Df atd PA preeedddwy

t hr ead.
could be different portions of the same array. However, in some embodiments, there

are different read ports associated with instruction queuc array 202A and DAD array
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Various events could trigger a conparison by conparator 280B. The za¥al &0

conparison is nmade to detect speculation en-ors. If there is a difference

- between theyw@piiisgnd output register f ilcs) tl~cn val ues ofPCIRESISR6SHDr e

of the output registers of the imrediately prcccdinb tlrrcad had changed.

In response, input register tilt 208B is updated arid replay triggering

| ogi ¢ 284d caud¥A.the effected instructions to be replayed with the changed

regi ster val ues. y be used by re

Th epend .fjeld ma X play ~ 2 ~';
~ "2 WD 99! 3150 PC%A%S@@/MTCE@CHr‘g@'éFPhFEUIPo&?‘é thag gptaing gjther the yalue

guarantee that_the c ed val ues ar e ult.unalely,caorrect values (i.e.,
t-he register v%logé%edm %‘ﬂ Céloﬁg\r/g’cgpggﬁ 'Brr%ﬁtgééﬁi %”a%ﬁf’é{‘ﬁ? '3 ‘f’(”g‘F‘élé?Ck
processor). Tl tgn, méw&%b@nmmxmte@s&lffggtm thRREAYGH: BEAI thit RS MARSrite

several tines. In one enbodinent) tire ection mrcwtry‘n?or a thread

i ncl udes an oubguitbusegiZd #1d fool &) “Satub'Netd, WRGhShB bef tWosbitsaing RATRS Waiefier and
associ ated control circuitry to detect certain speculation errors in

i nstructions htledMatue dre? RIDAdeldednians 4 Hédlue ol atth®d Dt hén omputbademiest eris
file. In other en|bodin~etits) the detection circuitry could include
somewhat di f f eP@tbIg it thet Mpluess PREDe dagrios holdesitherg Y%'dt o aycBoravplid| ycad
T2 is a curreng ead .and i s.associated wth trace .buffer | 14B. .Thread TI
i s the i medi atpelf‘{ﬁ'prgc PH&%i%f@g{gfl%dﬁf‘fl%’ﬂﬁd*i&gch? g ﬁlégﬁ%tloé‘t%ﬂm\}ﬁﬁ‘cﬁ
trace buffer |; T1e d,AG W I 1 Lan, d a
return fromt hé&?ﬁ?\%ﬁ%g&géﬁc tll%ﬁlgggﬁfoéﬁo%#w%ﬁ%@é&% ‘%’é&?ﬁ%‘ﬁ ym’é‘?%tle y
after the funcUnger & dmbddieRONiEHdssibhf thUnAHENICEEA ﬁta?rbc%laﬂé\;r?&uliytreﬁ&'y& ed
al the function call arc copied into input register file 208B. The

i nstructions ofmarhitteadn® 2ingrwitlex eqetied | @hdouhiatchseeliydebaseemboditieat, balyi tht er
context in input register file 208B. Al the tinme of the return instruction,
the contents of'fpipaioryasgecated with e bighst icplay sapalr édwpiter bagkde RDHP 22808
with the contegég of output register file 210A. If there is a difference,

i nput register e 208B is updated and the effected instructions in thread
T2 are replayed. Th 0} | ” g - or

i ntem-edi ate tines.q¥%igkﬁgtﬁﬁgﬁggﬁrgk%%¥pggp? éﬁ%&k@ﬂ%§ﬂ%ﬁ%§.§&gh.¢3,&x

di stributing rﬁm;mei@ro,im%mw@imrxv@%ist&ymW,Q@um R0k r@@ente8P YR VLS,
for exanple) the output register file contents chances nore than once
during the funtteimmbergotidat farHergoutlpdite axagipst, dre deptedensy Geldshiaies kye set to |
changing) it may be desirable to have an internedi ate buffer that receives
the consents otft pdicateedinka éata figpeadoncy AhaimiesistsdigpueansorinpHaialugdy tearassanden

th tents of int di ate buff d.i t i st lile 208B. As .

1T ustrated i n it Q8RR YD, et SeBRe iy tepebddie She eRdERaisd SuFiet

register files;ande QAU irmﬁﬂ{‘cﬁ{)ﬁsrinftlllé PiteQNSHig §9eraq%£ Q&escu?c;BQf ar?:%qF%l% i 216
r 'e Wt Ire‘o

connect each input Tegiste the out put register eac
trace buffer thakiwaybsthhrhehehRgiuc rissplc iR A94 33585@)PCT/ USOSI 26501 24 trace
for Il ~e ~rnnedi ately preceding thread. If it can be guaranteed that
program order w || aAshgsndiakiiaw gpafetdhed) decodadased btifiéieinto tra@r buffendnd Ahthe

| ayout for conductors 2 | G could be fai r.I?/ sinple. TI1C output _and input
regi ster des wdapersienenhits ok lcempbizd seauenballys and atetwitigmiaw BadM P array 20045,
10 and 1 I. Because oufput, and ipput regjster files will prqvide ejther a
val ue or a PRI DetdsefrAchEX bisemay SEEV‘%"H% elpegriblyasicHuingd Cﬂ&Eé‘? APty an

contents i n an ulwr?&%gl F\.egihgﬁggcnffi&nlcg b?tg(fln PR’%Q% a@pl'oq tit\eos&)ﬁ%?rm:t?orisrmt-rl.l'f',q":{:i%hs
using a register fr Mt hé |n‘pu regi Ster Til'e as a source operand. 1 a
val ue i s not avaplah &ciidg.1RRID to register file 152 may be used for
execution in pipeline 108.

The dependency field can be created through a mechanical approach. Before

describing one such approach, the creation will be explained on a more intuitive level.
i. Intuitive Level

The result of instruction 10 is dependent on only registers R1 and R2.
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| t is expected that many instructions wi | | be replayed several ti ré‘e% P’dé‘ Lo

correct source operands work their way tlrrouglr the register files of the

vari ous threads;iddowever, it is also expected that for many BEGHSERESR

great deal of instructions will recd to be replayed citilcr not at all or a

relatively small nunber of tinmes, l|eading tbSa substantial increase in

i nstructions clorrdote, ¥ | explactdad tjmeR ! vimd R2 oblutring@nd andcache ¢ 8238 ailil ke

total tine required to run a program 2. Trace Buffer 1 14' Referring to

FIG | |, traceluwseringtr A (Whishdiolds|informatiar widedigfifistruction X0} i n FI G 10) .

However, in trace ffer 1%‘14A' t he Fegcfﬁr};de C}Z/ field is gepnerated in

dependency gener at i bit Ghd' HBEGHHGN L 'F’?‘{}“ 9B AnLyregdsters Rpaed Bden deci ded

that an instr i I St : i i Vi S initial

| atency i nrepisy o 8 OEpRE A Fna KD chfinld oBd T SR 151 coltiblsbr

determ ni ng ofipglependencies is perfornmed in a pipelined fashion, there may

be little additional |atency once the process has begun. In one enbodi nent,

dependency gener at i Birc esd! cidaseiangnd? iscdirdetly d2gdlchaindsgierryRonad Rizel d f or

dependency information. (In FIG 13, there are four fields.) That sane

field coul d berrpéupsddn iRrconanpload [ duespagtivedpl lyingfucting 10,0t isalepentispendent

on register the (field could be used to list _instructions_dependent on

RI [ (
register R . DHF ilzﬁg“"f(déﬁ sl thgde inetiedt dhetsiren de Histregtianddi BRdy dgpendqipien

sane field co e o.list .instructions dependent .on register R2,

etc. Dependen(L:ii}gggrf’é’k!;r?ﬁéaiucéﬁhﬁ‘ﬁ@@%’d‘f"ﬁ‘ Oéilk}cglﬁzlmtc‘r %Erfg’ e'c'Bﬂf‘ifﬁlgﬂﬁ tfde only
one nodifier fj inkinar. i ; ~~ad | La wW
O oorat boo AhEtBIANEBEhETS 1‘5@%‘%@%“&%%@'@&.3fl%%r§°r°n%"tdidvie sb%lacca
dependency geniartaé Ron [ansbi@eeosliingr thrcuitry 218A could include nultiple
dependency fields and registers. Dependency generation arid decodi ng
circuitry 21 SA mayToetesulhphiastdepondemcdiestly depowkeyt e egister Rdtprodidedns at  a
time. Data array 214A includes a Value or. PRID field) a Status bit field,
and replay coufblrystiond2cdhcralase ipsigickon B wdregtly depends madl aRdayplumsanttst

FIGS. 10 and 13). Alternativel the contents of,data arr 214A coul d be
put in dependé%%;'/"‘é’%%‘i@f fraﬁ?e%%?L&fcd'ésé%‘ﬁ'i‘?‘lbﬁc‘fclpﬁ'ﬂﬂstqny}ﬁ?fS’ﬁ\ﬁ‘%ﬁﬁﬁ‘q@ld%llgj'éc Pay
214A unnecessagY.piTher ons why it stay be advantageous to keep
data array 2121%&%*3\316«%&%5?”%@}95&@&2?3“ on and decoding circuitry 218A
separate. First, theye fRylt bNivelryRiodilh iediestiy ldepchdeRr dnSregiSRE R2whidh i9ne
enbodi nent, dependency generation arid decoding circuitry 218A does not
have as many rpwduas iddnstrostionudt iREdogusdseonae g iay <202 andR4 valataatahe bygi@didaA.
In other words, in one enbodi nment, dependencg generation arid decoding
circuitry 218/0frtbesaec. rBwsclojeus P i plReed;ip tha Ragnd Béselugusandercly placed dsthe
There arc) of urse, ny passibilities. As will be described in greater
detai |l bel ow) ”%%ﬁ %?‘5%5@%&%@ foad instructions are to be replayed

t hrough conductors %94 i ; | t R1
hrough Conduotor s 344 e gBl 15 10 AEIRARARY <Rl 1, Ut Q3fodiefa K
i nstruction tojd@stFRbAYEdvhiEIONGHRAs or QFis@eri Rad m4rb$il_fctt5:erghﬁun)ghémﬁe kh&t oC
dependent instructions begins with the ['oad instruction, rather than with
the first instThatioa d histpheed irathe Rds RacdlhmnsabmswiDrsegi sters. The

dependency field for | oad instructions may be in dependency generation and
decoding circuitry 218A (inrlG 1 1). (O course, load instructions for

outer traces would be replayed front, other tract buffers.) In one

enmbodi ment) dependency gener at'i on M@é@i—é&p@%ui try 218A is used for
dependency fields f . I i I T jeld
can be used for bou'(t;ﬁ.i‘c ﬁlogﬁﬁﬁgrr&géhégggE&Q%‘??ﬁpﬁ?&nﬁg@gi\géﬁﬁﬁ lP ipggﬁggﬁftﬁoér
registers is igefdABesdy RYd ZQGAIANG driRentRRRMAEBEMe inkhdod ORcfea@tSIoIRIGL M4,
dependency generation and decoding circuitry 218A. In still another

enbodi nent, t hdepoadndyngdnetadbn oincuisy 2¢pA ayedinsncrhipdrhry(registers 200, 232,233, and ' ; -

~~~~~ 2 "0 99/31 s80 PC f/ US98/ 26s01 o .
236, one for each logical register, plus an additional temporary register 240 .

Temporary registers 230, 232, 234, and 236 contain modifiers for logical registers R1,
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2G instructions foll ow ng the | oad are re-executed) so that the depénZiJnéy 2
field is not needed. C. A Replay Sequence Al orithm Wen replay triggering
- logi ¢ (suchvases/epbmy triggering | ogic 234B) deternunes that %FEW@%’
operand (or other input value) has been mspredicted, it triggers the
corresponding trace buffer (such as trace buf¥er 1 14B) to di spatch those
instructions t ke RaranddR+.edtadyficgirregingiy 240t doptadiepesedenbitowhichéndidaspraiict ed
source operand to be replayed in pipeline 103, The instructions that arc
directly or i nd?&l%%fqust%réﬁé%@éhtm%ﬁ%év ingEwgtions adthiy dirpech Ragistrndehay 2,
Cteld of the a he tr buffer or tltrough another array as in
FIG 13. The |§én?ﬁ6 éb‘! ??15??&’89?18§§ Y 4R PR EREYC 9'bﬁ1”’(rl’1‘5=“t‘?‘8cf[é ﬁ'ﬂﬁ“f er
for execution i r
(ahi ch 15 the poer amtorRndsiie SenSterEklsRsts B Shad ool AT Bl eng
entry is di spatdied @tinRht 66mbide®@repticrt he same tinme as an instruction in
the instr ID1 entry. 1-1owever) tlre instructions nay be executed out of
order udder the conthookadflogichledgiktet,iassite buffetadlifess reasidrris prayided! whith poidey

processor. Control bits arc appended to tire instruction dispatched from
tile trace buf fterﬂwtléstulrﬂfdﬁuea@relntlmcwméfnel A wonedi huthietiogicggibiet h'Bre mediied )

do register re é@ Qars e renane %Ilas tabl e | oof:up i
renane/ al | ocat ﬁn‘i‘ P Hshrgdil st aeless SR HEFIPR, CPDPPFCO‘I'?FFH%‘:“HB‘P%Y&%({HUWHQ
trace buffer, q{cxg (f‘\)ﬁ]npé{%@lstg bEQﬂ?%Wm‘iPﬂE’lbgFf?' M@\nd use the value fromthe

DAD array as i f ere constant operand in the instruction. As

expl ai ned i n connectN@&B (it b&ludek Gercn, rﬁ&ﬁfyu\@d ieﬂlsler ni’é?g "n¥@hs 8 vAlue §d Wi chﬁre
bits that are set to a first value (e.g., a logic \A/f)1’en a correspondi ng
sour ce operand iafo thardgister 1 @cvast harssapy oducedt iy c(aet,cgts)ofh}’(bereghe&tr hfeat i on
of) arr instruction fromoutside the thread in trace buffer 1 14A) and a
second val ue (ediffercniasiaghult af the wsemictiore ugraeplopiétlzmedntants iRl amtR2 4D has
been produced b ead. A replayed instruction

t thin the th
di spatched fro t‘V‘QE!%Cpéﬁirﬂlfjeér‘“lrgﬂ‘lﬁﬁx"\‘é&“%g%ﬂq {‘5 ’%%Ur‘%é’"b‘ﬁ%f’é‘h%‘%t%lr ed
as follows: (1) n\sdol'lﬁlt ccgsg?ll)yéllfl‘ercnpa%zarcis%lt 8@ Céltoogg Phgxa%rprlgythc

202A is set to a ogl ca & LHUrce oper

correspondi Ng V@ntiis4r mgr'lﬂe mepué\fcfne\yould ?‘xolzbc different il the conténYOQo PR J1aP0
r~c~r/us9s; ~bso~ 27 20G1. If neither tl~e value btt nor PRID bit of the DAD
array status flcﬂllduss‘lvabi‘oeh thetingt®iatisn.t he source operand regi ster has not
been renaned yet. In this case, the instruction is dispatched with the

val ue and PRI D st at us (Gt $0, rvaM\mgharbgi(b@prczgrtmarvaﬂk;géémt fvhicbugbermdd dorozach
120 and MJ e 1 10, allow I’l? rename/al | ocatc unit 150 t erformalias, table
| ookup (r egi ste?ouffér?@ﬁiaﬁép 83 MNSURhEIY-yPorsed anfifso‘erﬁ%% feaie thgdependegey

MOX 110 to r b b e ar o FEaE okt IRt (CrlbiERaRnER P A i B8

the renamng stage ,sleﬁi‘qa)xg fesRtibedin dud i§4tﬁtM@Lwn Righstdr9408s SAYEC icARRE 81”0'
is set to a |ogi ca% e 1 nput operanp conmes from outside the trace. The

sour ce regi st erinnadBcgcadettedicldas3CEILBE withalié ropdYdrss st 6 b lagi08AAsTheedvial ue
or PRID frominput register file 208A is passed along with the instruclio
to renane/ al | ocsitp2dfiif the 50,in vigieer 349 is ecspldms@rcmétrp@tléertwpfa;%éscqwmg the
renam ng stage., V\hetl icr the valid brt is Q_or Dﬁ%%g ched

i nstruction, t hidt 9’aFrﬁ@°%ﬁre"vmm@f%ﬁflﬁgswtwe@ao &3?52:14 0 P ‘h?/ @n! gpister.

et o R R D R MR |

ensures that a |atef 4 |ris FuctTon® |sp

copi ed into theu@n&aasnfofcgéndfcn@y BiRNRTR @ﬁo@&a R WpEral6n. aswm@btcal bR operaagRd
fromthe renane alias ta , avoiding the use of a stale PRID fromtrace
buffer 1 14n. SacOoshatdd byadROzaeNBAN RSFIGHAS (ianviiiels multiilé bis wvielréprosentedeit trce
until the last execution instance is witten back) therefore allow ng an
instruction to reuis).elropdriorovirenthekligodtina o iFi§hn 6dihe madhsedygpistesermg modificrs

corrected. D. Second Level or Final Retir [1
referred (o are those that existed immediately before an instruction is performed.

With respect to 10, prior to instruction 10, register 240 has logical Os for R1, R2,
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“An instruction is finally retired fromtrace buffer 1 14 when all tz% e
instructions for all previous threads |lave retired and all replay events
. that bel ong J8¢bk{s8oi NStructi on have been serviced. Stated anbITie$Is®asl! an
instruction is finally retired when it can be assured |i~at the instruction
has been executed with the correct source op&rand. 'threads arc retired in

order. For examy, end 88, uiBiht Yalie®Br icBislet B2, 030NRH 236 aFEXIEEH, éh'?'&): | t ﬁ' |
e

o

t he previous tlueads have been retired (i.e.) the instructions of a

previ ous t hr eadéndeastep Ré2nhe etoidi @) bits Th e gises A0 Cor ONSIAR? Bidtash DhTaad (@t e
retired in order, although instructions that arc all ready for retirenent
may be retired usirimmaaé‘gmlsq gependency [ldbigs for R1 and R2 ap@eghisg1@0 RCHVIASIS:;

36~01 28 Final reti t is controlled hy finpal retirement logic 134. In
one enbodi nent I@f(} ?‘fﬁgﬂ]ﬂ%yn%q%&, ﬁﬁ‘ﬂ&‘is r&eat“idrlg“n‘é'ﬁfwi eplygdang emain a O in the
CaOllmtnl Cnt W' 01l . | i f i ee) rvhce interrupts,
excepti ons, anSForc%ﬁ)’fgé%@%b'mms%rug{ﬁrﬂq %ﬁ%h% %’lsyézliﬁ I@%?ﬁfl rghag Sql?cacgé"buf fer

and MOB 178 respukee28Mlindiesingang iadhuctibs 1@s RO moBE  MBidstulB ko ThQifS as
retired and to issue themto nmenory. Deallocating entries may iInvol vée

movi ng a head peginkceR.]. Ahcdekes iedistzed 702, 234, ané 330stmniatl edon ticarcOBhd RS
are not deallocated until after it is certain that associated data is

copi ed to dat a weehessrs 260 isgrchra hedaying et Bil Ihgs besganetiifigd by mmlnstruction
retirement oC | o.e\ds and stores instructions in MOB 178 arc descri bed bel ow
E. Mnorv Syst cHMEPEC Y255 | | ustrates that one ernbodi mcnt of MOB |78 of

FIG 2 includes MOBS\l7 , S ! . represents the nber
of MOBS arid mat ch_e?r ]t %ﬂnﬁ#iz)lgg ﬁ_g}d EOF é%grgté'lfpf[gr]%gfgia}%d 'MeE ]‘qafé’,&}mﬁggﬁm
..., 178Y hol d gropdie.ief 1d. Rk REIdEiIGE RiRtdr RSUMAIInISH Qf reb R r DRSSk Set to
trace buffers 1 14A) 1 14B) ..., 14Y) I

respectively. Load instructions arc
held in | oad buff.endodi8dA,is pBRBJ in the R2E8RYwn Stnosdificdrebisiee RAMNMBhear & Bgk@ri N
store buffers 184A. 184B, ..., 184Y. Conductors 292 represent various
conduct or s t hat23gaepsessitgnuirectian Hnd from MOB 178. Repl ay conductors 194
provi de signals front MOB 178 to trace buffers 1 14 alerting trace buffers
| 14 that a |oad i nstUCESRL OHGBIEEe8 [ aiilonyR NSty B updar sigpiddy. 892
perfornms a variety.~of ,control fuynctions. St or uf fers.and Load, Buffers
B 25" 1 et rardoRs RE Bivbetich 2l Mrtimgia 8 Bifedpbidl R e Bl
representative of : 5 Nk i Ul er: i S
coul d be used. %tsbggqgﬁ%lpg{rfcgrss%&;?ﬁg1u(6(332))a\?§??20(&§yﬁlgﬁ]ggla%r G{I%ﬁsmgﬁugﬁgﬁe
buffer entries.2Fachisedby yh inSet.dRedibkd ED doyitadhsst ®fo imsuht won 10D ThSBepYndency
Rcnane/ al | ocate unit 150 allocates an SBID entry to each store instruction
when it is firsficld éocheductind 18xeoutrdd,0 HUDADI otay BR0AepPAYL. Regisier Zmoatains
instruction has the sane SBID value until final .retirengnt. For_ cxantple,
in FIG 23) ent?y egnpirestiog 1h iTHe dersndensy fi%@?%lﬁ'&%ﬁ“ﬁ%"'h'ﬂdﬂé“%{ IREhiy Y108 D 1

is allocated for, instr i on st.or , . LD fii.e hal di a "store
LB D varue. | Dbl R, BSGER et B et kB LG Thsd B O, BenBhe B,
is illustrated j i te, . an wnd.r i k
queue array 202%1@(J th}—qcégy ‘iél;a q?(r)tf [agrggagtzgg g r?rnlg?tfﬂgt”f orﬁl, FSt oeé?ré%dl %ﬁﬁsgﬁ%ﬁc&?
instruction quepe [éweer20R1shaldkeddm refisteSBl ot FsaistdrdantA Riieplabdicn eéfisyr 230,
store buffer 184A. that holds the store instruction, and the LBID Field

hol ds t he st or eindBlabDng itifat idseuetiorsi2oiadhe most'reachbinstringdios tto medifysostuction 1. The
SBI D and store LBID acconpany the stoic instruction tluough pipeline 10S.
In that enbodi ment) tThedemnpeaaydicdd fardptrupiean ids gereantsthiy Lgaay mariesie that

buffer 1 S4A. An.instr. 1D field holds . the instruction.D t he stoj
instruction in P%’é‘ﬁ”ﬂﬁ’:ﬁ"gﬁ' éﬁ@%’é‘fag }sé‘f)é"éﬁﬁ,&.‘c %8&955‘?’@58]06!&;@6?@?[5 ?id:and a3
inmplicit in bot . t: - naCGA b : de
fi6l d Fol ds ¢ ne e eaful Bt Flichdf S BIRdRRAas e Meicel S prodlbiLrE
holds tl~e address tayihi&Ghedtith enstluefiéh 14NpEibUGLihQ uctiSn i pdtedep 23D, the
illustrated enbodinent) tl~e address is generated by AGU 172. An SB address
valid field inchuwdiéSedabibirtrepisttr 240 forg ok sttitear! . tUracsstop 5% dr medificsregisial i d
address. A data field holds tl~e data to be stored. A data valid field

i ncludes a bit ifordke &3 2ngmnrrstiately prige tadastauciian Vs esed gpaindes. BeglFlesd4and
data valid bits nmay be used because the valid address may arrive at a
different tinme than flit valid data. Bolls |It~e address and data arrive
before the store instruction is executed. Under one enbodinent) the data is
included as pare of the instruction. Aretired field includes a bit that is
set when final retirenent logic 134 indicates the store instruction should
retire and is reset when confirmation is received fromnenory that the
store to nmenory | eas been conplete. Retirement of |oads and stores is

di scussed below. A replay count field includes a replay count nunber (and

b Y AP NN S N
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representative of |oad buffers |I 82B) ..., 1821'. Various other enbé i it é“ 2
could be used. Load buffer 1 S2A includes various fields for rows of |oad

- buffer entr{\gssofawh entry is identified by a | oad buffer | DpCIBISBY26501
Renane/ al | ocate unit 150 allocates an LBID entry to each | oad instruction
when it is first fetched and executed, but Zbt on ~2 ~"~";~"'c'~2 W

99/ 31580 PCT/ \d8aGi2fa ~0ik iRruceiph &Y. Td depehdrady (BRI fob Risir0&tidntiasn tislra DSPBE

LBID value until final retirement.. for csanplc, in F1G 24, entry LBID O

is allocated Diangyr206t\ion 10@abinder skapt262, (hBlIEEidaliGR af | bifak@dcd difrom instr
instruction |oad 1, Ctﬁ@ SThe, LBID entry nurnbcr and the SBID field may be
called a MOB |1§ 1) and ORY (Shereds Ho BonTas AbS & 10Q-ohereiBray! 1 0Qiisudacdé scibie bed

below, is illustrated in FIG 24 |i nbodj nent, wh try of

nstruct  on quRRETETss ) Rsgs R ErirvdooR3p Y BerBibad i nst ruct o) the
uction qu . tion) th

LBIDtield o '”Strﬂ%tdc%@n&%@%e%rcffalbéﬁt@gt%@hg%ggx}ffnh@dhBJRam?%mhﬂﬁ’&% Il g8

the entry in load buffer 182A that h I'nstruction) and

field hol ds thesthesadn 8Bl Dstrutidnaes end B @&y droéxtédmnal méMBrySbetiBniaR8UbWel i on.
The LBID and | oad SBI D acconpany the | oad instruction through pipeline 108.
I n that enbodigsusita cltange BBcDsfcrel ), A3YRB4.1#80, 248l so i ncl uded in | oad
buffer 182A. An instr (D field holds, the instruction ID of the |oad
instruction in instHfcASPERdGE i OEPRtiaR mBYhE ustR by seicdale/ Bt 166 9rs
implicit in both ?c?d buf f.ehpl82A and the trace g)uff r 1'.14A. An op code
field holds t RE"SPIYBAE W 1 e MPHAF THEEFIROLS VYR dorepdengy dfavaalent i el d hol ds
tltc address front I, t I UG ] A entry valid field
includes a bit i ndiﬁ%‘?%iﬁ:dg ceﬂegﬁ\tq?%lsqlﬁévrhgchcz{u%ﬁ%%m%gg§gm\n}éfé?amf(%%gns Carl b
instruction. ligsuch®ui bf WsderAlRH | (AR OGiARYL OrRAWAA IS SZHU ALY Eddahd hs NOt

i ncl uded because the address has al ready been génerated by ~1GJ 172. Af R
D f icld hol dsbdldPRhd Extraco thase mastnt ddns|tion dbec thnidepdriz2navhibicshsci aidi ead €sent he
destination of |oad instructions in the register file 152. SB (-(it) SBID,
Thread 1 D) andof egplayy Tdowencriacesangy have e dldcsolaredtingehpbblss ooths pihstine par t
of a status field and arc, describ el ow in connection wth execution of
store instr uct'lg%?{gc.r aRProtaﬁ%‘Stlpﬁ’év%g‘g’rlgcséﬁﬂoﬁ'egﬁ RAAKINR IRRIS BeferesFRding r st

ived b : ni ' d | oad
metructi ons anantphs BFREcbhlep ) ke LR R e Bplass i

entries Cor regist : i I LN Hget er
F11 € 320 and Ao RURioh ILEECLY fnd GRRCH B 88 (B GefldaRaPteplicl NAREH 1SS

retirement) buhclutikeineniDivakck Bf tisatRidasi{ifaeirg dipddicnt @@ RIcaRIl 0 Tat edlugsid |
a final retirement. Accordingly, entries arc not real |ocated on replay. |
C a store or |asy 298facens painfeny tol the antge arser 16 eritoegdiniingtuction feawe array 202A.

respectively, r,on] | -cache. 1|04 will not pass t| o:ﬁgh renanme/ al | oeate unit
150 until an ehkis PliPws PerydastupdiMpiiemdpe inglrycsigy baFics t HGKRLIRSIUENYK t hat

{7 ace buf for WP BA2E ORI Fa ik REr bl TR P Uh iy PEERARS IO @

Pf Load and SF R)ruﬁd%@lér%sa%ﬁ%aﬁerfa% bh&8f t‘h@seﬁhcﬁtcsﬁhatk&r@b@t@fn%ﬁnfr%ﬁﬁﬁé regﬂt&r e MX
in thread Tl is executed béfore | oad MAC d T2 .

is executed in threa

1- 1 owever, becauseinafthedscddetediid iRstReUbNsAN, 12 I, bhd'tS @hderpadihehe cMle. Thy be
executed before or after load MX. If store MX is executed before |load MX in
time order) thesgisteid Isgyenyidoatd eeasesrallod dtghe bfctiwadtprpdancy ficldés ¢rmatedhepelore
correct order vvi}h respect to st‘grg, MX. i f all 'E,nﬁtru ti ﬁns before store MX
in program or dEP'AAF&NSedhic iere] Pleiadireaian fcilitples bigh LantvidHuEPlEYad MX wi | |

| oad the correct value from [ ocat i-gn The corr | | S the
val ue that woul d have be&n | o A ReRift Pl and Tni? Refistor i E&Aorder
processor. |f not alri,cdeBRFEHCLI4ARSuBEEAEFioR LREG IS HcARELIRTHRLASDN LaBME
been retired, then there is always a chance that tl~e data for store MX is
incorrect. By eeBémagito ont cmbodiendiiof the eventidrg dachftiaet bliffercchab/n batpil mBister
order) then the specul ative execution of load MX will not be in the _correct
order with resfiécthathplds breecgicasmlaxhef e pssopioted dhncad ardsan wpel rradster file toad
the correct value, It would only be by coj nci dencg, t hat d(t)i?e correc vgbue
happened to be $5VEaiOIeRISIG SR EBPIE tupcdHely gErcading SIFERYGN ISR OKE bOff er
ci~tr~" folding store MX until store MXis finally retired). To ensure
ultimate correctness of execution, MOB |78 includes various nechanisns to
ensure nmenory data coherency between threads. a. Execution of Load

I nstructions



. 18y ""‘n
Before a load instruction is executed, its address is conpared W|tzh2 PF\‘é‘ b
addresses of store instructions to detern ~ine which, if any) store
- instruction.gobhass! osest earlier matching store instructi onPQIZENMSIZP301
"Mat chi ng" nmeans having the sanme address as the load instruction. "Earlier"
rncans the CEMSI is earlier in programordet2than the |oad instruction.
"C osest" neansgkhecentes indcabhentsatal JTghsioglal tessidrsiCThOboeliwB ket he
CEMSI and the load instruction to be executed. If there is only one earlier
mat chi ng st or eoutpigregisied ble,chingcs ss wiideteCRABH, petifaps hagheting terCENMSfHpngdia d oad
instruction reads itg data fromthe data field of the CEMSI. If there |s no
CEMSL, the |oaras55ﬁstm%9?ra5ﬁ"§ akee R regatier e snapratasryYy alietn eggmparisop, ~; ~
cL''2 O] 99I$ d CTI/ US98126501 32 data cache 17G an L2 cache, or mai n
nenory. Data f T8 sb[ S buffer 184 or menory rs passed through vil\ 192
and writien Lo the PRISYsNah oafGu BNl BoBinkrd AERLAARLELLRY ol el (1PRd.d

and instr ID. The data may a wrlttentotherels

| 52 desi gnat edbliyertiheAPRID: (TR6 dalker TRY208BgM lb&c%tu@ﬂ'c?quB)' al@l?éu%h%ﬁ:l?e 17G
dependi ng on the caching rules (e.g., wite back, wite t1frough, etc.).
MJX 192 is a bypbasBmbesausld bctusaaroiupptasgxsmﬁtcrmwsum]@m rdgis@r Gachi®BL7G,
an L2 cache, or main nenory. In one enbodinent, a different conparator is

associ ated wi tWckiden \é’r\w@f gDl apd a sialys dcldufherstatagleld indiesmes whatherra sons
bet th dd f the | h dd C st
Phstruct i ons. - Eia e 556 TR R ksl et Yol ca R 'S P Entodiad thire
load instructi QQ&ﬂQdJ@a?@l \éﬂﬁ oerQaﬁEi R aﬁpzfn%ﬁu%r ngxb cﬁh{cYu g%rpc&l{ {J]'ﬂc RelcE, in

n 2 uc

buf fer 184A. Conduct or as well as output con

conparat ors ar GhLRARASCA sk @ WP £ ABhdnal of bt Giput FBistQ2iic IRd vaddoSRAD
points to the LBID of a closest earlier store instruction (CESI) with
respect to the | oadNomsthauicttrenos &0 inehexaoiliedescibel EoSt irvelvad registestvl ¢
buffer that has tltc same thread ID as the load instruction. if there is a
CEMBI, it is cidRernaither gEglichweeapreyiepsly Hwﬁesweﬂ@E@ianmnq@mamamnbrrd@p
Renarre/ all ocate u 150 keeps track of the o der of arid | oad
instructions iR Zﬂé "ﬂ}r‘BﬂPg‘fﬂ’aﬂﬂJcﬂP’bﬁ o*é%“’?‘i‘?é‘ ¥3ipe ahﬁk{ rLng‘ch\r/Sdﬁ{hé%d R2

They may be wrjtt thr h-conduct uffers 1
e e N s S
there is no logd SBID associated with that instruction. This happens when
the first nmenory instruction in atrace is a |load. Various techniques may
be used to handl e t Rieferhg WakliCon0i neduushrngr 28MBacn preobatentanistof it seigleng
certain signals to indicate there is no valid |oad SBID. The array wap
around bit, deStridS&dibehovbulfray 1HB) (psedufront thigpd wilirthosenteitp npelprt 1SE5HaE

b e S R PSR S e BB ™
PcTnB~s~2bso~ L | |

tore buffer 13530 RS Raga" ariEaf TEeld by (bl ¢ fbf RhBeble BERAFE |

in load buffer 84 JiPig SBERYifal ck&Gtign dMnk Bx%c&)m llpcdcd' eftd BmpaBidd igalsoy 1

indicates that the store instruction al entry S in store buffer 184A

hol ds Cl: Sl wi hiadeaspechd botichetidemant dfﬂ&trﬁruwdlr(grlmeladLBi Eheerhibodihent, the
Instructions store O, store 1, store 2) and load O are older or earlier
than | oad 1. | memparitoingmsnigtnords aBthesnd pbtiy regaarchiosfdhepreedippiimeatd: or | ater

t han | oad | : .
Various events could trigger a comparison by comparator 280B. The

comparison is made to detect speculation errors. If there is a difference between the
input and output register files, then values of one or more of the output registers of the
immediately preceding thread had changed. In response, input register file 208B is
updated and replay tripgering logic 284B causcs the cffected instructions to be replayed

with the changed register values. The dependency field may be used by replay



SV e |
There are various ways in which control circuitry 302 may determ ne w% ch w2
if any store instruction is the CCOVSlI. Exanples of flit ways are di scussed
- in connecti avow/313sFl G 27, wherein store buffers 184A, 184B)PCITBAEE2E4
184D are the only store buffers in MOB 178 arid are associated with threads
A, B, C, and D, respectively. Assune that t 23e programorder is tlucad A,
then thread B, trtdgenng loueatb4@; Theenis nhgeadnte: thantht kbagednplues art ie: dlomdtely
instruction to be executed is in |oad buffer 182C. There is a CESI, which
is in store buf9&ct 1Baes 060:‘1‘&?&6&!6&05V@A‘Zﬁ)tl@zmoul@ha'e %ﬁﬁdpmc%#mitme'dunput
conductors of thd;s% vari ou ors § Fg and FGB
provi de controf’ faﬁjﬁfz%sof ha ‘eéﬁsért')'lcgorisﬁ’éaf’c‘&“rf’ﬁé? £ oFRI%eY apé‘l“f B‘fr‘i‘r?st"IcP’%ra
conparisons. |qdifferent enmbodi ments, control circuitry 302 enables ( 1)
the conparators tor all entries in each store buffer, (2) only those
conparators that arenbfic é\m56cﬁﬁ1@ntbl—lfcfcﬁl’cch@l\/l:x'ﬂtg.uﬁytt‘é}raelﬂ@aﬂmlélth@s ahduigie sanme
as or earlier in programorder than the load instruction's thread I'D) or
(3) only those regstpralilat o1 spagegsieafieda voihparetot nndsssddiated aswredaidcuiety b detect
program order than the | oad instruction. Match determ nins |ogic 35G
det er ni nes whi @ﬁr}amﬁp%@rulwnéfrt)tsrié ingyedonshsid ndhe gaee hudler Heat oRigies thainppG
27, the store MX.i u the u ortion of store buffer 184C|s
tie CEMBI. 1 fcél‘ﬂaft it 5 a0RheToasRenlb e e i SoRlguctit st
then the CEMSI 4 lng?[%uhge store MX instruction in store buffer 184B.
Whi | e conpar at ors and nmat ch determ ning | ogic 35G are detern ni ng whet her
there is a CEMBL, a AOQK@npRY ctv@ma%E FIG.ma, uﬁmﬁ%%@h&dzmaé%n&i.sot her
menory) to be ready if there is no Mat ch determning | ogic 35G
i ncl udes data patoeiatainiblratcogiffer 3645 ThrZa&'H— jis the ilmicd2tdOpABESERR &ikcad to
PCT/ US98126501 34 W ~tcl ~ provides sicnal on conductor 370 to controls
whet her MUX 192higadb déand sxassdciased yahtrese wilcy 14461 dhimatfldrincluderer fupaion call,
approach, there are two Ecrilorlty detle‘r:!m nati o

B i Chat

circuitry 302. RnENREQN 3R] f &y Cr‘l%é’”ﬁf‘roﬁr’"f%}'“Bf‘ °§'I(Y‘([5§°éicf£§%”ﬂfctl ons
Wi thin store byff %Etcl?’iﬂ&ﬂ% ﬁﬂEYxBP@al Orlﬁjeeﬁ?{c'ﬁ'@c‘?r d& tgédtﬂUi% of: { heghore

buffers. The determ na arr aln
structure may taemmﬁcud\ ctah%réi@otpecrd%@aﬁpmeggac; he Z@TBBorT’thB{nWJchbﬁ‘s 6mhﬁcad
store buffer. For exanple, in one enbodi nen for each store buffer otllc

t han the one hawa zngckedue:dsaémxlznhbl@&ﬂsddib:ﬁ&etrd@stb:aaﬂtdmmtmplmtrt:gmt,cr fite 208B.
determ ned which) if all mat ching store instruction is the youngest in
program or der. ARghc tihg @%{mr@l%mﬁlfsénmmwlwg:omqnés fanputiregistad{iic[3088 arhe | oad

instruction, it is determ ned whi mat chi ng instruction is _the
closest in pr o@PHWFEﬁdd@'rCQ”&Pa(Q‘PHWEKI yieh Ql‘ﬁéﬂme{”&o t HEPUEEISte r%lrar‘\t ”éhere

(Fave o 1111 cad POUTIRR wBh{isEsll Rl Mhoaly S PRI LRl DAl 1 e

tile |oad '”Strw{arh%blaﬁtdoﬁ%el%’ﬁﬁ)ﬁrs%n%% bR add £1OHk BF nRFE MYSnRakk hayg ng
a head and a tail. Initially) store instructions wth the greater SBID

val ue are youngHiis ntl9R\Eprevérs boltiBhecke By m®&s eaéfly disdibeimatreplapod imtrbai@ised,
the tail will eventually wap around so that the |lead poitlts to a higher
SBI D entry tharbujoey dahsge additional neplepeifciobedimplenthe oatpur egistar dumcorivénts i s
toggl ed when the tail goes fromthe highest to the |owest SBID vaI ue, and
is provided to ‘H‘I“B%"ésrf‘orﬁé’[‘%’rf"lﬁéfié‘f“f‘ﬂ thi H’f{f“l%gl“b”@S@lc o !puEReEesies (R ‘%?O“S't"ﬁlf'é
I nstructions Wien a_st. NSt r.u on i s execut ddress i

W th the addr ecoBufab ity b REIHEl P Bk R GERET R ot AEERPeo R SRS

I nstructions thgy @e\rreg&;g} file  1DAPT O RMPAFYET thch LR el oS TRe QoniEnl¥ GRNOEN

t hread) have the ane address as the store i1nstruction. cl osest later

| oad instructi omidrikliale RPcPhRPinp@ BYistehRlcsi08Be SBI D deSI gnates the
earliest load instruction that may be considered. In one enbodinent, a

di fferent conpar at or Assilassediimt 8d 8xntdhl Oe acgistentonicxtsf are pegscd betwsan obplf er s
182 to make those conparisaons. O lc of the copparators_is, co rator 324,
illustrated in Feegter @S ‘Wér‘@ﬂ’%’ r%s“éfrr‘]%%(%"ﬁﬁF@')dUGEPﬁi)élré\t%?"dﬁiﬁ’le62%8%‘?‘&?%

with 2T~ ~~in~{)ut rcglstcr ﬁglthg?<c3&u puq rfg%[/ U(Sl%%/f%gsc trace buffer that could hold the



i . P

35 the entry LB1 D 1 of toad buffer 1 S2A. Conparator 324 receives thd ki "
address of a store instruction at one input acid the address in the | oad
- address fiehdoodrsigeiry LBID 1 in | oad buffer 182A at anot her PEPUES/2A501
signal on output conductor 32G signifies whether the addresses arc the
same. Conductor 32G as wel | as output conducrs from other contparators
are connect ed teeNOBlcomnrwlialely peaseding 3. ICompabatoarsniéslithht gregmamyacat or
324) may al so coppare ?t tus bits of the store instruction with status bits
intire |oad be‘Pgl%*’ﬂéé H@&P?%@H‘abwmufﬁcw@dewhwsthsilaﬁophfortcenqhmrs2?@
| -1owcver, in Fl 28 .l.oad instructjon addresses in |oad buffer 2A -
182D arc conmpaf@dd &F ?‘”Hrlf' ﬁ@‘%’&uﬂ‘%& U@Ppgmg’t"BP‘ercgﬁ?( lr‘I‘LlFét“i“B’nbet %P“H@ﬁéigl‘: GeREn!
and match det eEi%ﬁ!r?QZ%QHSwﬁ%@FF@ﬁ.elrdﬁx{gelsl_Whet her to replay | oad

0

instructions. In one e rment, match determining |ogic includes replay
triggering | ogic 398ethat opgn@vmempsi @0Bles QY IONANGEOE Bick B4 alie Jradirgpt e to
the trace buffers which load instructions arc to be replayed. In one

enbodi ment) natiele gey ét aneiynimg! lacycy b8®Eer estsiviter oneatsdhas igfut kegader file
instructions with the store instruction beginning with the CLLI. Different
al goritltnts nayd Bringaklg lo Prackisd nsirieligensing 4 wgister ipm thpdinshtegsiarioe es a
thread I1Ds that are |ater ..n ogram order th e thread (D.of the stare
i nstruction beF%ﬁcee%é‘ifﬁ'f%d.raIvﬁruﬁg%"%trﬁﬁ’fi@‘f%ﬁlfw[?‘odﬁ%‘ﬂ gicogg TH?YCQ%V%S&%H.
I n anot her enbqgl : ride€ conductors in rite | oad buffers having
tluead | Ds equg’?&cggg%}n I?lg%lenrc 1:02; program order than the thread 1D of the
lload instruction are grRRpPéce thhinahy InstralRInB&Vill SERQMU I8 REverfNInfestRRorrect
conductors in the |oad buffers associated with the CCLI and | ater

i nstructions aseureniapdrecds Wik théir eadshroogicthiestgieer Giat 6f the vdebey ttoagsl
before, after, or during the determ nation as to which |oad instructions

wi thin the | oadioevEwilsis alsaicspdcaadathal for praoy penmramdergrdat tem of stretigme will

i nstruction. Udde %rr%e enbodi, nt% dehection,ci rcuitry to detect certain
specul ation er PBT%!0 97 TERIBXSH FiEITT BPL AL GHAT A AERY (ot FBHSNYmRAr g4 HEes Heading to a

conparators associated. with the |o ffers ortians .of .. mat ch ,det erm ni ng
oo e 350 and S SelBuRbe-S i BarRREpneBly by Rlshingt SR e S Fiegh
detection circyidipil Gatd dqlindd Mq§n§9m;%/,\m_t different circuitry. It is not
required that the detection circuitry to detect speculation errors be in

t he execution pipeli2ne. DirhécBeffér Mat ch deternmining | ogic could be used in
connection with data path ~~ ~i WD 99! 315S0 36 control logrc and replay
triggering |ogic PCRalSe8E o 85011 ICxsesbufferWhit AhisTimeitar 16 sraembkfiariéd §inkil&t ch
The status field (SB Iril, SB1D, Thread |D) Replay Count (if used)) for
those younger Akt HAVEYgny \case wfles EIFA HBe dencadensy dgit i ggneraled pp fependency

id dind 1 ni whet her t. | T field ind
whether the 1 0B8N ALY e RO pae ey ERA Yo irae R yregided ol b PR8I
76) or tlrc datgp fhighd Ofvnfie ?llfi?Ilfrg%leh'lﬁﬁ(c%romc-mgalg%lcml;}f inIrE@Eg, if ARSssub®c of

exanple) a O if the data cane menory an ata canme fromthe
store buffer. TharuoBbR ndedisy aadddidonfihial d$ déyenderche iSfrRrard id b gipedfed D of
the store instruction fromwhich the data carne from The Ilrread ID of the
store instruct ifeshiors theye mgdedgte additiotad laténcgadcd e pfocesschasdagun. nst ruct i on
for which there is an address, match. The thread I D of the | oad instruction
isinplicit in the |lganesamoogimentifieperisney eesimionanpgaerogding qrsuiy 4184 oddes
wWriclr replay is inveplved. . (If . the. Ht is, 0O ata in tf
thread 1D, and PLpPHEY FRUR; odnebecnsy i Bonbalarh i bES S, Pokdet fo Hefisgoil: ous
data from memory),e @4 @9&\@%0%’!&?& For é\jag{ﬂfé, ﬁgrirﬁg{/tQ:?lagr&?irlsg’ﬁ&icpﬂfdtzﬁéndgl\ﬁe&n

er trfred b he |

conductors 194 to the trace bu I den oad I nstruction
tluead I D and tdagisidr ®adtlicsdld ugdll 88 ugdiiodis| indeRandeddpchaiit bl ¢édiQBSR &r During
replayed fromthe trace buffer. The instr ID and thread ID arc passed over
conduct ors 194 feplayndiicsituetions dipendisit pucdgiser RS thephayedd codld 8B ubgd todisy
(previous data fromstore buffer)) the values in the SBID fi el(g, ti,>sead 1D
field, and repl @tredians depaydgnyqriregisic R2ctht PSPeiirRtRsncratipe gidgegoding

i d. fir i. | I f weld f
1990100 |1 SR AERE Sk 0 BaBll o P g 1 i

and the SBID in the status field of the particular |oad instruction matches
the SBID of the store instruction. In the first case, the | oad instruction
is replayed if the replay count of the load instruction is larger than the
replay count in the status field. 1 f there is not a replay count (because
a store instruction cars only be replayed once at a tine)) then the | oad
instruction is replayed. in a second case) the thread ID in the status
field equals the thread ID of the store instruction) but the SBID in the
status field does not match the SBID of the store instruction. In the

o oy M ~rwt e~ " - .
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WD 99131; 80 PCTI US981 2650 i 37 field is less then the SBID of the sgozrg"" L

instruction, but not replayed if the SBIDin the status f field is greater

- then || ~e SR/ §qekiskhe store instruction. In a third cast, tireCTHsB&E50Ds

of the status field and store instruction d0 I1Q match. It is expected

that this is an infrequent case. For sinplic?ty, under one enbodinment) the

| oad i nstructi dd, ilere @plfayedAtevetivd hadapdndetcyngynetagios and dedoylitgCiuagr BhA

order). It may be a false replay. The |l oad instruction when replayed w ||

receive rite coPpdtclafppwlindg dercatqiey figlsls nadcasesiers.o DEpensenaseanetstion ahdy

may be far nore conplex that s justified for such an infrequent case. ii.
Cases in Wich dfﬁ%cﬂﬁg LR Eé#ﬁﬂh%r%&rml\ﬂft chcnf‘I‘ié?Qéc?d‘ Yl L% Igurliqps 2t a

mat ch, then no d’n‘%ﬁ' ay is triggered except in the follow ng rnfrcqucnt case.
if SB hiit =1, the thread ID of the status field matches the thread ID of

the store instructi opiaandy bhea fRiIldcOh Vallg: &tmw&?@,ladstm%h%m,%? 5|

of
the store instruction. In this case, there is a replay and the rep aye&c?
| oad i nstructi cvunefidd\eseach snsttdDeacilryataniraD A@areayt 206406 RN Y .angd.13)Rcsct A
thread is reset when it is determned that the thread is not in the program
order. | ~ow-evehlternataddy.flhoeadtreel datr ameas2 Kouretlt b put iakdspcntienay fieiwnatidne
data field associated wth store instructions iji that thread. Thread
managenent | ogi 9884 RR GECUIE 2 HAMAHEBH FEHY %a‘*&ﬂlf\ff%ﬁ%z?hpw BHEvo
enbodi ment) when hread is.r t.. 1h I [ fsthke reset thread is
conpared with er\‘;(%r%;;ltS I%hidg}"ﬁly 332‘??“'\‘%?585#8% g‘?qi“é‘ggg’ t2t| %;é‘r ngggp%qdf: &) oad

buf fer correspogdicngiohand B&cJufRirctittyB3A) scphalcMiRY, theS thiy GO8NHE i frQEnd LA
instructions where the thread I'D in the staFus field matches the titrcad ID

of the reset thpead.Scitel, iioatt dnistiimett] dpandeney papraipacnt desodidecircuitry 218A
appropriate trace buffers. 3. Rcnlav of Store Instructions As described
above, |oad i ns#9e3@Pl bais agmeanyapivapedo instroesgiotisac puae k@b enddatefarray 244,

~]1~.~~ store in tructior&s.. In one%gnbodi nment, store instructiqns arg
repl ayed in resPoiiy WYUsdyPas enboimpal feRsAdCCy BEREatnand dsaediag sirgyy 218A

and 15, instr o1 oS iy B TR FUBLARE: oiBha Y TG TOR L Rghe mey 2

instructions, afgspham to be dependent on registers Rl - R4 I VWO
991 31580

As will be described in greater detail below, MOB 178 signals when load
instructions are o be replayed through conductors 194. An array having a dependency
field (like that for R1 in FIG. 13) may bc 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
instruction in the trace as in the case of registers. The dependency field for load
instructions may be in dependency gencration and decoding circuitry 218A (in FIG. 11).
(Of course, load instructions for other traces would be replayed from other trace
buffers.) In onc embodiment, dependency generation and decoding circuitry 218A is
used for dependency ficlds for both load instructions and registers. The same ficld can
be used for both. In another embodiment, the dependency ficlds for registers is in DAD
array 206A and the dependency field for loads is in dependency genceration and
decoding circuitry 218A.

In still another embodiment, the load instruction is replayed in full (i.c., all
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that nore than one load instruction in a |oad buffer will have status z z

. ~~, ~~ a~z fiebukiggatcl ~ with a store instruction. In order tRETARIBAES0!

conplicated |ogic, one approach is for control circuitry 302 to detect when

there arc nultiple |oad address matches and2ause all instructions after

the earliest liogidicitions fBlowiae ehetioadiee reeeecerd) selthabihe Beprademst fidl@ gaidt  of

Load and Store Instructions Wen a |oad or store instruction is to be

finally retiréUC<¥inal retirement |ogic 134 provides signals to trace

buffers 114 ar 84 indicati at an instruction is to be finally
retired. The e try f4§¥#84§$&g§4§¥£4§h4|dentlfled by the instr 1D and
thread ID) is deall NSLINGLEOnS nery

the 1 0ad buffer (i doREnss §éblay %&g{}ﬁ‘é‘q?ﬁ@ﬁ&hﬁ%@a& PR ISR s By

the case of |0ﬁdtd§tﬁﬁ£@§;§dr£}ﬂ5(or Btheainpnﬂauu@rrﬁglbcdrﬁnﬁeféelc%deud Egérbﬁmcase of
store instructions, prior to dcallocation, the data in the data field nust
be committed tmrrmnmrcyng Dead Budfeat(suah a@iratcheuféd"ttmbemdnk@tcﬂimb& insttdctionand

| ~etice final retirement dots not occur until confirmation is received that

the store is ctapirerderccily @remdamllyed%pcndqméoemqrylsmﬂl%@ fouresl dpgrandtlo bed

before confirmatj but ion of th entry cannof occur unt|
confirmation i ?PL’@!E iy RS ”§i H‘ﬁac‘@‘%‘ﬁs‘é‘ﬂfﬁﬂ’ﬁéfﬁf are B CLRAr i“ﬁHFE‘g)t depepdanh Mg

nmanagenent | og' ld%gﬁfl;&’pﬁ'gmtl@%d{é 95‘ Qfe'ld' SFRED ﬁisrtxﬂnel?)c tr% ﬁ\gﬁr EHS%BI

t he next thread can 1VdP car &¢ an 't naf

been retired. ﬁk“&gq”kymgncpn§n3retlrenent | ogic 134 indicates that an
instruction should be retired) a bit inthe SB Retired field is asserted.
Once the SB RetiredThe élctltinad mssedtions aretdishaachsd Choat @ trassSbuG tfbrafketfion in
witten to menory in order. As soon as MOB 184A |earns that the instruction
| eas been wri t therprdes thevsiryctionh exisBnRae iracechuffee (whick isdba pmpraredrdend Rone

instruction is dcaIIo at ed. lLoad .buf 182A and re buffer 184A nmy be
queues with a FERP lerige sfrypiion *PHBS‘hIJ%éP"@ ﬁd\}%‘c\%ﬁ‘iﬁl RIIPTItR 8F RIURE sane fime

deal located. | s z!n ﬁ\%r@éﬂon n 1H‘c8ﬁ11 ’r Iﬁm%nf a?-ltowcld flc> mélln.{cuf)re)sr ﬁnfz:lif gg)‘?crpclzltubcsl oW o

deaf | ocati on nay occur sinultane Final et i el

si gnal through,coRdugtds %mlc%g’lram s%ﬂ&ul@%gﬁ{:xur{ BB 6t FP\%? O\M of t)rb‘?c'i rocgssgr.
E~~~ c~~2 1~0 99! 3180 PCT/ US98; 26501 39 one of |oad buffers 1 r store

buffers | S~ WCbhirslasiaiareappengéd toathe sttt goradispatEdedifron 82 tl'zﬁ:c(bpm:loﬂbahdiaﬁld
could be replaced by enable ports in load buffers | 82 and store buffers
| 84. F. Additi trrghathefbboesnst ironl Reoebetbiérre (Midogadisivh ragewen (2)bygass thn#innal
Retircmenl Loi?ic ] ) i
alias tablc 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.

As explained in connection with FIG. 8, the “Valid 1” and “Valid 2" field are
bits that are set to a first valuc (e.g., a logic 0) when a corresponding source operand of
an instr ID has becn produced by (e.g., the destination of) an instruction from outside
the thread in trace buffer 114A, and a sccond value (e.g., a logic 1) when the source
operand for an instr ID has been produced by an instruction within the thread. A
replayed instruction dispatched from trace buffer 1 14A may have its source operands
determined as follows:

(1) Valid bit 1. If the valid bit in instruction qucuc array 202A is sct to a logical

1, the source opcrand is used to read the corresponding valuc or PRID in DAD array
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I n one cnbodi ntcnt, thread nmanagenent |ogic 124 uses a fret structurel 2o

keep track oCtllrcad order. Under lire fret structure) flit program order
- (which is akgpodesoetirement order) flows froth top to bott ear/usagiz@ohode
otfrcright is earlier in programorder than a node on the left. Atool is
the first in programorder. Atree is an abstract idea, whereas a tree
structure is cikpeti tlfpetthatthd nphehembsPRIEbR pEte DA Dravad Stdoesgfiatd &t val ki it
instruction follow ng a backward branch or a function call. Tlrat is,

t hreads begin ateat%wﬁektce.ora%rertrect%rr hé%§Qﬁrﬁeﬁ@fﬁtnﬁe‘eéaékvlarldsB?San&th were not

t ak the f t | t ed th ds T2 FlI GS.
sTand 9. 1n sSNESHRG: SRR el Hindhe bR i DEL AR i e oo Bpiogt am
order of chil drll?reuélpgcﬁﬁueﬂcortlb@ &nd MERG 1 @1 @lolv[hr&, rkﬁﬁtd/ﬁr&&%ﬁmw;:] 5?;?@&'9&(9%{ in

which tlrc threads were started (created exat npl e

order, executi @haphblehssiag (Joiagensnibgf Rrenemaltytiéaan 1Phe PRUSAE vaide 1§Mﬂrdl, n
program order) thread T3 occurs before tlrrcad T2. In one cnbodinctnt) three
cvents may caustespasshd ekohgtvatlbtheriostoetan flreuphtdoedtateet 20(ant MUX t Hread at
the root of tire tree is renpved when the thread is retired. Wen the
thread at the rgwng/alocaiciuntd S0t whichii eapprrsrrtmg)to brrassqsghqiesreming s@esgr am

Chat i 1ast i progtnieaa i UPLiayl B ot Eorseperads T el bt or
thread higher .ﬁ‘pd?r gdaﬁdncgdrggfroht%&gdc?@?ﬁgsct OEdc@Eufcz:E?glig nanbd guseeostBea%Edss

the tree acts as ast-in-tirst-out

reset and thereb{yutrr@g,rmwmcfzro&m the JanhRer\MreD fidm rr@udrega@rqrreﬂosm%tpa%&%
program counter of its parent thread is outside a range between a start
count and an endbrgouint thelinsttuedos &senwheboatecil I$0] tvihviohdd réspotseeladreid at a
backward branch (e.g., thread T4 in PIGS. G and 29), the start count is
tire target of brYﬁéSSB%@Rmrﬂd“bzaﬁéh and the end count is the program count er

I t the back b Ath d started t f ti
ve v 2 e Deckvar i BaNgh AR h LoD /A Tsead, SLant et s gt 9! 40P

sl 2 96%% 3{31%?%1'3(655‘1’?%8@39?9%506%’?;%' H%:'LP UG il at%lg%!f’dl% e for

tis to happen. 0SSl there
being no retur racfureoeg ava‘ bmﬁ&icgn Firdt, t&nlsdeenat 5 hﬁ‘cr%ﬁéﬁd&hl rnwuam di §ptatcthb§
system eventual |y rcnovc thread fromthe tree when it becones the lowest in
program order, tefore theeRRITS is(Rpied\Wi@nhaerdihyufes licsrchandweage wooldhbelaiotvee e bé he
resour ces aIIocated for that thread (such as a trace buffer, store buffer,
and | oad buf f erynames dealthorcatipd alidvebie.avpiding)thansg qf3)stase BRID frast trage ddflen
FIG 29) which includes the tlueads of the exanmple of FIG G wsh tltc
addition of tluddds Sesouhd! aten cnpHesAbp! PSinstrastion \rlHrn%rﬁtﬁauaﬂlaa%leﬂa%xacumﬂ

brar~cl ~ instruction.at point .J andt ad TG start.s fol
cal | at point K“Sl?‘fcc lgW&thu%ﬁk P]ear‘?foH at\'lcwm z%nern(s)tncmrlo rctrrc orng\ 1€ ;:{H%BI

FIG 30 illustraliesdidient L8R8 ki UsL&. at tine t 1. Thread T2 is added to
the tree before tSFuca '?'3 |£§ added to the tree. Thread T4 is added to the

node after || ucpd T3s¢c@nadd&q|ot Pinal Reikmeg. Threads T2 and T2 arc cltildrcn
of Ifucad T1l. Thread T4 is a child oClrrcad T3. Following tl~c rules of
top to bottom and ri4htinstruclief ts, {ittalig regiredyfram tenad buider ¥idmemn adl e instragteons
tlucad TI) T3, T4, and T2. FIG 31 |Ilgstraies the tree Etructure at tine

| 2 assumi ng t hafor il pegrdous4hieads avsirelyed andal prplay gverts Uit pelopg tasthe ysiyuction

program and retlre nt or S t hre 3 T2. n

PP eree t roidfBERL sl e "SRl hBIEATY ab insliieuidifis (Rl Jeired diin Ffan be
before tlu~cad Jdyjcs tr,ﬁ%ﬁ»‘émstTtLEt,omra%@maestnécﬁtvrmmmerrtﬁrc% oapt:anahrm%tds
T3, T4) T2, and TS. lustrates the tree structure at tine t3

which is after ﬁd’c\ecﬂirlctﬂh 6r|df:re81€br'5\5.mbﬁt i iesinatioh irhihead XIdaninet beeeted uftiBall
program and retirenent orders arc T3) T2) TS and TG Event 32) IS
illustrated in fe@redd)s thtuadhhawdbquefslrneertce@crluﬁctqtlenSOFiﬂhl e ipryigsdeicads he.
tiucads arc created (started)_in the order Tl) T3<)é T4) and TE vvever
t he program or dB3Vei ch’r“ll‘mdﬁsThF4b‘S“Ti§“°'§rrﬂ”*F2““Fi‘f’dtad‘ér i I‘Ejicrt‘hl 1oEBy

only four tract.buffers Ther t he sarre
time. FIG 3SifP ﬁgf‘r‘%{ts dhat ahca[Feégy r%tért%rd]rcre ?y ?cr r?g ct%ldarn c'h gﬁi bef or e

tlucad TS has started. Programand retirenent order arc T 1, T4, T3) and
T2. Thread TS is not yet part of the tree structure. FIG 3Gillustrates
the tree structure at tinme t2, which is after thread TS has started. Thread
T2, wWticli is lowest is programorder) is renoved fromthe tree structure
to make room for z2M; ~~ L~"",2 W 99| 31580 PCT/ US98l 26501 41 thread
T~. Athread that is renoved fromthe tree nay be restarted at a | ater
time. Alternatively, another thread may execute all or part of the
|nstruct|ons of the thread reaned frontthe tree. In one enbodinent, in the

o o, o, o o 1 7~ r
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The thread IDs of the children tlueads arc properly positioned acgo“i"r 02
programorder in the tree structure. (Al though the program order as
- determi ned bygotdrsead managenent | ogic 124 might change.) A t hPeRtS826501
finished when it joins or matches the program count of the next thread in
the tree in programorder. If there is only ®he child of the thread, then
that is the next tl>Fiesdciinenogranvdredey finkoktiRxamplog)c 133. RhGne 3dbodihfeaad
T2 is tire next thread in the tree in programorder. Final retirenent Iogl c
134 gains inf orchﬁahcr et inalaefircaensnelydes (i pcaromassentl reswdtsrtayn AQ8r @pister
straight fromt éb'r cujtry of the tree structure. There may be decodi ng
circuitry betwddf CRESVIEHNETYRIBIAFEPIRAY QBWHe?mP%JgF@P&Td“ﬂI%éa@) ﬁmﬁ@g@rﬁemf

| 124 and | | £
et rea. i subiry PR FL FSRRE o BP0 o LAt e ensy
the follow ng pPuPeEB%nd (o itsue llﬁaﬁ t§ Yrﬁﬁloﬁpe@éalltxétg‘@ nﬁ*‘éfsrn%marm/olg Q§)v,\l}é§12q<:flg

the tree speci f tes program order) IS use or “exanpl e
as described abgstgter.( B} defreibbd eeloapg@rd‘mamcaanserndwm g £t ndt BéMrascPyndil
indicating the starling instruction of another thread; (4) the tree is used
in thread resouite iaislconan illov afppciaredi datt is ngpisvhiocduta ewbal 2¢€sr ather aemiohabl e
arid which resources get .dcallocated. G An Enbodi nent Wt hout
Ml tit hreadi ng P& 5Sﬂﬁﬁfq‘%f‘?ﬁt‘%‘gc@cbﬂ%@ééi‘d 3OTs IRENGHR g N MBBPEBiae  308.
Processor |00 |§cs?l aroto processor 50. However) a trace buffer 300 is
the only trace ?er a dwa MD13 310 is the only MAL3. Processor 50 is not
designed to progess WMHnldPl§stnf eads. Therefore) thread managenent logic is
not required for processor 100. Trace buffer 300 may be simlar to trace
buffer 1 14A) for exanmplz illexeass ihhhd@ic embolinidit 0281 GRETEff F1G0? RRAREENGOBE C
not requi red. For exanple) conductors 21 G and output register file 210 2
2 ~'; ~~ B~''Z W8.9918B815807PCTWWS8/ @@Bﬁmllﬂmcmmb@ir bV Qiks meldedhes\tae r ous
circuitn' may be used to detect speculation errors, including well known
circuitry. MOB B‘i’@b?fé%flﬁée Bpliersdd 4t MQEB! B8 A78B or.. Enheid copige eptoad hed
nul tithread specific are req anpl tluca
field woul d ri of‘%ce“’ﬁ‘é‘é%‘@aS Pﬁ”‘f’ﬁ@c‘fs 'ﬁdraﬁ‘ﬂ’fg‘f@ ]g’ﬁerl‘@orrpdﬁéxaé“[ﬁ?c“vc y.
processor 1 00 nEXacpﬁrsm?g!onsB 1caﬁ um@rst ZC\eaﬁ?ﬁt tPSf‘\he rr&?}@ cgpf195§
t rea 00

in processor 50 to renove nultit Ing relatéd features.” Trace

arid MOB 310 mapelben soedbifTere 0MECISHBN. Wi 84V VEbhdittors PEL HpaéseANGaridlél
recovery fromerrors therein. The trace buffer allows a | arge nunber of

i nstructions tocdneluh@lrsjtlmutzsr)degmdhslomnpefranmM@IB)rl7&osrsam)d)eccrmaipbmys Befpoeide
final retirement. Processor 50 could be used in connection with a

non- mul ti t hr eadsigragirem MQP { Rto \sssdur fﬁrsdééalcmww{fcm@ﬁdhmmoebu| d

al ways keep the.s t hr.ea or de ter ativel

managenent | ogi H’sfrﬂﬁ“%ﬂrodgdblee WP@%E‘F 'ﬁf(ﬂ c’trﬁ'ﬂ[rﬁ(}% T"Psh? éa%d‘wé&""‘b"m
one of trace buffers % 14 and only one of the MOBS |78 are used.

Al ternatively, trace buffers coul d be combined to make a | arger trace
buffer arid MJ3s couyl d be&gemirecnkq a8 Raffersl arger MOB. [-i. Additional

I nf onnati on and Enbodi nents Referring to FIG 37) a processor 400 is a

mul ti-processor (M) [¢Gi 23 illusirards ovge mibctdﬁmcpitpéh stoec bufifar 18024, Wldiditis - pi pel i ne
unit 400 differs fromshared resource pipeline 108 of FIG 2 in that an
entire pipeline r%recsgntahsepértarc@wf@rﬁarﬁé al-h bFBX e Varipys gl aekadipepereuiépei s
i ncluded with each, o [ [ | ti el i pe..un

may equal to or ”Fﬁijreg 8\% qp“iéé r‘r“ok“scs C’i"l’%‘rs\ﬂe&'équr %"éé}égw’ Qb%err%y CBe%adg
essential the Sapey asia0fundiy Mlkaufiel i RIDIT REFFIOANRGe JHiNBI0 MOORESSPT S

may include sone atures of t| - pi peli sone features of

pi pel ine 108. ExHIDO&GtANE chel0O68&S At EICTBRN vheNREs NEE Ritdhcd HRY checutdi; buded onn a

part of a variety of conputer systcnls. Referring to FIG 38, nerely as an

exanpl e, processoplap0Thaytoengartioohasthe sapubBID sylst emilBg! rSyrstnem 420 may

al so include a second processor 434. An_ on-cl IE)(P second .| evel é'L cgént)a
locay B ] lS

be includi ng wi tepmPlss SLEs 38, sBry BB Rt FRIyNSBIETOM FIO&R
menory controller, 440 throu roce or «cont.roll.er 440
may c)c/)rrrrunr cat e ANOFHC rrﬂnsr‘r‘g’ﬁld?'il %G g?‘fd ﬁf@rﬁ%é&glhﬁ/‘e LY S8R LS Yk
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(which may be a PCl bus). A pipeline simlar to pipeline | OS or 308 (in

- PIGS. 2 andwi)¢69ukd be used in a processor that does not us@CI&EGREEEH

renam ng. In such a cast, the cornponcnts that arc involved in register

renaming (e.g., renane/allocate unit 1 SO c¥uld be nodified to rcnovc

renani ng rel at edkséremtibetsy, iThiesicitedin S, ahdirdeteainisodihai:, ahen sesnri ded and

illustrated are only exenplary. Various other circuits and dclails could be

used in their ﬁl‘&&@thFaPﬁwaYt:’t@ér\d”hﬁSﬁ He) belds agwresgdtion; tedEdY Scldrof

have 10 be 1 oduUCREP P B 2 B éﬁﬁaﬁ%i&%k@ yte iy ipiore butter
fi h :
rcscrvation st af'gtlg\n?ha[ ﬁ(gh§§ie ls1oré l Stru %;%r?]c{s r ug?DdﬁJl@ﬂold ﬁ'\e §rnﬁb L f%’ﬁgc

illustrated hcrcin may sl ghe according
techni ques. Thejs@neEyr B LRI ERBLAE SIS ITHE ML ddSHER Iﬁﬁlﬁa&Hﬁgﬁﬁ)) llQrstorc
y ho

signals between two illustrated structures. Sonic conductors
continuous as iinksdticatiedugibpipelisd S [hehdpembedimant, biye ILBIEIﬁHEldh@ﬂanot bc also
structure. The borders of the boxes in the figures arc for illustrative

purposes. An actakiedimvdtere bubol tB4det have to include conponents with such

defi ned boundaries. The re v ze of the illustrated conponents is not
to suggest actual refatf¥e [gf. 18310?4& lﬁ‘bME"gﬂlﬁ\}Hb ‘i‘%{?‘r‘?rcd%é‘ts‘é“‘fll%‘vw "Pﬁl%’élf‘?‘éu n

erbodl Ment s). DUl b8y 963, DAl a3 (SRUACKIAUER! Fore WIREE 4 903 iR

hi gh signal is descri above ace Ica

si gnal and vi Cetr&&rtﬁﬁfchh@AC@WEfﬁcld'lldlk!istth@BS@o&cﬂoﬁhQ"s@?@ﬁx’%@ﬁct%}’ Addrbe
on the same processor chip. Alternatively, for exanple, the trace buffers
coul d be on a daddressértd kdidpthe hddretdie vaxdciit isne pispedtionds dirbacd.elnie
"connected," "coupled," and related ternms are not limted to a direct
connection or ailsiraied embediineng themddrosniy genrrhigd by iA(al et Asotiheddresrvabid

i ndi rect coupli r.csponsi vc cd terps mean that aqne

T
si gnal or event ng ”“ﬂ‘l’e‘f%g‘ﬁ’g}‘éﬂd‘ﬁ‘ip ‘W“&flﬁrﬁforbﬁd%ﬁﬁt'hél”ag‘? BfFsSoA ¢afe fiehd
but not necessaﬂélhylh%%gﬁl tgtbgls%r c{ /qld 1?%%1&%{3(:!9 n Ltlaecs% ?lqlageillg%%%ql.'() clﬁgat F?ﬁllaar

corrponent my e 1 nc
conponent is nofs JwﬁE{USE;%i'atE Qd&}esslan@ |dh'tq€€'ghd BitdMaRy soUid uéé&s@!%@vmata%maagmay

rattier than address matching to detect ~'~~ 1 1 WO 99131 s80 44
m sspccul ati on. af€d AUSBlcenb Gt (Hhohe valkd ddiedBoth thd sdziress tand datdiangve tifore the
benefit of th(s disclosure will appreciate that many otf(cr variations from

the foregoi ng dgseripgricoan mcmlaw Hg@rmycméomm Wha dtnistingledebasrarodf thhie
present invention. According cldj)é‘, is the foll ow ng claill ~s incl udi n% any
amendnent s t her BEGUGRaL AEAIT %‘%é‘%‘@&b%b%fhaﬁ Fescl wWhghting) setirement logic 13

indicates the store instruction should retire and is reset when confirmation is reccived
from memory that the storc to memory has been complete. Retirement of loads and
stores is discussed below. A replay count field includes a replay count number (and is
similar to the replay count field of DAD array 206A in FIG. 13). The rcplay count
feld is not necessary. Under one embodiment, a store instruction can be replayed only
once at a time and there is no replay count ficld.

FIG. 24 illustrates onc embodiment of a load buffer 182A, which is
representative of load buffers 182B, ..., 182Y. Various other embodiments could be
used. Load buffer 182A includes various fields for rows of load buffer entries. Each
entry is identified by a load buffer ID (LBID). Rename/allocate unit 150 allocates an

LBID entry to cach load instruction when it is first fetched and executed, but not on



2 21~ ~~~C"'2 -45 What is clained is: 1. A processor conprising 2ak/y &7
execution pipeline to concurrently execute at | east portions of threads;

. detection cihygiydi1kas to detect speculation errors involving taIads9s/26501
dependencies in the execution of the threads caused by m sspecul at ed
instructions; trace buffers outside the exed®ion pipeline to hold

i nstructions ofcptdye Tigrieatimsirnciondianghe samcriEEpedud atiddinahgtirdigdntom®y and
triggering logic to identi f3/ at | east sonme of the instructions, if any, as
bei ng dependent di!atin Féesid.¢HEy dBIHhR isllgepied (Aransuciions toad Ot ifowy B 1 os

tri - ti f.th ' | at [ ti d, at f
hePaent | 11 ea HBERdBNITREENIRRT Grtd (D STmhEys? Bt Qe yEEs e v |
the denti fied W¥BEhdEnt IRSLH 2T _ .
Mt ructi ons. 30 SIS SRR, A OB Rl 8 ok SofOT SREF Ul Bl pelges

detection circulidsieXtct$n FIG| udead oMcteRibddini twidGeanistdy & $nstdhcud§udde Qe@§ sor
of claim1, wherein each of the trace buffers includes an instruction Qqueue

to hold at | eaf20248¢meFIGF. 12hkoliins toaddhsionsonfthobBIDffictdhel inkineads qgatet ahsr ei n
the re-executed dependent instructions for a particular one of the
m sspecul at ed 234 heidsitba s Biayhyddemifies the antrairin dond toiffer h82A tizas dolsigftieload 5.

ContFol Tinal rermrebmd ghe S0 Tl o o 1By oo s o for b e
wherein sonme of. ] [ Uchi initrally,retired followng . .
execution in tﬁ'ést"g)g[éé:lgtsl}— ‘6°nE%|“g_§|§ﬁ’ @ SgﬁD'I%(Ca&BE%n etgggoradd?QEWCQP%HII,OUQ’LR‘PH&C
conprising a deegdaf hanth¥hehehn iEBIOXERIYHIAN Bt Qéélk@ﬁ,tclrméd iPBad bEG&

y

buffers receive instructions fromthe decoder concurren .
182A.

An instr [D ficld holds the instruction ID of the load instruction in instruction
queue array 202A. The thread buffer ID is implicit in both load buffer 182A and the
tracc buffer 114A. An op code ficld holds the op codc of the load instruction. A load
address [ield holds the address from which the load instruction loads. A entry valid
ficld includes a bit indicating the entry is occupied by a valid load instruction. In the
illustrated cmbodiment, an address valid ficld is not included because the address has
alrcady been gencrated by AGU 172, A PRID ficld holds a PRID from renamc/allocatc
unit 152 which indicates the destination of load instructions in the register file 152. SB
Hit, SBID, Thread ID, and replay count field (if there is one) may be considered part of
a status field and arc described below in connection with execution of store instructions.

At the time store and load instructions are first received by rename/allocate unit
150, entries for store and load instruclions arc allocated in storc buffers 184 and load
buffers 182, and entrics {or registers to receive loaded values are allocated in register file
150 and ROB 164. These entries arc not subjcct to a first level retirement, but like
cntries in trace buffers 114, remain allocated until a final retirement. Accordingly,
entries arc not reallocated on replay. If a store or load buffer is full, a store or load
instruction, respectively, (rom I-cache 104 will not pass through rename/allocate unit

150 until an entry is freed up. However, a load or store instruction that is being re-
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managemnent Ioglc and program counters to create the threads under the
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further conpri skagidd hah aneice beffenyill pags brdu@hfremale/yliotat unie 15he t hr eads
according to a retirenent order developed by the thread nanagenent | ogic.
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instruction of ano one e th
program order have been retired, then there is always a chance that the data for storce

MX is incorrect.

By contrast, if storc MX is executed after load MX in time order, then the
speculative execution of load MX will not be in the correct order with respect to store
MX and therc is no certainty load MX will load the correct valuc. [t would only be by
coincidence that the corrcct value happened to be in memory location MX (or the data
field of the store buffcr entry holding slore MX until store MX is finally retired). To
ensure ultimate correctness of execution, MODB 178 mncludes various mechanisms to
ensurc memory data coherency between threads.

a. Execution of Load Instructions

Before a load instruction is executed, its address is compared with the addresses
of store instructions to determinc which, if any, store instruction is the closest earlier
matching store instruction (CEMSI). “Matching”™ mcans having the same address as the
load instruction. “Earlier” mecans the CEMSI is carlier in program order than the load
instruction. “Closest™ means there is no other matching store instruction between the
CEMSI and the load instruction to be exccuted. If there is only one carlicr matching
store instruction, it is the CEMSI.

If there is a CEMSI, the load instruction reads its data from the data ficld of the

CEMSI. If there is no CEMSI, the load instruction takes its data from memory, such as
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16. The processor of claim11, further conprising thread managenent logic to
control creation of the threads, the thread managenent |ogic including a
. structure towkeepifspack of the threads and to renove a repr esRRU/EBIERSY]
one of the threads fromthe structure to nake roomfor a representation of
a thread higher in programorder to join the3gtructure. 17. The processor
of claim1, furdhecadentisibycdche eadnaimnmagomenDatd@nca E@redifict QB4 6F BRIMLRN
of the threads, the thread managenent logic including a structure to keep
track of the thpsaassddheugh Midrol\id andreptansietbatitonindfacoheffof ltlHalesignaaddy
fromthe tree structurﬁ whgn a %r rac[‘n counter of jts parent thread. is
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resources including one of the xfrace buffers that is to be deallocated. 19.

The processor obedlusd incdn bfpiss meimoeQBdh Bidag dabhie b, BDAGEIRNGr MA@ ricrhory.
control creation of threads and wherein follow ng retirement of a thread,

t he thread managenentn pogtwbedimeuvian ddiareyd samperatar ncisertiaied with coth etey of ech
buffers used for .the retired thread to a thread youngest in program order.
20. The process®8f stgre Ruylkgran dbto mafc 4pmPapsehscyseg thhsddaess RhHIJaRR I bg ogi ¢
to control creatjon of thre and wherein th hr ead epent, J.ogi c
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processor of claimd1, wherein the trace buffers hold results o? at least
some of the instsetd wutser 132A. Toad petocE22say welf atdudpuncdndustes fiofh diher
processor is in a conputer system ~ii~l -48 23. The processor of claim
22, wherei n t hecenpputas agymneet¢dslogdVlF eantnof oicassn0Lonput er system 24. A
processor conprising._ thread nanagenent i rogram counters to create
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invol ving a thread dependency in the execution of t S caused

m sspecul at ed i astdrlied thaR ithct CESIEN PEpkah rdetlt Rédlend/NIRcRY agil 5O RedpsRekk BEtHeO0
hol d i nstructions of the threads including

order of store and load instructions in the program and provides the SBID and the LBID
valucs. They may be written through conductors 126 to trace buffers 114. Under one
embodiment, if therc is no CESI with respect to a load instruction, then there is no load
SBID associated with that instruction. This happens when the first memory
instruction in a trace is a load. Various tcchniques may be used to handle this situation
including rename/allocate unit 150 sending certain signals to indicate there is no valid
load SBID. The array wrap around bit, described below, may be used for this purposc.

Consider store and load instructions in the following program order:

store 0
store |
load 0

store 2
load |

store 3
store 4
load 2.
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the m sspecul ated instruction and results of at |east sone of the
instructions; and triggering logic to identify at |east sone of the
- instructionggdofs180y, as being dependent on the m sspecul at eBCTASP¥ PN on
and to trigger re-execution of the m sspecul ated instruction and at | east
some of the identified dependent instructionds, if any. 25. The processor of
claim 24, wherein the threads are created frominstructions of a program
originating fromoff a chip on which the execution pipeline is included.
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plpellne 28. The processor claim 24, wherein the thread managenent
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processor conprising: an execution pipeline to concurrently execute at
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A A A AfS A@ A@lAmA;h]it We . phggram, OMG“ IAthrégd Ay thas IS JADIA@ MBRAAC Ahdn thécad. [, .
Ay A A A ﬁ?lhé e'e\mﬁ\pl'?:\ lhﬁ\lgadﬁ%lﬁ%ﬂo#t@ogbf&c&let'jb\lspx\ﬁ?oad buffer 182C. Thereisa
CESI, which is in store buffer 184C.

Conductors 342, 344, 346, and 348 arc 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 cnables (1) thc comparators for all entries in each store buffer, (2) onty
thosc comparators that are in a store buffer having a thread ID that is the same as or
earlier in program order than the load instruction’s thread 1D, or (3) only thosc
comparators associated with entries that are earlier in program order than the load
instruction.

Match determining logic 356 determines which, if any, of the store instructions
is the CEMSI. In FIG. 27, the store MX instruction in the upper portion of store
buffer 184C is the CEMSI. If that store MX instruction were not in store buffcr 184C,
then the CEMSI would be the store MX instruction in store buffer 184B. While
comparators and match determining logic 356 are determining whether there is a

CEMSI, 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,
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program ordcr. For the store buffer having the same thread ID as the load instruction, it
is determincd which, if any, matching instruction is the closest in program order to
(including cqual to) the CESI. Then, it is dctermined which of those store buffers that
have a matching instruction have a thread ID that is closest in program order to the
thrcad ID of the load instruction.

Store buffers 184 may be circular arrays cach 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 cventually wrap around so that the head
points to a higher SBID cntry than docs the tail. In one embodiment, a wrap around bit
is toggled when the tail goes from the highest to the lowest SBID value, and is provided
to closcst match determining logic 356.

b. Execution of Store Instructions

When a store instruction is cxecuted, its address is compared with the addresses
of load instructions to determinc whicly, if any, load instructions that arc later in
program order (from the same or a younger thrcad) have thc same address as the storce
instruction. A closest later load instruction (CLLI) pointed to by the store SBID
designates the earlicst load instruction that may be considered.

In one embodiment, a different comparator is associated with each entry of each
of load buffers 182 to make those comparisons. Onc of the comparators is comparator

324, illustrated in FIG. 26. Merely as an example, comparator 324 is associated with

i
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being executed. In onc embodiment, all comparators arc enabled. In another
embodiment, only the conductors in the load buffers having thread IDs equal (o or later
in program order than the thrcad ID of the load instruction are enabled. In still another
embodiment, only the conductors in the load buffers associated with the CLLI and later
instructions are cnabled. The threads to consider can be determined before, after, or
during the determination as to which load instructions within the load buffers comc later
in program order than thc store instruction.

Under one embodiment, detection circuitry to detect certain speculation crrors in
exccution of load instructions includes 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. It is

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
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+_=1'1Y0" 10%@ @& &Qccss'snilyplq(fb thiread 1D of the load instruction for which there is an address match.
The thrcad ID of the load instruction is implicit in the load buffer. The replay count
ficld (if used) indicates which replay is involved. (If the SB Hit is 0, the data in the
SBID, thrcad 1D, and replay count fields is mecaningless.)

If SB Hit = 0 (previous data from memory), a replay cvent is 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 arc replayed from the
trace buffer. The instr ID and thread ID are passed over conductors 194 to indicate
which instruction is replayed.

If SB Hit = | (previous data from store buffer), the values in the SBID field,
thread ID field, and replay count field (if used) control whether a replay is triggered. In
a first casc, the thread ID of the status ficld for the particular load instruction equals the
thread ID of the store instruction, and the SBID in the status ficld of the particular load
instruction matches the SBID of the store instruction. In the first case, the load
instruction is replaycd if the replay count of the load instruction is larger than the
replay count in the status field. If there is not a replay count (because a store
instruction can only be replayed once at a time), then the load instruction is replayed.

In a second case, the thread 1D in the status field equals the thread 1D of the
store instruction, but the SBID in the status ficld does not match the SBID of the store

instruction. In the sccond case, the load instruction is replayed if the SBID in the status

i)
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[ield 1s less then the SBID of the store instruction, but not replayed if the SBID in the
stalus field is greater then the SBID of the store instruction.

In a third casc, the thread IDs of the status field and store instruction do not
match. Itis cxpected that this is an infrequent casc. For simplicity, under onc
cmbodiment, the load instruction is replayed (even though it may be contrary to
program order). It may be a falsc replay. The load instruction when replayed will
receive the correct store data. Other approaches could be used but they may be far
morc complex that is justificd for such an infrequent case.

i Cases in Which There is Not an Address Match

If the addresses do not match, then no replay is triggered except in the following
infrequent case. 1f SB Hit = 1, the thread 1D of the status field matches the thread [D of
the storc instruction, and the SBID of the status {ield matches the SBID of the store
instruction. In this case, there is a replay and the replayed load instruction receives its
data [rom a ncw 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 thrcad. Thread management logic 124 sends a
signal to control circuitry 302. In one embodiment, when a thread is reset, the thread ID
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 thrcad ID of the reset
thread. The load instructions are replayed from the appropriate trace buffers.

3. Replay of Store Instructions

As described above, load instructions are replayed in response to execution of
storc instructions. In one embodiment, store instructions are replayed in response to
registcr comparisons in the trace buffers that indicate a register value has changed. For
example, referring to FIGS. 12 and 13, instr IDs 4 and 5 in trace buffer 114A, which are

storc instructions, arc shown to be dependent on registers R1 - R4.
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4. Replavs of Multiple Load Instructions

It s 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
is for control circuitry 302 to detect when there are multiple load address matches and
causc all instructions afier the earliest load in the trace to be re-executed.

S. Final Retirement of Load and Store Instructions

When a load or storc instruction is to be finally retired, final retirement logic 134
provides signals to tracc 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 casc 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 f{ield must be committed to memory. Dcallocation of the entry in the
storc 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.
Signals on conductors 200 can indicale to thread management logic 124 when the final
relirement of stores is complete and the next thread can begin.

SB Retired indicatcs that an instruction has been retired. At the time final
retirement logic 134 indicates that an instruction should be retired, a bit in the SB
Retired field is asserted. Once the SB Retired ficld is asscrted, the associated
instruction is written to mecmory 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 dcallocated.

Load buffcr 182A and store buffer 184A may be queues with a head and a tail.
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 sclects whether
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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 onc cmbodiment, thread management logic 124 uscs a trec structure to keep
track of thrcad order. Under the trec structure, the program order (which is also the
retircment order) [lows [rom top to bottom, and a node on the right is carlier in program
order than a node on the left. A root is the first in program order. A trce is an abstract
idea, whereas a tree structurc is circuitry that implements the tree.

Threads begin at the instruction {ollowing 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 FIGS. 4 and 5). In
so doing, from the perspective of a thread (nodc), the program order of children nodes
of the thread arc in the reverse of the order in which the threads were started (created).
For example, in FIG. 6, in timc order, execution of thread T2 begins before execution of
thread T3, but in program order, thrcad T3 occurs before thread T2.

In one cmbodiment, three events may cause a thread to be removed from the
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 is 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 trec to make room for a thread higher in program order to be added
to the trec. In this respect, the tree acts as a last-in-first-out (LIFO) stack. (3) A
threcad may be resct and thereby removed from the tree when it is discovered that the
program counter of its parcent thread is outside a range between a start count and an end
count. In the casc 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 thrcad started

after a function call can also be reset because there is no return from the function,
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possibility of there being no rcturn 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 FI1G. 29, which includes the threads of the
example of FIG. 6, with the addition of threcads TS and T6. Thread TS starts (ollowing
a backward branch instruction at point J and thread T6 starts following a function call at
point K. It is assumed that therc are only four trace buffers. FIG. 30 illustrates the trec
structurc at time t1. Thread T2 is added to the trec before thread T3 is added to the
tree. Thread T4 is addced to the node after thread T3 is added to the trec. Threads T2
and T2 are children of thrcad T1. Thread T4 is a child of thread T3. Following the
rules of top to bottom and right (o left, the program and retirement orders are thread T1,
T3, T4, and T2. FIG. 31 illustrates the trce structure at time 12 assuming that thread
T4 is reset before thread T retires. The program and retircment orders are thread T1,
T3, T2, and TS5. FIG. 32 illustrates the tree structure at time t2 assuming that thread
T1 retires before thrcad T4 is reset. The program and retirement orders are thread T3,
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,
TS5 and T6.

Event (2) is illustrated in FIG. 34, which includes nested functions. In time
order, the thrcads arc crealed (started) in the order T1, T2, T3, T4, and T5. However,
the program order is T1, TS, T4, T3, and T2. In the example, there are only four trace
bulfers. Thercfore, not all five threads exist at the same time. FIG. 35 illustrates the
tree structure at time t1, which is before thrcad TS has started. Program and retircment
order are T1, T4, T3, and T2. Thread TS5 is not yet part of the tree structure. FIG. 36

illustrates the tree structurc at time t2, which is after thread TS5 has started. Thread T2,

which is lowest is program order, is removed from the tree structure to make room for
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S_&:LO%&I 0-F Sg?]égf(/)%ec(l )I'r_olr:n the tree. In onc embodiment, in the case of reset, a thrcad may seek to
Join the-next following thread rather than the rcset thread. Alternatively, the thread may
just continue until otherwisc 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 dctermined by
thrcad management logic 124 might change.) A thread is finished when it joins or
matches the program count of the next thread in the trec in program order. If there is
only onc 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 tree in program order.

Final retirement logic 134 gains information from the trec structure to assemble
array 198 or straight from the circuitry of the tree structurc. There may be decoding
circuilry 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.

In summary, the tree structurc provides information for at least the following
purposes: (1) the tree specifics retirement order; (2) the tree specifies program order,
which is used by, for example, MOB 178 as described above; (3) the tree specifies an
end point of a thrcad by indicating the starting instruction of another thread; (4) the trec
is uscd in thread resourcc 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 pipcline 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 MODB. 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 (o trace buffer 114A, for example, except that multithread specific

components are not required. For example, conductors 216 and output register file 210

2
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"10%$7& () - . &MoNMABNot be nceded. 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 cxample, a thread 1D field
would not be needed in the load buffer. Other components of processor 100 may be
modificd somewhat with respect to their configuration in processor 50 to remove multi-
threading related featurcs. Tracc 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 Lo be held outside the pipeline for possible replay before
final retirement.

Processor 50 could be used in connection with a non-multithread program. In
that casc, thread management logic 124 could always keep the same thread ID in
program order. Alternatively, thread management logic 124 could be disabled. In the
non-multithread casc, only onc of tracc 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

Referring to FIG. 37, a processor 400 is a multi-processor (MP) chip including
multi-pipeline unit 402. Multi-pipeline unit 400 differs from shared resource pipeline
108 of FIG. 2 in that an entirc pipcline (c.g., separate rename/allocate unit for cach
pipeline) is included with cach of pipelines 0, 1, ... W ol multi-pipeline unit 402. (W
may equal to or morc 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-pipcline unit 402 and some f{catures of pipeline 108.

Each of the processors mentioned herein, may be included in a part of a variety
of computer systems. Referring to FIG. 38, merely as an example, processor 50 may be
part of a computer system 430. System 430 may also include a sccond processor 434.
An on-chip sccond level (L2) cache may be including within processor 50. Processor 50

may communicatc with a memory controller 440 through a processor bus 442.

Memory controller 440 may communicate with main memory 446 and peripherals 448



. LAV 114 |
110$10$10$ y@ 109%& ()- a@ 109& ()- yS& 1098& ()- jL!1098& ()- 22NN 1
yL! 10% $& ()-%47|[: NA4 110 y@O0%M %K ()- y#109M %VE& ()- yglOo% %' () -

-y, STO%M %VE \(hoo/51:866m Sm& () - d' 109B" 8&' ()-7.#v|[: NA4 110 y+ ROUNEUHREY) - &

y) 1090 %V&' ()- y 1098 %VE () - y@L0%V %v&' ()- ..y 109V %V&' () -

y: 109 %V& ()-0@obU4 1 r’ F(10%%& () - 10M %vfdM 9ILOM 9M y 7109V %BV&: () -

ys96f 109 %VE' ( Yrough|pseodi2oame 40 (whigh ToopBaRC] bus\y Z9bU4 1 yy 10%%& () -

y  @O%MY% ()- yl0%o&' ()-!ys109R2& ()- y#&109MY&' ()-.y 109%& ()-MR'y|[: bUs

1 y10%9%&' () - yslo%/é'l'(“f-s‘m '3 B t‘?&Ofyﬁgl(obM(Z)wdﬁ)§9@%W&'sif£ maF

st 20vmvk () yerosne i) B Rsodaig Ok R b dieaey3 o dabkeras that e

o ) AR A AL ]t

?"10% " & () - Yy idn¥EYP&iaming el MKYZ| [ NAMA1010/GL0GAEL0%EG 3

SP& 10%6K' () - y3 s$& 1090W& ()- \  9110%W& ()- v 911090MW& ()- $ @10%

$& ()-Zgv>| [ : NA41010The giraimml deta(ly thay&re Hesanbedrand JiuRrytyd 4@y, extin(plaryy, z

%g(,y?go/gg %: () Y%‘%g%‘gﬁ]g‘%ir&ﬁs Xn@c&%ﬂ%cﬁgd(gc_usc !n[ lhchilé?)lla?:g.onr%hcr, therc may be
various design tradcoffs in size, latency, ete. For example, the maximum operating clock
frequency may have to be reduced if buffers in the exccution path (c.g., in the
rescrvation 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
tllustrated structures. Somc conductors may not be continuous as illustrated, but rather
be broken up by intermediate structure. The borders of the boxes in the figures arc for
illustrative purposes. An actual device would not have to include components with
such defined boundaries. The relative size of the illustrated componecnts is not to
suggest actual relative sizes. Arrows shown certain data flow in certain cmbodiments,
but not every signal, such as data requests. Where a logical high signal is described
above, it could be replaced by a logical low signal and vice versa.

The components illustrated in a processor may all be on the same processor
chip. Altcrnatively, {or example, the trace buffers could be on a different chip than the
execulion pipeline.

The terms “connected,” “coupled,” and related terms are not limited to a direct
connection or a direct coupling, but may include indirect connection or indirect coupling.
The term “responsive” and related terms mean that one signal or event is influenced to
some extent by another signal or event, but not necessarily completely or dircctly. 1f
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
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an execution pipeline to concurrently execute at least portions of threads;

detection circuitry to detect speculation errors involving thread dependencies in the
execution of the threads caused by misspeculated instructions;

trace buffers outside the execution pipeline to hold instructions of the threads including
the misspeculated instructions; and

triggering logic to identify at least some of the instructions, if any, as being dependent on
at least one of the misspeculated instructions and to trigger re-execution of the misspeculated

instructions and at least some of the identified dependent instructions, if any.

2. The processor of claim 1, wherein the triggering logic triggers replay of the

misspeculated instructions.

3. The processor of claim 1, wherein at least part of the detection circuitry is included

within the trace buffers.

4, The processor of claim 1, wherein each of the trace buffers includes an instruction queue
to hold at least some of the instructions of one of the threads and wherein the re-executed
dependent instructions for a particular one of the misspeculated instructions may be in more than

one of the trace buffers.

5. The processor of claim 4, further comprising final retirement logic to control final
retirement of the instructions in the trace buffers and wherein some of the instructions may be

initially retired following execution in the execution pipeline.

6. The processor of claim 1, further comprising a decoder and wherein the execution

pipeline and the trace buffers receive instructions from the decoder concurrently.



N

LI10%em& ()-& y LI10%O m& ()-& !vU410 yc !10% %v& ()- y#10%M 9 /&/é{")’"
y, 109M %V&' ()- ys' 109 %V&' () -1 10mO, mLOnDO, nlOnD, myl s- 10%r0, m& ()-!t
- abcdw obW410 y&109%V %&' ()- 10M 9%MLOM %\/[LOM%W y 2109M %' ()-'y yF O
1098V %' () - yF S& 109V %v&' ()- y 109 %VE' ()-wC | [: bU410 vy y+109M %K' () -
y M109M %' ()-y yyl09 %A ()-y y9! 109 %K' () - y#&10%M %K' () -
y, smLO%V %V () - #$%&7CQvUA10 y109ME () - y#91098M %AVE () - y, mLO%M %v& () -
y' 109V %V ()-I10|\/!(%6\/[L0l\/!f%&h/[LOl\/!f%&}\/lylf1 -'10%\/1%\/& ()--+|[ vU410 vy
y(z109M %V ()-y y S 109V %' () -y y10%W %v& () -y yy' ! 109V %BVE& () -
y1098V V&' () - le%\/I%\/& ()-+}S| obU410 y' 10%$& ()-10M 9%MLOM 9YMLOM %Wy y
8! 109V %V ()-y YyY 9610%V %vE ( +& 1098V %VE' () - y
) 10984 %veThe DLOENF or of glaty &“ﬁhﬂf&l@%éetefﬁowlr%@ﬁmgl{df yF &10%&' ()-y yF

. ;é%ﬁfé (?e(g SY%%@@%%%’M‘E %@@%ﬂa}n@'\m ; GSvU410 ylo%; Ws& () -

address comparing circuitry.

8. The processor of claim 1, further comprising thread management logic and program

counters to create the threads under the control of the thread management logic.

9. The processor of claim 8, further comprising final retirement logic to finally retire the

threads according to a retirement order developed by the thread management logic.

10.  The processor of claim 1, wherein the speculation errors involving thread dependencies

include dependency speculation errors and data speculation errors.

11.  The processor of claim 1, further comprising a decoder and a cache, and wherein the

cache and the execution pipeline receive instructions from the decoder concurrently.

12.  The processor of claim 1, further comprising thread management logic to control creation
of the threads, the thread management logic including a structure to specify a program order of
the threads and wherein the thread management logic controls creation of the threads out of

program order and without regard to thread dependencies.
13.  The processor of claim 12, wherein the structure is a tree structure.

14.  The processor of claim 12, wherein the thread management logic controls dynamic

creation of the threads.

15.  The processor of claim 1, further comprising thread management logic to control creation
of the threads, the thread management logic including a structure to specify an end point of one

of the threads by indicating a starting instruction of another one of the threads.

iy,
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18.  The processor of claim 1, further comprising thread management logic to control creation

of the threads, the thread management logic including a structure to indicate resources including
one of the trace buffers that is available and resources including one of the trace buffers that is to

be deallocated.

19.  The processor of claim 1, further comprising thread management logic to control creation
of threads and wherein following retirement of a thread, the thread management logic allocates
resources including one of the trace buffers used for the retired thread to a thread youngest in

program order.

20.  The processor of claim 19, further comprising thread management logic to control
creation of threads and wherein the thread management logic controls creation of at least one of
the threads based on instructions that expressly demarcate the beginning and ending of the
thread.

21.  The processor of claim 1, wherein the trace buffers hold results of at least some of the

instructions.

22, The processor of claim 1, wherein the processor is in a computer system.
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trace buffers outside the execution pipeline to hold instructions of the threads including
the misspeculated instruction and results of at least some of the instructions; and
triggering logic to identify at least some of the instructions, if any, as being dependent on

the misspeculated instruction and to trigger re-execution of the misspeculated instruction and at

least some of the identified dependent instructions, if any.

25. The processor of claim 24, wherein the threads are created from instructions of a program

originating from off a chip on which the execution pipeline is included.

26.  The processor of claim 24, wherein the triggering logic is replay triggering logic coupled

to the detection circuitry to trigger replay of the misspeculated instruction.

27.  The processor of claim 24, further comprising final retirement logic to control final
retirement of at least some of the instructions within the trace buffers and wherein some of the

instructions may be initially retired following execution in the execution pipeline.

28.  The processor of claim 24, wherein the thread management logic controls dynamic

creation of the threads.
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