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In one embodiment of the invention, a processor (50) includes an execution pipeline (108) to concutrently execute at least portions
of threads T1-T4, whercin at least one of the threads is dependant on at least another one of the threads. The processor (50) also includes
detection circuitry to detect speculation errors in the execution of the threads T1-T4. In another embodiment, the processor (50) includes
thread management logic (124) to control dynamic creation of threads from a program (1124A).




I nstruction to subsequent instructions through registers. To ensure program
correct nessyologgisgber s are renaned and instructions wait in rREEY

stations until their I nput operands are generated, at which tinme they
are issued to the appropriate functionall units for execution. The

regi ster renaner, PROECESSORHAVMINGMUTLIPLERROGRAM COUNEERSYNDI nk

I nstructions having dependenci es together so that a dependent

instruction i s not exe'EBAEcEBHFE QUTSIDE AN BEXECUTION RIPELINE: pends.
Accordi ngly, such processors are limted by in-order fetch and decode.
2 When the instruction fromthe instruction cache m sses or a branch
is mspredicted, t rocessors haye either t Lt until, the jnstyuction
block | s fetched fREMishABRicatDns, i@spreés*i@pﬁfﬂammﬁémr SENA St has o

m spredi ct ed «h S L€ ke s path is
reset. The reg{ﬁ ofd)‘gtu(;cfﬁﬁgéelﬁrgesll‘rgreglggf ?ﬁ%ﬁ‘ﬁ%&gﬂﬁh{a&%}\%@g%tions bef ore
and after | nSMi@%ﬁﬁﬁﬁ@cgﬁcmtmazmﬁ@pae&n@bﬁfseamgﬁej_gan N&iititleRe
executed in parallel, although it nay be correct to do sé. - '
Mul tit hr eadi ngMunasre System for Orderingbeadeahd StoesInstructionisiin b Peockissig Thabcessor s
and on-chip nultiprocessor (IVP% processors have the capability to process
and execut e mPetfophse OukOfdrder cad Bxgcutim® (dockstine. 42320.P4a6%)e filed
processors process and exec,utg are in,d?pendent of ,%acb ot her. For exanple,
the threads arcengirrantly hereyriths bayn esentially commonspseilisaliNsans or are fromthe

same program but are specially c I, ed t reate threads w thout
dependenci es between threads. Ho tgfgrOPﬁéggt ?%’Hfé‘%’&‘s do

Technical Field of the Invention: The present invention relates to processors

and, more particularly, to processors that process dependent threads concurrently.

Background Art: Current superscaler processors, such as a microprocessor,
perform techniques such as branch prediction and out-of-order execution to enhance
performance. Processors having out-of-order execution pipelines execute certain
instructions in a different order than the order in which the instructions were fetched
and decoded. Instructions may be executed out of order with respect to instructions for
which there are not dependencies. Out-of-order execution increases processor -
performance by preventing execution units from being idle merely because of program
instruction order. Instruction results are reordered after execution.

The task of handling data dependencies is simplified by restricting instruction
decode to being in-order. The processors may then identify how data flows from one
instruction to subsequent instructions through registers. To ensure program
correctness, registers are renamed and instructions wait in reservation stations until their
input operands are generated, at which time they are issued to the appropriate
functional units for execution. The register renamer, reservation stations, and related
mechanisms link instructions having dependencies together so that a dependent
instruction is not executed. before the instruction on which it depends. Accordingly,

such processors are limited by in-order fetch and decode.



not have the ability to concurrently execute different threads from the -
sane progrg\mgg}ﬁgsormy have dependenci es. The.usef ul ness of {(HEI/NUSIS/26501

mul tithreadi ng processors is thereby limted. Accordingly, there is
a need for nultithreading processors that Bave the ability to concurrently

execut e di f f er ent Wikencthel instraction firem theninstpuctign zachshnissestdrarbeanvhyis be
dependenci es anong the threads. Summary of
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Brief Descri pkieRécuddd ihparaReB withéifsh it may be correbbto doweent i on will be
understood nore fully fromthe detail ed description given bel ow and from

t he acconpanyi ng dvialtithresling peotssdisrsact as shiarediresounceemultidhreading processors
however, should not be taken to limt the invention tg the specific
embodi nents and on-chip multiprocessor (MP) processors have the capability to processsand execute
multiple threads concurrently. The threads that these processors process and execute |
are independent of each other. For example, th§ threads are either from éompletely
independent programs or are from the same program but are specially compiled to
create threads without dependencies between tli_'reads. However, these processors do
not have the ability to concurrently execute different threads from the same program
that may have dependencies. The usefulness of the multithreading processors is
thereby limited. _ |
Accordingly, there is a need for multithreading processors that have the ability
 to concurrently execute different threads from the same program where there may be
dependencies among the threads. |
Summary of thé Invention
In one embodiment of the invention, a pro;essof.includes an execution pipeline
to concurrently execute at least portions of threads, wherein at least one of the threads
is dependent on at least another one of the threéds. 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.
Brief Description oi_' 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



descri bed; but:are for explanation and understandi ng only. FIG 1.
is a high | enoedosabgack di agram.representation of certain conpoR€MUSIE2650e
enbodi ment of a processor. FIG 2 is a block diagramof a processor
according to one enbodi ment of the inventiadh. FIG 3 is a block
di agram of a gesstidsd,dut accior dkplgnationand uhderstandiagionynt of the invention.
FIG 4 is a flow diagram of, an exanpl e of two threads. FIG 5is a
f1 ow di agram of anddHel l%&h»sbﬂeevebbloslﬁémgmmesentguon of ceFtain ccﬁn];]meﬁtsflhone
di agram of an_e of._four threads FI 7 is a graph show ng
ove?l appi ng ef@i’ﬁaﬁ% t8¥atpﬁ%° ¥ eads of FIG 6. FIG 8 is a block

diagramillustrati | el y f 0 rgbé}ment
of the invention. TG, 2% E@@%ﬁgl@# ﬂ” c/ggss&é pog?ﬂfeggfq%ﬂﬂ r°g

and retirenenfpwhtdeas at two tines. FI G 1_0 is a block diagram
representation of certain conponents in one enbodinent of a trace buffer

of FIG 8. FIG. 3 is a block diagram of a processor according to another embodiment of the

invention,

FIG. 4 is a flow diagram of an example of two threads.

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

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

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

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

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

FIG. 10 is a block diagram representation of certain components in one
embodiment of a trace buffer of FIG. 8.

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

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

FIG. 13 is a graphical representation of portions of one embodiment of a data
and dependency array of the trace buffer of FIG. 10.

FIG. 14 illustrates one embodiment of modifier registers and a modified register
used in creating the dependency field of the array of FIG. 10. -

FIG. 15 is a logical OR gate used in creating the dependency field of the array of
FIG. 13.

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

FIG. 17 is a graphical representation of a particular register and locations in a



FIG 11 is a block diagramrepresentati on of certain conponents-in aprother

enbodi ment yf gsikgrce buffer of FIG 8. . FIG 12 is ®aIegnRemt
representation of portions of one enbodi nent of an instruction queue array
of the trace buffer of FIG 10. FIG 13 is a graphical

repr esent at i aracebuff@rthatdras dependaciasthardonrastordifig to chriambudimeltpeddency array
-of the trace buffer of FIG 10. FIG 14 illustrates one enbodi nent
of nodifier neyintibers and a nodified register used in creating the -
dependency field of the, array, of FIG 10, ] FIG 15,is a logical OR
gate used in cr eatﬁlﬁglgl‘r‘ea hicafrrpspsentation of portiqns of Pawagodlme@ °f(i%’.

FIG 16 is a flow chart~i|lustrati di ment of operations used to
create the &é‘ﬁ%‘ﬁ&%ﬁ@ffrﬂe&f@‘% % gfr;) ayf(gB%Fl G 13. FIG 17 is a

3 trace bufer thaChad e puRhRA bR AN SOkl one BERRURNT blaffingut
the inventi onegister file of the trace buffer of FIG. 10. |

FIG. 20 is 2 block diagram of a comparator and replay triggering logic used in
connection with the output register file of FIG. 18 and the input register file of FIG. 19
according to one embodiment of the invention.

FIG.21l isa ﬂow diagram illustrating points at which the contents of the output
register file niay be utilized. - :

' FIG. 22 is a block diagram illustrating individual memory order buffers (MOBs)

within the MOB of FIG. 2 according to one embodiment of the invention. -

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

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

FIG. 25 illustrates a com-parator comparing addresses of load and store
instructions. .'

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

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

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

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

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 t2

assuming thread T4 is reset before thread T1 retires.



FIG 18 is a graphical representation of portions of one enbodi nent of an:

out put regiwpabsisshe of the trace buffer of FIG 10.

POTYUS98/26501 s g

graphi cal representation of portions of one enbodi ment of an input

register file of the trace buffer of FIG 16.

FIG 20 is a block
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wi th the output

register file of FIG 18 and the input register file of
FIG 19 accor gssumingthoead Ehtetigesrhefore dlireachE4iiswesett i on.
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ernative embodiment to that of FIG. 2.

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

Detailed Description of Preferred Embodiments

A. Creation of Threads and Overview of Pipeline 108
B. Details Regarding Trace Buffers 114
1. Trace Buffer 114A
a. Instruction Queue Array 202A
b. DAD Array 206A and Dependency Generation Circuitry 212A
c. Output Register File 210A and Input Register File 208A
2. Trace Buffer 114*
C. A Replay Sequence Algorithm
D. Second Level or Final Retirement
E. Memory System
1. Store Buffers and Load Buffers
2. Comparisons of Load and Store Addresses
a, Execution of Load Instructions
b. Execution of Store Instructions
c. Reset
3. Replay of Store Instructions
4, Replays of Multiple Load Instructions
5.  Final Retirement of Load and Store Instructions
F. Additional Information Regarding Thread Management Logic and Final
Retirement Logic
G. An Embodiment Without Multithreading
H. Additional Information and Embodiments

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.

Execution pipeline 12 may include a memory order buffer. Instructions on conductors

FIG 21 is a



I nstructions. FIG 27 is a block diagramrepresentation ofi MOB

control cifgéebidikgy and store buf fers according to one enbadENokr2ésit he
i nventi on. . FIG 28 is a block diagramrepresentati on of MOB

control circuitry and | oad buffers accoedi ng to one enbodi nent of the
i nvention. 18 are providelf téexe2BtibpipelineOVy. for agdcaifvR! TR ?faémin | x
P p‘? bt TaSlins ati ogsa%lf%ﬁ n the

t hr eads. FIG 30 is atree illustrating are

threads of [pra¥id@bthetugh condueidré 22 to trace buffer 14 GTha Inshbichors Ay bé bxshieat i Ng a--
relationship in the threads of FIG 29 at a tinme t2 assumng thread T4
i s reset befpylativelydn exgcutign pipeline 12. Examples of the speculation included data

5 FIG 32.0s a,tree jllustrati.n rel.ati,gnship in the threads of -
FIG 29 at ép?ﬁ“ff’é“‘flza“d Sepshienyy tsewatio -13P3é9f Pé@gweﬁ% of spesulativas may beset .
FIG 33 1S Gnldifd. 'Prbdtiddr10/iiudes uibebdiOhS Hhdhudiflg 1\Eack MuBBF 4, 36 ablbsF 20 &

. speculation errors (misspeculations) and to recover from them.

When a misspeculation is detected, the misspeculated instruction is provided to
execution pipeline 12 from trace buffer 14.through conductors 24 and is replayed in
execution pipeline 12. If an instruction is “replayed,” the instruction and all
instructions dependent on the instruction are re-executed, although not necessarily o
simultaneously. If an instruction is “replayed in full,” the instruction and al}-
instructions following the 'instruction in program order are re-executed. The program
order is the order the instructions would be executed in an in order processor.
Instructions may pass through conductors 18 -entirély'in program order or in something
-other than program order. Processor 10 may be an in order or out-of-order processor.

The re-execution of a dependent instruction may result in instructions which are -
dependent on the dependent instruction being replayed. The number of re-executions of
instructions can be controlled by- controlling the events which trigger replays. In
general, the term execute may include original execution and re-execution. "Results of at
least part of the instructions are provided to trace buffer through conductors 26. Final
retirement logic 34 finally retires instructions in trace Buffer 14 after it is assured that
the instructions were correctly executed either originally or in re-execution.

Execution pipeline 12 may be any of a wide variety execution pipelines and may =~ __
be a section of a larger pipeline. Execution pipeline 12 may be used in-connection with
a wide variety of processors. Examples are provided in FIG. 2 which illustrates --
components of a processor 50 having an execution pipeline 108, and in FIG. 3 which
illustrates a processor 100 having an execution pipeline 308. In the embodiment of the
invention in FIG. 2, execution pipeline 108 includes register renaming. In other

embodiments, the execution pipeline does not include register renaming. The processor



FIG 34 is a flowdiagramillustrating an exanple with five threads. .
FIG 35 is wdewsssd | ustrating a relationship in the threads BETS8/26501 5t

atimeti . FIG 36 is atree illustrating a relationship in the
threads of FIG 34 at atine t2. FId 37 is a block diagram
presentati on efiayacqueorresthoproaessanuitiply threadsi(asdh tiry dasé off proeedzof SOBIFIG. @)} bt
of FIG 2. FIG 38 is a conputer systemincluding the processor of
FIG 2. not concurrently pmsess muliphetheeadp (asdn the case of processoE1D0dn FEGL3). A
Creation of Tty eads asrb %/ergl ew o P| pel i ne 108 B. Details Regar di ng
Trace Buffers Freegssor >0 will ke discus LBuffer 1 14A

Dopendancy nGeQJnglrJ:t AR 4BnED Rt spesifisation to “one mbodiskeng” of 4 gpffin s&;’ msap
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A Repl ay Sequence eve naI Frreren

Menory Syst emembodimentls includet @ &t 1Bast baé émBGdirﬂeﬁﬁ@f tﬁb‘iﬁﬁhﬁon The appefrances
Conpari sons of Load and Store Addresses Executi on of
Load I nstruct iafithe phrase “in one embodiment” infvagious$ placesih thi spreelﬂcaﬁbxli mtnomns

C. Reset Repl ay of Store |nstructions

Repl ays of wme:cpssenly(ﬁélcrefmmg tocthe same embodiment.

A. Creation of Threads and Overview of Pipeline 108

Instructions are provided through conductors 102 to an inistruction cache (I-
cache) 104. A decoder 106 is illustrated as receiving instructions from I-cache 104, but
alternatively could decode instructions before they reach I-cache 104. Depending on the
context and implementation chosen, the term “instructions™ may include macro-
operations (macro-op), micro-operations (uops), or some other form of instructions.
Any of a variety of instruction sets may be used including, but not limited to, reduced
instruction set computing (RISC) or complex instruction set computing (CISC)
instructions. Further, decoder 106 may decode CISC instructions to RISC instructions.
Instructions from I-cache 104 are provided to pipeline 108 through MUX 110 and to
trace buffers 114 through conductors 118.

A trace is a set of instructions. A thread includes the trace and related signals
such as register values and program counter values.

Thread management logic 124 creates different threads from a program or
process in I-cache 104 by providing starting counts to program counters 1124, 112B,

.s 112X, through conductors 130 (where X represents the number of program
counters). As an example, X may be 4 or more or less. Thread management logic 124
also ends threads by stopping the associated program counter. Thread management
logic 124 may cause the progran; counter to then begin another thread. Portions of
different threads are concurrently read from I-cache 104.

To determine where in a program or process to create a thread, thread



5. Final Retirenent of Load and Store Instructions F. Addi ti onal .

| nf or mat i oy essdl Ng Thread Managenent Logi ¢ and Final Retporarsesbesongi C
G An Enbodi nrent Wthout Miultithreading H. Addi ti onal Information and
Enbodi nment s FIG 1 illustrates cétain conponents of a processor
10. Processormdiagemehtidgie 124 amayersadinbinfitioRs R6m ﬁrrau foyo 14,
whi ch is outsi degexecut igtgn pi pel i ne 12. Eggiguﬁgé]&gi@ge i néet{@aﬁ%lg;sl 1;?g;rude
a menory or defheshreads may includecinstowcsionsinsentedl syt @ programmer or compiler that

6 18 are provided to execuqt:t'b%g_pi peline 12 for execution. The instructions

are al so pr oAXRE§sly demarmat eginping andending ofthreatsif Aliernatively;read

I nstructions be execut specul ativel y.in execution pipeline 12.

Exanpl es_ of t@%ﬁé{@fﬂﬁ%ﬁﬁgi &ﬂﬁgaﬁé%‘?fgx%%t V|t ProRTam:er El’_@ﬁ@ﬁ:%hrgyk upa
specul ati on. X ; b QNS . e invol ved.
Processor 10 lﬁ‘ﬁ%ﬁ ud%@rwn%cﬁgrﬁgfﬁgwll gécﬁhgg{ﬁ%g&tgﬁlt??g%tgﬁ%ﬁ%' eEOffEE?mPEa det ect
specul ati on egrhRdhes, 100555 BAKWadd t : : : : en
a m sspecul at iron [ g del?szct ed, th@%ﬁ%ﬁﬂ?}ﬁg{@%?ﬁfgﬁl&gﬁ%ﬁﬁﬂfu&ctd% 8ae'%ht-o
execution pi pphy begddd pointsis sepatatdthidads. THrehd iakSgentehl (B45d LIPmAe caiiddrS
repl ayed in execution pipeline 12. If an instruction is "replayed,” the

i nstruction dhe length ofraspatendial weadd bpw mbaytvatiablehare iimativad theamndbiee of

re-executed, alt lou%hh not necessarily ) ]
variables that are common between successive threads; and other factors in considering

where to start a thread. Thread management logic 124 may consider the program order
in determining the boundaries of threads. The program order is the order the threadé
and the instructions within the threads would be executed on an in order processor. The
instructions within the threads may be executed out of order (contrary to program
order). The threads may be treated essentially independently by pipeline 108. Thread
management logic 124 may include a prediction mechanism including a history table to
avoid making less than optimal choices. For example, thread management logic 124 may
create a thread and then later determine that the thread was not actually part of the
program order. In that case, if the same code is encountered again, the prediction -
mechanism could be used to determine whether to create that same thread again. Thread
management logic 124 may use a combination of a dynamic creation of threads and use
of express instruction hints from a compiler or programmer to determine where in the
instructions to create threads.

Dynamically creating threads is creating threads from a program that was not
especially written or compiled for multithreading, wherein at least one of the threads is
dependent on another of the threads. The program may originate from off a chip that
includes execution pipeline 108 and thread management logic 124. Dynamically creating
the threads, executing the threads, and detecting and correcting speculation errors in the
execution is referred to as dynamic multithreading.

FIG. 4 illustrates a thread T1 that includes a conditional backward branch



sinmultaneously.: If an instruction is "replayed in full,” the instruction
and al | - i nswoweissns foll owing the instruction in program or RGT/US98/26501
are-re-executed. The programorder is the order the instructions would be
executed in an in order processor. Instructiofs nay pass through conductors
18 entirely in ipstosptiom & program oiderghread Arigexdcheed follewingthgéaiditirPbranch
Processor 10 may be an in order or out-of-order processor. The re- execution
of a dependent WHEYGHOR; inHimepyderetigad Taisienecutedspeoniatively beginniagat hertimet
d. The nunber_of re-executions of
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trace buffer theffdesd inStpsbitiond o thééad T2 BRlreplaldd.ement logic 34 finally
retires instructions in trace buffer 14 after It is assured that the
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Execution pipeline 12 nay be any of a wide variety execution pipellnes and -

may be a secti odr@fgheconduciers 130p& pmposdaxfanuni'taringahpeb\:nmés ﬁfddm‘)mﬁ@\gﬁgﬁd

i n-connection with a wide variety of processors. Exanples are provided in
FIG 2 which iI‘IhE&aElrSQ?‘élg end. Forefamnie whenshe sonditiencefibe conditional braneh is not
execution pipeline.l08 and in FlG i.ch illustrates a processor 100
havi ng an exec u'?’leg hf;llgf’ BEqEram cqpafer ‘Pﬂgﬁ% ér?ﬁ?f&ian@}‘(?géq cqrtimue, it wenldsadvance to
FIG 2, executi ' | | e ' mng. .kn.o r

enbodi ment's, t h@e é‘i g@ ﬁ%tlfdgﬁo% 9% ('éqrig%‘]de—r%ozlslérg?{ é&ﬁ‘%ﬁ% g{éﬂ?%eaﬁ%r{t i?gl? iﬂgﬁt\oﬂﬁﬂ’%he
processor program counter of thread T1 when the condition is not me%. 7 may .
concurrently process nultiple threads (as in the case of processor 50 in

FIG 2), or not concEiG.énillugtratesa tisead il thapineiudes & Feksction Tall MnstiietiGR S, Of
processor 100 in FIG 3). Processor 50 will be discussed first.

) program order, when the call instruction is reached, the program counter jumps to the
location of the function and execute until a return instruction, at which time the program
counter returns to the instruction after the call. In program order, thread T2 begins at
the instruction following the return. In time order, ihread T2 is executed speculatively
beginning at the time thread T1 first reaches the call. If thread T2 involves
misspeculations, the effected instructions of thread T2 are replayed. Thread T1 ends
when its program counter reaches the first instruction of thread T2. The Load MX and’
Store MX instructions in FIG. 5 will be discussed below.

FIG. 6 illustrates threads T1, T2, T3, and T4 which are part of a section of a
program. Different program counters produce threads T1, T2, T3, and T4. Thread T1
includes instructions to point A (function call instruction) and then from point B, to
point C (conditional backward branéh'instruction), to point D and to point C again (the
loop may be repeated several times). Tread T2 begins at the instruction that in program .
order is immediate after the return instruction of the function that is called at point A.
Thread T3 begins at the instruction that in program order is immediately after the
conditional backward branch of point C and continues to point E, to point F, to point

G, to point H, and to point I, which is a return instruction to the instruction



Reference in the specification to "one enbodi mrent" or "an enbodi nent '~ neans
that a par{igedfksd eature, structure, or characteristic des@OrinEsIsiesol
connection wth t%e enbodi nent is included in at |east one enbodi nent of
the invention. The appearances of the phrd8e "in one enbodinent” in
various pl aceimmediately follewirg poaiti whereahiead T2 begins.s Thiehd Talbeging hethei Ng t 0
t he sane enbodi nent. A Creation of Threads and Overvi ew of Pipeline 108
| nst ruct i ons insteugsion\that dul program grdec isrioamediately a8er the comditiorsd backward branche
(I- cache) 104. A decoder 106 is illustrated as receiving instructions
from|-cache a@intyt alternatively coul d decode instructions before they
reach | -cache 104. end] the context a ' nt at.i on sen, the
term"instructi onsAQﬁ&f&a#?ﬁﬁﬁth&o _lonsd)gglpg?crsggg Wﬂl éare t%p"?‘e&
m cro- operati r ¥ ' ' i :
Vari oty of i rarpueh e breclod OB nlF Tho il e elchtE Weiter, anlfBhcdlefout
reduced i nst gfigribtiechiie theppianarderss a6l folowe@ R @ie bitfek,/exeéution of Bireads
conmputing (CISC) instructions. Further, decoder 106 may decode ClI SC
i nstructions T2, R,a0d Tddegins timarediately fidlowing instractionsat peiasckeC,ldnd Byr e
provi ded to pipeline 108 through MJX 110 and to

respectively. The vertical dashed lines show a parent child relationship. Threads T2,

T3, and T4 are executed speculatively by relying on dafa in registers and/or memory
locations before it is certain that the data is correct. Processor 100 has mechanisms to
detect misspeculation and cause misspeculated instructions to be replayed. It turns out
that thread T4 is not part of the program order. Thread T4 may be executed until
thread management logic 124 determines that thread T4 is not part of the program order.
At that time, thread T4 may be reset and the resources that held or process thread T4 in
processor 100 may be deallocated and then allocated for another thread. In program
order, threads T1, T2, and T3 would be executed as follows: first thread T1, then thread
T3, and then thread T2.

Referring to FIG. 2, instructions from MUX 110 are received by rename/allocate
unit 150 which provides a physical register identification (PRID) of the renamed
physical register in register ﬁle 152. The PRID is provided to trace buffer 114 through
bypass conductors 126. Allocation involves assigning registers to the instructions and
assigning entries of the reservation stations of schedule/issue unit 156. Once the |
operands ate ready for a particular instruction in the reservation stations, the instruction
is issued to one of the execution units (e.g., integer, floating point) of execution units
158 or a memory execution pipeline which includes address generation unit (AGU) 172,
memory order buffer (MOB) 178, and data cache 176. Depending on the instructions,

_ operands may be provided from register file 152 through conductors 168. Under one
embodiment of the invention, dependent instructions within a thread may be so linked

that they are not executed out-of-order. However, dependent instructions from



trace buffers 114 through conductors 118. | Atrace is a set of

i nstructi ongo ofysidspead includes the trace and rel ated si gnal SPET/UR982$501
regi ster val ues and program counter val ues. Thread managenent | ogic
124 creates different threads froma progr alor .process in |-cache 104 by
provi di ng st adiffergntdbreatis may bercopewrantly detched; dedadled, d@nd2Recuted oyt-df2ofder. The

t hrough conductors, 130 (where X represents the nunber of program

counters). As eXpcutionofcertain of e thecads miay bgspecwlativess. Thread managenent

| ogic 124 I h ds b ' . ' ) er.
Thead managenent . ToG RN FERIPPIRYe SRR RML S aH O e cUrc PR B signad
ﬁ”Ot her threaq, 1@9&5&@’?&\89%&&[# er&igﬁ bhiivalSis@leSorRMUMILE Uite fa‘fegl@% bhgm
-cache 104. 0 determ ne ere 1 n a programor process reate a

thread, threadandwidth requirements place restrictions on the number of instructions that 8an be
managenment | ogic 124 may read instructions from decoder 106 through

conduct ors 128waifihg iri theaestsvarion statiohs.dByipositioningiteace buffes tddusidépipeline

programer or conpiler that expressly denmarcate the begi nning and endi ng of

t hreads. Al t eri08; alasggnumberafdnstrgtionscoanbe avaidable M4X¢mﬁodn@%§ozwithout

| nstructions Osfigr}iplgane{yoc%rm?egsigg ﬂ?r%ggﬁpsu% o}gipg igg l1<08l{ pTl?e effect of latency between
execution pipeline 108 and trace buffers 114 can be reduced through pipelining.

The result of an execution and related information are written from writeback
unit 162 through conductors 122 (in the case of registers) and through MUX 192 and
conductors 196 to trace buffers 114. The results and related information may also be
written to register file 152 and associated re-order buffer (ROB) 164. Once the result
and information of an instruction are written to register file 152 and ROB 164, the
instruction is retired in order as far as pipeline 108 is concerned. This retirement is
called a first level or initial retirement. At or before the first level ;'etirement, resources
for the retired instruction in schedule/issue unit 156 including the reservation stations,

~ register file 152, and ROB 164 are deallocated. However, all needed details regarding the
instruction are maintained in trace buffers 114 and MOB 178 until a final retirement,
described below.

A dependency exists between a later thread and an earlier thread when in
program order, data used in the later thread 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 earlier thread ifa
load instruction in the later thread has the same address as a store instruction in the
earlier thread. The later thread may also be dependent on the earlier thread if an
instruction in the later thread involves a register that was modified in the earlier thread.
Likewise, a later instruction is dependent on an earlier instruction when in program

order the later instruction uses data produced by the earlier instruction. The word



program or process supplied to I-cache 104 into different threads. Fot
exanpl e, Dbywaywhesso | oops, backward branches,. returns, junpspcpiu3oszhsor
calls, and function calls may be good points to separate threads. Thread
managenent | ogic 124 nmay consider the lengtlRR of a potential thread, how
many vari abl es‘dependemaydliy aldo usddeinnherplirasedidepeidend) Spectlafién.2’ £n ERAHME of a

bet ween successi ve threads, and other factors in considering where to start
a thread. Thr ¢lgpendgneyyenesnlationis speaudatingthatdbereiisioo defrendenaychetswean alloadi n
determ ning the boundarjes of threads. The programorder is the order the

threads and tPEMYCHER pRAan easlienstqrs instrustion. fddsess maiehing isansxempleaf 2on an i n
order process | nstracti-ons wiihin th hr eads be executed out of
order (contr aﬁéx"‘%“@%r‘%ﬂ% g&g’rcfepe ack ’FPF&‘S‘&@W“BJ?‘?%M& %ps‘gﬁ’nt ially

i ndependent |y WAt ik 2P L b&rrdet Lpelude a
prediction nmec a%i sm ilnc S | ngg?}%l st g?%a/lﬂtaé%ggg@%gtggm d rréﬁ'?ﬁé"?%g"s’ t han
opti mal choi ceafiatchifg isansxanple dﬂarteaﬂiqmrfagﬂﬁaaiég fst@iata shéchlation drfopslt € 2
thread and then | ater determ ne that the thread was not actually part of

t he program orBler. DetailsRe¢gactinge Trace Buffersddde code i s encountered again, the

predi cti on mechani sm co_uld be. used to determ ne whether to create that sane
thread again. Thr eaRefemingde FiGi3,age buffers 1 Mhinclude trace buffers 444401 1418,4 14C,

ot or or - prrogh ettt pesansimpsher 6 Fee e Ao GemBRait o= drbn ¥ -
threads. ' ti g ; i i ng f

b ogram t hat 2 BeRREe Hdck LEREA, 1Y it 5EHAT 3, Sack ety 4 EF ROCnc BT
wherein at | eané ta@chuifers Sowl mGa0s 81 Y MepPBOHIRNmRMAs 3P Biieént Ward R k! €ads.

The program may originate fromoff a chip that includes execution pipeline

108 and t hr eachumbeagfpmgtan cginterd)? AradaybusierscH4 niay bea single méherytdividedinto
executing the threads, and detecting and correcting speculation errors in

t he execut i on individupbtracecbufigrsaor plyysically senarate tracecbuffens; or some combighation ¢f the
illustrates a ttwtg)r ead Tl that includes a conditional backward branch

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

FIG. 9 shows an example of the retirement order of threads at time t1 and time
{2. In the example, there are only four trace buffers and four thread IDs. The
associated thread numbers are shown in parenthesis. Depending on the implementation,
the thread number in parenthesis is not actually included in array 198. At time t1, the
program and retirement order is thread T1, T3, T2, and T4, as in the example of FIG. 6.
Between time t1 and time t2, it is determined that thread T4 is not in the program .order.
Therefore, thread T4 is reset, making room for thread T5 (not shown in FIG. 5) in trace
buffer 114D. Thread TS is associated with thread ID 4. Thread T1 retires, making



9 instrugtion..ln programorder, thread T2 is executed follow ng the

condi ti onal wiygngksei nstruction.. l.n tinme:order, thread T2 is REHUSWPE501
specul atively beginning at the time thread Tl first reaches the

condi tional branch instruction. Therefore, pbrtions of thread T1 and T2 are
execut ed concroane fier threallfT@ inrtese boiffer hida\.vEhread T6(ieassoeitedrwith thieaddd ¢ciard

I nstructions of thread T2 are repl ayed. Thread managenent |ogic 124

may nonitor t HEedduthe REpSAmcang ey order isthread IGudR, Thrandclitor@f thead ™

o Pexanpl e IR0 AT (kead | Dives fest e ety £ a0 56 SRl paverhoel difprent 1
th I ' | ' At | d

to the 111t PHEFIDE bul bickRh dho Mekndlc R bt fite MFeed) DERHfng g R°
124 stops the ago?ﬂhﬁrﬁsw‘iﬁhﬁfrhﬁ’&e beeh R tﬂa&@?%bﬁﬁﬁﬂ?ﬂéﬁor{&ﬁ@tﬁ@tﬁ

FIG 5 illustrates a thread Tl that includes a function ca

I'n program or deg, bmhﬁé\pﬂo?mahd rétiethént Ordedwoutd be asitested, b8 Grridf PO8 AMHOUNT er
junps to the location of the function and execute until a return '
instruction, at whiA$imentienedhtheprogrammordenofithreadsis thersrdenthe tlereadsswouldtbieon
after the call. In programorder, thread T2 begins at the instruction

fol | owi ng t he exeguigchon AR in erder progessor. t Hiecpragram ordengfiostrustionpische ardey they
begi nning at the ti.ne thr at% Tl first reaches the call. If thread 12,

i nvol ves ni sspBYHC Pﬁ‘-‘oﬁg‘,‘ﬁt SXETHRL PR INRALEr REPGESHY- rRAneement legic 124

ot ructi on ofeehpeciRESetiil T ABRATHERUE bR AR T I 1 5

W _| | be di scugssfeRre] thiWad management logic 124 does eventually determines the true program

order.
Referring to FIG. 7, trace buffers 114A, 114B, ..., 114Y receive instructions

through conductors 118A, 118B, ... 118Y, which are connected to conductors 118.
There may be demultiplexing circuitry between conductors 1184, 118B, ..., 118Y and
conductors 118. Alternatively, enable signals may control which trace buffer is
activated. Still alternatively, there may be enough parallel conductors to handle parallel
transactions. Trace buffers 114A, 114B, ..., 114Y supply instructions and related

- information for replay to pipeline 108 through conductors 120A, 120B, ... 120Y, which

. are connected to conductors 120. It is noted that multiple instructions from trace

- 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 ID)
accompany each instruction through the pipeline. A replay count may also accompany
the instruction. In the case of lc;ad 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 meaningless 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.



FIG 6 iIIustrates threads T1, T2, T3, and T4 which are part of- a section

of a progr ﬁlf,)erent program counters produce threads T1pCTASO¥HS0lnd
T4. Thread 1 | ncl udes instructions to point A (function call instruction)
and then frompoint B, to point C (conditildhal backward branch

i nstruction), to ehdtbulfeRF4AQ 1B, Tl FORRIVEHRED, 2BPDMEA $BID ¢4l6& ed
several tines). Tread T2 begins at the instruction that in program order

i s i medi at e fivit senatme/alloedteinnit i 56 throwghi bypassfconthectérsi26ApteaB)at. 126 Yo adbichd at
point A Thread T3 begins at the instruction that in programorder is
i medi at el y afe eonneet tsmmdmt@ﬁalmba'émuﬁeﬁrldﬁéthB,pm 14 Crepsivecont i nues

o™ et ¢ o pres it jalrato nd refgted Sgnals through conduckuzs 1224, 1248, 1, ' ° @

10 i nmedi at el I T T .
2 LR USRS AR AR 2R b o i
condi ti onal G 7,

portions of B %rﬁqultlyr@e%ﬁegrtga tﬁ%@itggr le9 6f eRteg %}agg&g dagéedgig@&gr%ﬁ gg’éc ut ed

concur rently.cohthectérsr1924s19B; .{,a9dNedhicieeecathected to coirlutioedi Ut  of order
because the programorder is not followed. In time order, execution of
threads T2, Maltiptexihglahdiorghable cincnitly avd/br/a sudistaptialmynibes of parelied cenductgrsi nt s
A C and E may be used in conductors 120, 126, 122, 194, and 196. The trace buffers may be
identical or somewhat different.
In FIG. 10, trace buffer 114A illustrates a first embodiment of a trace buffér. In
FIG. 11, trace buffer 114A’ illustrates a second embodiment of a trace buffer. Other
embodiments of trace buffers could include variations of trace buffer 114A and 114A°
or quite different architecture.
1.  Trace Buffer 114A
Referring to FIG. 10, trace buffer 114A includes an instruction queue array
202A, a data and dependency (DAD) array 206A, an input register file 2084, an output
register file 210A, dependency generation circuitry 212A, and control circuitry 224A.
The term “array” is intended in a broad sense to include information in multiple
directions, without restriction to particular form. -
a. Instruction Queue Array 202
With reference to FIG. 12, the following describes the structure of an instruction
gueue array 202A and its interaction with other components according to one
embodiment of the invention. Instruction queue array 202A receives instructions
fetched from I-cache 104 that are part of a particular thread. The instructions within a
thread are fetched and written into instruction queue array 202A in order. Instructions
that are part of another thread are written into an instruction queue of a different trace
buffer or by instruction queue array 202A at a different time. Instruction queue array

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



respectively. The vertical dashed |lines show a parent child relationship. -
Threads T2,wobsm1s80d T4 are executed specul atively by relyi nd"%’ﬂ”%sqln
regi sters and/or menory |ocations before it is certain that the data is
correct. Processor 100 has nechanisns to detléct .m sspecul ation and cause
m sspecul at ed Dififsrent embedisnents gould isplude semewhatidiffersntdfiglds andg diffierant qumberss

not part of the programorder, Thread T4, may be exe d.until thread
management | odi*do¥s4 . jakE a g ram
by f’H@Fé‘rFﬁ@le}Ee‘l‘ngnsPﬂP'é%X‘*A’e agaxﬁﬁ% the pspgTAmCayntsy
order. At that,tiqe, . thre T e he.re rces that held or
process thre ad’ aﬂf 'y Hbt %opx&dggego g"%%@’%ogﬁ%gﬁh%gﬁgg@ﬁ Qﬁﬁuﬁﬁo&q‘%ﬁ% 8¢H ed
for another t Jand 411 SheEddPonehS§hustialtisatie WITHE a%ar?gﬁcﬁﬁe Vel fdds,

executed as follows: first thread T1l, then threa then thread T2.
Referring to Hignals)and Btrtctutithatris nby illosthdibd. 1Sthefiedds; sighaly Sthdiructure are not
renane/ al |l ocate unit 150 which provides a physical register identification
(PRI D) of -t he instaated beganysthep ivaryedgpsnding ion theimplementation até nderstoodRy Ehoss
provided to trace buffer 114 through bypass conductors 126. Allocation '
i nvol ves assi gekiMed indhe axtcand wenid geeatly somplicate this spegification and tepdde pbscue of
the reservation stations of schedul e/issue unit 156. Once the operands are
ready for a paeilBYR™PRi nstruction in the reservation stations, the

oat g point) of Ltk Faifin toe pRHEE k4@ lnihts ol Tty sbIEAYE biscarded
whi ch i ncl udes sl Sfor eRARPIRL it N dekHindd ik thd igead is not part of an in order-

execution of the program). If instruction queue array 202A fills up while there are still

instructions in the trace that have not yet been executed, the instructions are not
received by trace buffer 114 or rename/allocate unit 150 until an instruction is finally
retired from instruction queue array 202A and a row is deallocated. Entries of the
various arrays in system 100 may be allocated and deallocated by movement of head
and tail pointers.

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

10: mulR1,R2 — Rl
11: mul R3,R4 —» R2
" 12:addR1,R2 — Rl
[3:add 10,R1 — R4
I4:store R2 — Mx
I5:store Rl — My,

which are the first six instructions within a thread. It will be apparent that a trace

buffer other than trace buffer 114A is earlier in program order than is trace buffer 114A.
The “Op Code” field contains the operation code associated with the particular

instructioﬁ. “Dest,” “Source 1,” and “Source 2 fields identify the destination, source

1, and source 2 of the instructions. The “Index for Source 1” field, identifies instruction



menory order buffer (MOB) 178, and data cache 176. Dependi ng on- the -

I nstructi OG,%)G /ﬁ%%r ands may be provided fromregister file P&EI/US98/265§h
conductors %39 nder one enbodi nent of the invention, dependent

instructions within a thread may be so |inkied that they are not executed

out - of - or der enirieéevtin thitapres daffer 1 149t thaCédntdis tHe soltce. For example, the
11 different threads nay be concurrently fetched, decoded, and executed

out - of - or der destiration of instrdP ®is used faxisnurse 1tfheinstn 1B sThesefotes a e placed inve.
For high performance, reservation stations _and rel ated pechani sns ar

desi gned to Hag/dndex f?fIWdf’@Moﬁ‘ﬁﬁfW&h Theseshinatianjof instr 12 ismised ffg‘t i ons.
Thotruct ons SPWEE 2cBHInSE TR« hsgeipre: b e PEGEH 161 Jndet BF Sofige 25yl 6 e
posi tioni ng tl@gﬁeﬁg% {nggﬁ%é%ia:aoﬁqt&éje pi peline 108, a | arge nunber of

I nstructions e “aval or execution/replay wthout significantly

decreasi ng t hr oughpyit«\oftidniakvalid 08 fielitge Bitd M6l ar® bethelh Bt walk@ (MBS B logic
execution pipeline 108 and trace buffers 114 can be reduced through '

pi pel i ni ng. ) when a coiesp@miing soutcesopetand wiitah dsteidhasheah previovfsly pratduced ar e
witten fromwiteback unit 162 through conductors 122 (in the case of

regi sters) arisy arhinstmegtiomont o@tsisle dhecthread du trace ngfer 1 844+ ansia segondeyalue fesg., The
results and rel ated i nformation nayda}so be itten to re%ié&ter_ filﬁé{lw
and associ at esllogic brwfsn the seuree pperpd tog an msirdD hasbeen previously producsd By @,

o2 Tt Uk o0 B, S8 SR b 1B R PRt ik g
retiremnt | figtcifiért}e\%g%??ﬁ%l{g:%r&? 08h. AcobidirglIvali€ t lof HIFRID 0 Hla 18Fic: e NE -
2 for instr ID 3 is from the destination of instr ID 2. Accordingly, valid 2 of instr ID 3
is a logic 1. ' '
Instruction I3 involves adding R1 to a constant “10.” The constant may be
stored with the instruction, in a special register (not shown), in the source 1 field, or
through some other mechanism. In FIG. 12, an X (don’t care) is shown in the Source 1
field for instr ID 3. Alternatively, some indicator could be placed in the Source 1 field.
A store buffer ID (SBID) field holds an SBID associated with a store instruction
in a store buffer, described below. A load buffer (LBID) field hold an LBID entry
associated with a load instruction in a load buffer, described below. The SBID and
LBID values are assigned by rename/allocate unit 150 and are written to the instruction
queue array through bypass conductors 126. A thread ID number field could be
included in instruction queue array 202A, but it is not needed because it is implicit.
b.  DAD Array 206A and Dependency Generation Circuitry 212A
Referring to FIG. 13, one embodiment of DAD array 206A includes “instr ID”
entries (rows) that correspond to the instr ID entries of Instruction Queue Array 202A
in a one-to-one fashion. Indeed, instruction queue array 202A and DAD array 206A

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

are different read ports associated with instruction queue array 202A and DAD array



for the retired instruction in schedul e/issue unit 156 including the
reservati ongsd register file 152, and ROB 164 are deal PEEAS28{26501
However, all nee(}gﬂﬁdet ails regarding the instruction are maintained in
trace buffers 114 and MOB 178 until a final Ifetirement, described bel ow.
A dependency e06#.s between a later thread and an earlier thread when in
program order, data used in the later thread i s produced in the earlier

thread. The data reRARhsman06A inchidesadVakeos ®RIBY field thaheanains pither e value

menory or non-me
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t hread. Likewi se, ater instruction is dépendent  on an earlier

i nstruction wheg “Vahw tPRID JlelbEoritdifs & EValue? 664 FPRID.Urinugreenttvdiméntoid i ed
bythe earlier instruction. The word '

12 " dependencyjpossiblathabthes¥aluerortBRIDS Idoas not hwdpeitiwe ao&hé J¥elmedor avalid An -
exanpl e of a dependency speculatlon IS speculatin t there is ng
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Regar di ng Tr ac g iHaflohe 1{% w1thm plpehne 108. In this case, under one embodiment, only the
information associated with the highest “replay count” is written back to DAD array
206A.
The “Dependency Field” includes a bit for each logical register. In FIG. 13, for
simplicity, only four logical registers (R1, R2, R3, and R4) are represented. However,
the number could be far larger. In the example, the dependency field entries are set to 1
to indicate that a data dependency chain exists between an input value to the trace and
the instruction entry, and a 0 if there is no dependency. The dependency field entries
identify which instructions in the trace would need to be executed if an input value is
received (such as when value misspeculation is detected). -
As the instructions are fetched, decoded, and written into trace buffer 114A, the
dependency bits are computed sequentially, and are written into the DAD array 206A.
The dependency bits may be generated before it is determined whether to replay an
instruction. The dependency bits in FIG. 13 are for the six instructions 10 - I5, recited
above in section B.1.a.
The dependency field can be created through a mechanical approach. Before
describing one such approagh, the creation will be explained on a more intuitive level.
i InitiveLevel

The result of instruction I0 is dependent on only registers R1 and R2.



Referring to FIG 8, trace buffers 114 include trace buffers 114A, 114B, .
114C Wddosskere Y presents the nunber of trace buffer acringdosgsipl e,
if Y=4(i.e., Y=D), there are 4 trace buffers. If Y is less than 3,
trace buffers 114 does not include all thelgrace buffers shown in FIG 8. Y
may be the saMierefor)fa Idisplaed i thé RAand RO oy dR Bs) -
Trace buffers 114 ngy befpa single nenory divided |an(¥)lgm{%lli glﬁ\?lmdﬁg#ﬂérﬁgce
buffers, or mmabfmstsébé}(admhhcﬂdﬂnﬁuhfaemre]aléd&mﬁtr@dmhl Iopt i on of the

t wo. Referripg to ,.1n _one enmbodi nent, thread nahagenent | ogic
124 incl udes an ar'lrh?fefgbofﬁﬁtf“%tmcmfwé@mﬂ@ltpn@gbamgtsteﬂeR3(md|Ma is also

the retirene f ad, | t exanpl e, , each trace buffer has
a unique thre %r%rada)ésgﬁ?ée‘?ﬂl%ﬁgi %ﬂgﬁ“ﬁg‘“’(”?ﬁ dia} indhe RS and R4 ehemps of
trace buffer JldApis assigned thread ID 1, trace buffer 114B is assigned
thread 1D 2, etc. ie thread | Ds may be hardwired or programed. |n one

enbodi ment, each PTRAFRIM 6PHHrAEEHINT235 RGBS eﬂ&eﬁﬂoﬁre%?s‘i%r lei'a@,g]{fread I D

and trace buffer. (Alternatlvely, there 1s"not suc ricte
rel ati onshi p. produced in insfifuction I9hmdd 1 Aespes eIrDinsGriilaxth’O' RE i ddpeRddi onOf
threads at tinme t1 and tinme t2. In the exanple, there are only fpour trace

buffers and féeRlandRivalmes at tiecheginming eft theltrae: dadnstmotien B, Rods dgsendention

par ent hesi s. ndi the inplenentation, the thread nunber in
par ent hesi s |@eg§t “é’gg‘h‘é‘ﬂ!’?ﬁ 3t the begawing pithe trgce; Feherefore; insteuation I2fie pr ogr am
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thread I D 4. Threafthd ﬂesﬁl@bf In8GuctiGRKIB i9directly dependent on register R1 produced in
instruction I2. Therefore, instruction I3 indirectly depends on R1 - R4 values at the
beginning of the trace because instruction 12 depends on these values and a 1 is placed in
the R1- R4 columns of instr ID 3.
The result of instruction 14 is directly dependent on register R2, which is
produced in instruction I1. R2 depends on registers R3 and R4 values at the beginning
of the trace. Therefore, a 0 is placed in the R1 and R2 columns and a 1 is placed in the
R3 and R4 columns of instr ID 4.
The result of instruction I5 is directly dependent register R1, which is produced

" in instruction I2, which depends on registers R1 - R4 at the beginning of the trace.
Therefore, a 1 is placed in the R1 - R4 columns of instr ID 5.

ii. A Mechanical Approach -

The following are registers and an algorithth that may be used to generate the
dependency field according to one embodiment of the invention. Referring to FIG. 14,
dependency generation circuitry 212A contains temporary registers 230, 232, 234, and
236, one for each logical regiéter, plus an additional temporary register 240 .
Temporary registers 230, 232, 234, and 236 contain modifiers for logical registers R1,



13 roomfor thread T6 in trace buffer 114A. Thread T6 is associated with -
thread | D lwoAsiégse t2, the program and retirement order is REVESN26801T)
T5, and T6. (If thread T1 retired before thread T4 was reset, then threads
T5 and T6 woul d have had different thread | 3® but program and retirenent
order woul d ndk2,[R3,anhd Rfe dYlodified ecgisteny 240 cohinsal sgoof bitsnwhish dndicdte mijchhave
been that thread T2 was initially before thread T3 in array 198, but the
program and r elogicakaegistess areito ke piodifind byoinstauations withing trage. Repisters 230232 .

As ti oned, d f.threads is the order. the thre I d
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Thr ead managen2iieT o COIBRY e RARE et iy Tl RARPRE e
true program of@ehlihelin bikcdnbifdhRgistéevever, thread managenent |ogic 124

does eventually determ nes the true program order. Referring to
FIG 7, trace buffeFgrdathdogidal tédister, a.tracd bilffef addfess ne%idtms pmidednwhtch?bimh
conductors 118A, 118B, ... 11 8Y, which are connected to conductors 118. -

There may be dtonthkasp instructiprcinitrace buffebhHiddetormodifidthetlogical kégister. 1 ThBmodified
118Y and conductors 118. Alternatively, enable signals may control which
‘trace buffer i bitaandhe lagt megifiers agddresSesaare pagd to compute the geprndenebits for the
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buffers 114 ey Reepist! 1ddRanst Adbeas mea it theicontkaB oFThe Mdistdrkie f Or-

e different as a result of the instruction. For example, if the contents of R1 and R2 are
multiplied (as they are in instruction 10) and the result is written into register R1, the
contents of R1 is not necessarily different as a result of instruction 10. For example, the
contents of R1 after the instruction would not be different if the contents of R1 is “0”
or R2 is “1” before the instruction.

In FIG. 16, a flow chart 250 represents an algorithm which is performed for each
source operand of an instruction (e.g., source 1 and source 2) to create the dependency
field of DAD array 206A. In step 252 it is determined whether the associated bit is set

- inregister 240. As described in step 254, if the bit in register 240 is not set, then the bit
in the dependency field associated with the register is set to a logical 1. As stated in
step 258, if the bit in register 240 is set, the source dependency field is read using the
index created from the modifier register (230, 232, 234, or 236) for the relevant register.
Next, as stated in step 262, the source dependency bits are merged with the current
instruction dependency bits using a logical OR operation. Such a logical OR operation
is illustrated by OR-gate 244 in FIG. 15 (in which multiple bits are represented at the
inputs). In performing the algorit}mi of FIG. 16, the modified registers and modifiers
referred to are those that existed immediately before an instruction is performed.

With respect to 10, prior to instruction I0, register 240 has logical 0s for R1, R2,



execution. At the same tine, multiple instructions from decoder- 106 ray -
al so pass r‘%?gmsdvux 110 for the first time. A thread | D arcir/usest26503t i on
ID (instr | acconpany each instruction through the pipeline. A replay
count may al so acconpany the instruction. 120 the case of |oad and store

instructions, pa hepR4bidiBE valled dfFbsitedndo 3t 934 ahalbhe&édiaééﬁgi &}ec)gay al so

acconpany the instruction. In one enbodinent, the LBID an Bl D acconpany
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the case of instructions which are not | oads or stores. As described bel ow,
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within the trace.

The dependency field for instruction I1 is generated in a similar manner to that
of instruction I0. The R1 logical register column of modified register 240 remains set to
al. A logical 1 is placed in the R2 column of modified register 240. The 1 in register
232 represents instruction I1.

With respect to instruction 12, prior to instruction 12, under step i52, the
modified bits in register 240 for R1 and R2 are each a logical 1 (i.e., set). Under step
258, the modifier registers for R1 (230) and R2 (232), immediately prior to instruction
12, are used as an index. Register 230 contains a 0 for instruction. 10. The dependency
field for instruction 10 in instr ID 0 of DAD array 206A is 0011. Register 232 contains
a 1 for instruction 11. The dependency field for instruction I1 in instr ID 1 is 1100.
Under step 262, the logical OR of 0011 and 1100 is 1111. Therefore, 1111 is placed in
the dependency field of DAD array 206A for instr ID 2. R1 is modified by instruction
12. However, a 1 is already in register 240 for register R1. A 2 is placed in register 230,
indicating that instruction I2 is the most recent instruction to modify instruction R1.

The dependency field for instruction I3 is generated in a similar manner to that
of instruction I2. A logical 1 is added to the R4 column of modified register 240 and a 3
representing instruction I3 is placed in register 236. The logical OR produces 1111.

With respect to instruction 14, prior to instruction I4, under step 252, the

modified bit in register 240 for R2 is set to a 1. Under step 258, the modifier register

for R2 (232), immediately prior to instruction 14, is used as an index. Register 232



may be used in.conductors 120, 126, 122, 194, and 196. The trace buffers

may be i denwaegdssieso sonewhat different. In FIG 10, PEHAISIRE50er
114A illustrates a first enbodinent of a trace buffer. In FIG 11, trace
buffer 114A" illustrates a second enbodi ment2lof a trace buffer. O her

enbodi ment s ofcontainsea béorfipstsuction(Il. The depbndenoyi muicb‘m?insti'udtir_clgﬁqe ilbléfs]fcr]le Il%f 4A
and 114A° or [te different architecture. . : race Buffer
14A _ Flggbr*}frﬂﬁfg?% 18114004 Yinder sfep 262 the logical OR ofkI00(saures ] from instr
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descri bes the isstructioni4. IistraotionsdSrand 16 arodify Queterid nfdmd@y 30eA08 ahd o not
i nteraction with other conponents according to one enbodi ment of the

i nvention. | nstapeka Phanggirtegistars 330,202/234¢236,0e240.nst ructi ons  fet ched
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schedule/issue unit 156 may merely derive its own dependency information.

There are different ways in which a sequence or string of instructions can be
issued out of trace buffer 114A in replay. One way is to sequentially read the trace
buffer and extract those instructions that have the dependency bits set and send them
for replay. However, zeros may have the effect of creating bubbles in the pipeline.
Another approach is to have bubbles removed by packing logic before sending
instructions for execution/replay. Referring to FIG. 17, another approach involves
some additional hardware including an array 268 for each logical register. Array 268
includes instr ID values of instructions that are dependent on register R1. The valuesin
array 268 act as pointers to the entire instr ID entries in instruction queue array 202A.
This allows very fast reading from the instruction buffer. A block of instructions
(perhaps 2 or 4) are read at a time. .Trace buffer 114A could be multi-ported and have
four decoders and pass each one of these indices that were obtained from the register
array into the decoders and instructions 10, 12, 13, and I5 can be read in one cycle. The
register R1 array could be assembled at the time the dependency field is created, before
replay begins. The level of indirection facilitates high bandwidth replay.

c. Output Register File 210A and Input Register File 208A

Trace buffers 114 include detection circuitry to detect certain speculation etrors.
According to one embodiment of the invention, each trace buffer has an output register
file that holds the register context of the associated thread and an input register file to

receive the register context of the immediately preceding thread in program order. The



thread are fetched and witten into instruction queue array 202A in order.

| nstructi 0%99/51'35’6 are part of another thread are witten iptRUSHS/26501
i nstruction queue of a different trace buffer or by instruction queue
array 202A at a different tinme. Instructi o222 queue array 202A i ncl udes

various fi el Gegigfer coHteNt iBheeBnteats of 8Gle dNMRe Iogidal RIBistISNThé btedts B8t | D) -
15 Different enbodi nents could i nclude somewhat different fields and a

di f f erent nuringns registerdile changes saipdated difter,Herleps eactt time thepnisqLohungesinraay
202A, the program counter value is not considered, but could be in other
enbodi ment s. 1egister.uthe epntepteobthe inpyy regigierilg isupdatednmy afterongamparisen,

i1 lustrated Ié{é tril]e g)rplavm ngs may include various fields, signals,. and
structure thessOedBeloN.| ystrated. Such fields, signals, and structure are
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for exanpl e, dhbddiments eoult bedséd)aDutpiitrepistet itk 208 Aarid ipit registen fild Z10B der
execution of the program). If instruction queue array 202A fills up while
t here are st iintlude a Value or PRID field and a status field. The status field indicates whether a
valid value or a valid PRID is held in the Value or PRID field. In one embodiment, there
is either a valid value or a valid PRID. In another embodiment, there could be neither, in
which case an instruction that depends on an input register file could wait for one.
Note that instruction 10 in the example described above involved registers R1
and R2, neither of which were previously the destination of an instruction within the
thread that includes instruction 10. However, the value or PRID for registers R1 and R2
would be available from input register file 208A to be used in execution of instruction
- 10.
Referring to FIG. 20, a comparator 280B compares the contents of input register
file 208B (in trace buffer 114B) for a current thread with the contents of output register
- file 210A (in trace buffer 114A) for an immediately preceding thread in program order.
The comparison can be made at the end of the execution of the immediately preceding
thread or during the original execution of the preceding thread. The comparison is also
made at the end of the retirement of the preceding thread. In one embodiment, the
comparison is only made at the end of the retirement of the preceding thread.
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 triggering logic 284B causes the effected instructions to be replayed
with the changed register values. The dependency field may be used by replay



I nstructions in the trace that have not yet been executed, the instructions
are not recwio/ebibgo trace buffer 114 or renane/all ocate unit RCHU§IVZ6601, 1y
instruction is finally retired frominstruction queue array 202A and a row
is deallocated. Entries of the various arra?ﬁs in system 100 may be

al | ocat ed and tdiggtlinglagie284PB. Nihesnismp guirahtea that thecthauged vabies aer the ultimately

I nstruction queue array 202A is described in cgnnection with the foI | -ow ng
li nes of Cod@rrect values (1 ¢4 the ggistor vp@eﬁ @p}yoﬁg have been prpduceghip apurelyin
[err] R2 dd. 10, r R4
4 Ltore Ro PHPF fropRSSn. The'ThsitSlie paY nesd to e ppigyed Stainyperiens Stverple
first six i nst{]]lﬁggl ons within a thread. It wll be apparent that a trace
buffer other than trace buffer 1 14A is earlier in programorder than is

trace buffer 114A. Ipone embodiRent, the dedsttion cirehi %f‘iﬁiréﬁiihbﬁd@spﬁiaﬁtbﬁﬂ code
associated wth the particul ar I nstruction. "Dest," "Source | ,"

"Source 2" fi etegisterdtlefanlinphtregisies file)aicomparatoriand essoi:xatemdmeohémanﬁy Qf déthft
instructions. The "Index for Source 1" field, identifies instruction
certain speculation errors in instructions held in the trace buffer that includes the input
register file. In other embodiments, the detection circuitry could include somewhat
different circuitry.
As an example, referring to FIG. 21, thread T2 is a current thread and is
- associated with trace buffer. 114B. Thread T1 is the immediately preceding thread to
- thread T2 and is associated with trace buffer 114A. Thread T1 includes a function call,
the function, and a return from the function call. Execution of thread T2 begins
immediately after the function call. The content; of output register 210A as it existed
at the function call are copied into input register file 208B. The instructions of thread
T2 are executed speculatively based on the register context in input register file 208B.
At the time of the return instruction, the contents of input register file 208B are
compared by comparator 280B with the contents of output register file 210A. If there
is a difference, input register file 208B is updated and the effected instructions in thread
T2 are replayed. The comparison may also be made at one or more intermediate times.
This may help prevent bottlenecks by more evenly distributing replay of instructions,
but may cause additional replays if, for example, the output register file contents
changes more than once during the function. In that the output register file is constantly
changing, it may be desirable to have an intermediate buffer that receives the contents
output register file 210A. The comparison then may be between the contents of
intermediate buffer and input register file 208B.
As illustrated in FIG. 8 and 10, register contexts are passed between output
register files and input register files over conductors 216. Conductors 216 connect each

- input register file with the output registef file of each trace buffer that could hold the



16 entries within the trace buffer 114A that contain the source. For .

exampl e, t{g ssikdonation of instr ID O is used for source 1PCO/USIBREN01|D 2.
Therefore, a O is placed in the "Index for Source 1" field of instr 1D 2.
The destination of instr ID 2 is used for 24ource 2 for instr 1D 3.

Therefore, a téce fotheimsiediatelynpretddintrthrdadr IfSocarcle gliardnteeddhaifprogramrorddd 3.
An X indicates a don't care. The "Valid 1" and "Valid 2" field are
bits that arewidlealways follpwrpartiqudarteace buffer orden, henghe lpyouitfencendsstors2kondi ng
source operand of ap,instr _ |ID has been previoysly, . produced b
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instr 1D O is pro uGhd ittt rEAREr fills WP pfowidel cithed!Gale 8f 4 PRIBOZA
Accordingly, vali gﬂgﬁg?é)ﬁ\tgtr I Dﬁisoh i sﬁg I cl)gisc 0? Sourcee- 2 fo? instr 1D 3
is fromthe d@gsfema) boavery shialitlitehdy briwdennecsiving lcyntems lin sh paf registeir fild D 3
is a logic 1. Instruction I3 involves adding RlL to a constant "10."
The constant amiybeineg aldé¢ torexdowte instriittions msing acegister from the inpuiaiegister ilg astaer

(not shown), in the source 1 field, or through sonme qther nechanism I%_
FIG 12, an xsquiksroperandr &f a yajue s ayailableethe iRIB o registerdilg 158 may he;ysed forg
Al ternatively, sone jndi (iat gb could be placed in the Source 1 field.

A store buff esXecHIRHEMEdPY 1ol s an SBID associated with a store

I nstruction It is expected that many instructions will be replayed several times as correct
source operands work their way through the register files of the various threads.
However, it is also expected that for many programs, a great deal of instruqtions will
need to be replayed either not at all or a relatively small number of times, leadingto a -
'substantial increase in instructions correctly executed per unit of time, and a decrease in
the total time required to run a program.

2. Trace Buffer 114°

Referring to FIG. 11, trace buffer 114A” is similar to trace buffer 114 (in FIG.
10). However, in trace buffer 114A° the dependency field is generated in dependency
generation and decoding circuitry 218A after it has been decided that an instruction is to
be replayed. While this may cause some initial latency in replay, if the issuance of

instructions for replay and determining of dependencies is performed in a pipelined
fashion, there may be little additional latency once the process has begun.

In one embodiment, dependency generation and decoding circuitry 218A holds
only one field for dependency information. (In FIG. 13, there are four fields.) That
same field could be reused. For example, during replay of instructions dependent on
register R1, the field could be used to list instructions dependent on register R1. During
replay of instructions dependent on register R2, the same field could be used to list-
instructions dependent on register R2, etc. Dependency generation and decoding

circuitry 218A could include only one modifier field and one modifier register. (In FIG.



in a store buffer, described below. A load buffer (LBID) field hold an LBID
entry assoGyplegdisspth a load instruction in a |load buffer, dJdeREEUSASE6501
bel ow. The SBI D and LBI D'val ues are assigned by renane/allocate unit 150
and are witten to the instruction queue arrdy through bypass conductors
126. A thread |3, therdere four) d\ltemativelyedependercygederation and decodingreiuitie218A
array 202A, but it_is not needed because it is inplicit. ' b.
DAD Array 206A %owd mshids sayltipledependgneyfields and segisiers 1Dgpendency generatiohandi ng

to FIG 13, one,enhodi nent o AD ar,ray 20 i ncl udes "ipstr I P entries
(Fowsy that cordCORBRITED D8R BaF driguine denendspcies tor onbis b Bsiruesions ok
202A in a oneglQ-one fashi on. | ndeed, instruction queue array 202A and
DAD array 206A "~ could be different portions of the same array. However, in
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I nstruction queue array 202A and DAD array
17 206A. couDfiRld RY e28)Bifst TD! ety (astin TYADURTy208R 6 FIGS: 0 2h8aB).

contains either the value produced by-an instruction or the PRID in

regi ster file 1ARernbligelyathecontentsrdfidatarartay@d4A could be put in dependency generation
and decoding circuitry 218A making data array 214A unnecessary. There are two
reasons why it may be advantageous to keep data array 214A and dependency
generation and decoding circuitry 218A separate. First, they may involve different read

_ports. Second, in one embodiment, dependency generation and decoding circuitry 218A

does not have as many rows as do instruction queue array 202A and data array 214A.
In other words, in one embodiment, dependency generation and decoding circuitry 218A
reuses rows, just like it may reuse dependency fields. There are, of course, many
possibilities.

As will be described in greater detail below, MOB 178 signals when load
instructions are to be replayed through conductors 194. An array having a dependency
field (like that for R1 in FIG. 13) may be generated to list the instructions dependent on -
the load instruction to be replayed. However, for a load instruction, the list of

"dependent instructions begins with the load instruction, rather than with the first
instruction in the trace as in the case of registers. The dependency field for load
instructions may be in dependency generation and decoding circuitry 218A (in FIG. 11).
(Of course, load instructions for other traces would be replayed from other trace
buffers.) In one embodiment, dependency generation and decoding circuitry 218A is
used for dependency fields for both load instructions and registers. The same field can
be used for both. In another embodiment, the dependency fields for registers is in DAD
array 206A and the dependency field for loads is in dependency generation and
decoding cirétﬁtry 218A.

In still another embodiment, the load instruction is replayed in full (i.e., all



fromthe execution units to trace buffer 1 14A t hrough write back unit 162
and wite m gpes 122 and 196. A "Status" field, which megthsesresobits,
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instructions 10 - I5 recited above in section B.1. _
dependency f itht drde thelinstaictiohsekisthin diegbace buffe dﬁist BPprogret ordeSf Fop

descri bing one such approach, the creation will be expl ained on a nore
intuitive | evexample, the instruction in instr IDO entryjis dispatobed atipvier toeomdt the same time The -
result of nse;[sralfllcx}'lstl(?urcl:tnl)g ulx ?heqnsptre PISjlegtEtryo anvrtl'le\)r/er,r tﬁg Imssttr%r:tionglmgynge 5}(2ecuted out

of order under the control of schedule/issue unit 156, as in any out-of-order processor.

Control bits are appended to the instruction dispatched from the trace buffer to indicate

to rename/allocate unit 150 whether to (1) do register renaming, (2).bypass the rename

- alias table lookup in rename/allocate unit 150 and instead use the PRID from the

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

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

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

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

1, the source operand is used to read the corresponding value or PRID in DAD array



18 Theref.ore, a 1 is placed in the RL and R2 colums and a O remains in the

R3 and R4 cobowyrsiseé i nstr ID O (which holds information rel alP€I/US98/26501

i nstruction 10). The result of instruction. Il is dependent on only

registers R3 and R4. Therefore, a 0 is pl aqga in the RL and R2 col ums and

alin the R3 ZR6Aralfgsithestbe yaluejbitgtar PRIDbit of the DAD #trey status field s valid, it
Isters RL and R2, produced in

: 22% { 32% : 825 ! IZGI‘%Hg It};egs%%l éﬁ%g%%gggé}%@? ﬁrqeq% Sesn renamed ve. Irthis sasgefhendent on
SO S IR R T NN
Therefore, | rtuenghaand g IOS'H, SSAgSnhtphic il g =
instr 1D 2. alias tableleckqs@edistef renihinp) S it A6rrhally docd] 1RAE PRIDR SARERE vAlLY,
regi ster Rl produced in '
it is passed along with the instruction through conductor 120 and MUX 110 to
rename/allocate unit 150, which in resi)onse thereto bypasses the renaming stage.

(2) Valid bit0. If the valid bit for a source operand is set to a logical 0, the
input operand comes from outside the trace. The source register name is used to access
input registef file 208A. The value or PRID from input register file 208A is passed
along with the instruction to rename/allocate unit 150, which in response thereto -
bypasses the renaming stage.

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

D. Second Level or Final Retirement -

An instruction is finally retired from trace buffer 114 when all the instructions
for all previous threads have retired and all replay events that belong to the instruction
have been serviced. Stated another way, an instruction is finally retired when it can be
assured that the instruction has been executed with the correct source operand. Threads
are retired in order. For example, an instruction in thread X cannot be retired until all

 the previous threads have been retired (i.e., the instructions of all the previous threads
bave been retired). The instructions within a thread are retired in order, although

instructions that are all ready for retirement may be retired simultaneously.



i nstruction 12. Therefore, instruction I3 indirectly depends on R1 - -R4 .

val ues at %99§%@ni ng of the trace because instruction |2 mepessdeesmn
these values and a 1 is placed in the RL - R4 colums of instr ID 3.

The result of instruction 4 is directly degendent on register R2, which is

produced in instrugnd Retirdmeftds E6HURMES b AinklGefirthRhfl d 16 the
beginning of the trace. Therefore, a Of’lg pl aced H?BtéhlgaRl anééé}hRg&g%ilaﬁtms

and a 1 is pl af g inverttion, fild} retiveimit includey($) commitment dfPeshlts to in order répister
result of instruction I5 is directly dependent register RlL, which is

Er oduced i ? |fﬂst(21m19¢umte_rmntaa pmp&eqzﬁemtyomamdgmmdmmm,@rdeaapcaﬁw of

i ﬁg![ Pnl Bg 50 ttra(ca:e Lu er and MB%r le'}sor%gourcq qﬁtnes, gﬁ&ﬁg@g‘lg eﬁgpdggwﬁl? Isurn]"e‘:qsS of
The follow ng ar I b _

the ' dependendd Fref i i 2m§w§ b btatite cBfes fay 1Ayt Potad o Rad
Referring to 4

t enporary regi s&err;— '3%8&%5@%@% cﬂﬂ%sﬁg grgg?gciﬁéﬁétg%g é’drtéetfcjlll%t%ler

pl us an addi tigmeait 1§@éfﬂhﬁﬁﬂa§s6§ih&ﬂﬂﬁta3§@opxedrm iclie 1 PO bsbthesmemory. 232,
234, and 236 contain nodifiers for |logical registers R1,

Details regarding final retirement of loads and stores instructions in MOB 178 are
described below.
E. Memory System

FIG. 22 illustrates that one embodiment of MOB 178 of FIG. 2 includes MOBs
178A, 178B, ..., 178Y, where Y represents the number of MOBs and matches the
number of trace buffers 114. MOBs 178A, 178B, ..., 178Y hold copies of load and
store instructions of thie traces in trace buffers 114A, 114B, ..., 114Y, respectively.
Load instructions are held in load buffers 182A, 182B, ..., 182Y. Store instructions are
held in store buffers 184A, 184B, ..., 184Y. Conductors 292 represent various
conductors that carry signals to and from MOB 178. Replay conductors 194 provide
signals from MOB 178 to trace buffers 114 alerting trace buffers 114 that a load
instruction should be replayed. Control circuitry 302 performs a variety of control
functions.

1. Store Buffers and Load Buffers

FIG. _23 illustrates one embodiment of a store buffer 184A, which is
representative of store buffers 184B, ..., 184Y.. Various other embodiments could be
used. Store buffer 184A includes various fields for rows of store buffer entries. Each
entry is identified by a store buffer ID (SBID). Rename/allocate unit 150 allocates an
SBID entry to each store instruction when it is first fetched and executed, but not on
replay. The store instruction has the same SBID value until final retirement. For
example, in FIG. 23, entry SBID 0 is allocated for instruction store 0. Entry SBID 1 is
allocated for instruction store 1, etc. An LBID field holding a “store LBID” value



19 R2, R3, and.R4. Modified registers 240 contains a set of bits which :

i ndi cat e whigidlodgscal registers are to be nodified by instruBETESEREhIn

a trace. Registers 230, 232,:234, 236, and 240 are updated every tine a new
instruction is witten into the trace buffeR9-The boundaries between

regi sters is saleswitmd beldyw tis dlugtrat®din EKAR3L. dn onk embodiment,| wien dnmentryeof

conbi ned regi ster. For each Io?ical register, a trace_ buffer
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register are different as a result of the instruction. For exangl e, 1f the

contents of R insgudfidnahughipipeline 208.( hsthateybaiiment) theIsBID fitldanighOotbediso
the result is witten into register RL, the contents of Rl is not '
necessarily difineludnd imstore buffenll84Af i nstruction 10. For exanple, the

contents of Rl after the inst tiqQn wquld not he different if, the contents
of RLis "0" or R2 iénmstrf ’@ﬁﬁhql sthedastrugtion &R of the store ingtaugtion 1n jgstrugtion

fl hart 250 | ' ' 1 S .DEeL f

Cporand of an i (eteGRED 2021 Thethlead BRRrOMS Y iR i BoATfort BharBr foka adPHe"®
q d A ree . )
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associated with the register is set to a logical 1. As stated in
illustrated embodiment, the address is generated by AGU 172. An SB address valid
field includes a bit indicating whether the store address is a valid address. A data field
holds the data to be stored. A data valid field includes a bit indicating whether the data
is valid. Separate address and data valid bits may be used because the valid address may
arrive at a different time than the valid data. Both the address and data arrive before the
store instructio-n is executed. Under one embodiment, the data is included as part of the
instruction. A retired field includes a bit that is set when final retirement logic 134
indicates the store instruction should retire and is reset when confirmation is received
from memory that the store to memory has been complete. Retirement of loads and -
stores is discussed beiow. A repléy count field includes a replay count number (and is
similar to the replay count field of DAD array 206A in FIG. 13). The replay count :
field is not necessary. Under one embodiment, a store instruction can be replayed only
once at a time and there is no replay count field.

FIG. 24 illustrates one 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 each load instruction when it is first fetched and executed, but not on



step 258, if the bit in register 240 is set, the source dependency field.is

read usi ngvp,ggg isgglex created fromthe nodifier register (23r/8shdnr634, or
236) for the re/?evant register. Next, as stated in step 262, the source

dependency bits are nmerged with the current30 i nstructi on dependency bits

using a | ogi cadplfiR Tipecload imstructionchins thd giedBIDCRAlOP ekt firalretirdmédt], Uiy at ed
by OR-gate 244 in FIG 15 iln which nultiple bits are represented at the

i nputs). In péxmnplm 8 16n 84.angy LBIRNY israllocated fg instivetiom thafli0e EntagiBIR 1 45 and

nodi fiers ef d, to.are thags hat d i nmedi ately before an
i nstruction i ?ﬁﬁ%ag dolfomtructmn oads &i@@ﬁpcqntwwﬂ ad the SBID fidddmant i on
10, register

20 R3, and R4%ég'a Eﬁ‘[s%e va@es@?ﬁﬂg&%l@ﬁn§§@°a§§§ID Xalue g?ﬁ?“?%b%h"é{’
(don't care). jided is FeG. f@zlnéng%nfﬂaﬂ%én?%lgé ta?l‘epe c?g?}‘ll&'t"‘g %éﬁ)% Rl and

R2 are each 0. Therefore, under step
and R2 are eaQ2agin FIG.12) holdoWldadshstructibh,dhe T BIABRT 6ﬁﬁst&£b@i6n qoﬁase ﬁ@yr S R3

and R4 are not involved and remain a 0 in the row of instr
| nstruction 1@02Adioldsthe lB@DshaindmLﬁei'ﬂmrmhgnnload tﬁxﬂ'eslmmthai holds theadt er
230, indicating that instruction 10 is the nost recent instruction to

nodi fy regi st@struction, pad the$ B field holdythe load SBID, if thwere isone, frgghat dlnstorex

(don't care). msQrucfx{on. The LBID and load SBID accompany the load instruction through pipeline

108. In that embodiment, the SBID field might not be also included in load buffer
182A. |
An instr ID field 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
trace buffer 114A. An op code field holds the op code of the load instruction. A load
address field holds the address from which the load instruction loads. A entry valid
field includes a bit indicating the entry is occupied by a valid load instruction. In the
-illustrated embodiment, an address valid field is not included because the address has
already been generated by AGU 172. A PRID field holds a PRID from rename/allocate
unit 152 which indicates the destination of load instructions in the register file 152. SB
Hit, SBID, Thread 1D, and replay count field (if there is one) may be considered part of
- a status field and are 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 instructions are allocated in store buffers 184 and load
buffers 182, and entries for registers to receive loaded values are allocated in register file
150 and ROB 164. These entries are not subject to a first level retirement, but like
entries in trace buffers 114, remain allocated until a final retirement. .Accordingly,
entries are not reallocated on replay. If a store or load buffer is full, a store or load
instruction, respectively, from I-cache 104 will not pass through rename/allocate unit

150 until an entry is freed up. However, a load or store instruction that is being re-



bit of register.240 is set to a 1 indicating that RL has been nodified by
an instructiwpowsisson the trace. The dependency field H@/US98{26501
instruction I1 is generated in a sinmlar manner to that of instruction 10.
The Rl |ogical register colum of nodified retlister 240 remains set to a 1.
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program order have been retired, then there is always a chance that the data for store

g
| o

MX is incorrect.

By contrast, if store 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 there is no certainty load MX will load the correct value. It would only be by
coincidence that the correct value happened to be in memory location MX (or the data
field of the store buffer entry holding store MX until store MX is finally retired). To
ensure ultimate correctness of execution, MOB 178 includes various mechanisms to
ensure memory data coherency between threads.

a. Execution of I.oad Instructions

Before a load instruction is executed, its address is compared with the addresses
of store instructions to determine which, if any, s?ore-instruction is the closest earlier
matching store instruction (CEMSI). “Matching” means having the same address as the
load instruction. “Earlier” means the CEMSI is earlier 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 executed. If there is only one earlier matching
store instruction, it is the CEMSI.,

If there is a CEMSI, the load instruction reads its data from the data field of the
CEMSI. If there is no CEMSI, the load instruction takes its data from memory, such as



Wth respect to instruction I4, prior to instruction |4, under .step 252,.

t he nodi {igrgdSkdo 1 N register 240 for R2 is set to a 1. Uneer/svemesdbs,
the nodifier register for R2 (232), immediately prior to instruction 14,
is used as an index. Register 232 32
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comparators are connected to MOB control circuitry 302.
The load SBID points to the LBID of a closest earlier store instruction (CESI)
with respect to the load instructionto be executed. The CESI is in the store buffer that
- has the same thread ID as the load instruction. If there is a CEMS], it is either the CESI
or earlier than the CESI in program order. Rename/allocate unit 150 keeps track of the
order of store and load instructions in the program and provides the SBID and the LBID
values. They may be written through conductors 126 to trace buffers 114. Under one
embodiment, if there 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 techniqu;as 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 purpose.
Consider store and load instructions in the following program order:

store 0 -
store 1
load 0

- store 2
load 1
store 3
store 4
load 2.
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i nstructi onswOpesisaps 2 or 4) are read at a tinme. Trace bufferPCI{USRSE6Id
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contents of the output register file changes is updated often, perhaps :
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with FIG. 27, wherein store buffers 184A, 184B, 184C, and 184D are the only store

buffers in MOB 178 and are associated with threads A, B, C, and D, respectively.
Assume that the program order is thread A, then thread B, then thread C, then thread D.
In the example, the load instruction to be executed is in load buffer 182C. Thereisa
CESI, which is in store buffer 184C.

Conductors 342, 344, 346, and 348 are the output conductors of the various
comparatofs. Conductors 362, 364, 366, and 368 provide contro} signals that enable
the comparators to perform the comparisons. In different embodiments, control
circuitry 302 enables (1) the comparators for all entries in each store buffer, (2) only
those comparators that are in a store buffer having a thread ID that is the same as or
earlier in program order than the load instruction’s thread ID, or (3) only those
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 buffer 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
CEMS]I, a lookup may be occutring 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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is determined which, if any, matching instruction is the closest in program order to

(including equal to) the CESI. Then, it is determined which of those store buffers that
have a matching instruction have a thread ID that is closest in program order to the
thread 1D of the load instruction.

Store buffers 184 may be circular arrays each having a head and a tail. Initially,
store instructions with the greater SBID value are younger. However, as store entries
are deallocated and allocated, the tail will eventually wrap around so that the head
points to a higher SBID entry than does the tail. In one embodiment, a wrap around bit
is toggled when the tail goes from the highest to the lowest SBID value, and is provided
to closest match determining logic 356. '

b. Execution of Store Instructions

When a store instruction is executed, its address is compared with the addresses
of load instructions to determine which, if any, load instructions that are later in
program order (from the same or a younger thread) have the same address as the store
instruction. A closest later load instruction (CLLI) pointed to by the store SBID

- designates the earliest 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. One of the comparators is comparator

324, illustrated in FIG. 26. Merely as an example, comparator 324 is associated with
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the ul ti matel ymégwit&t atpgae input and the address pnthe deadraddegsy fisld m%mw haw toad

Lo be'r opl ayedbugeh fHEARhnather BV, APNERRFE Sulput conduciph 398 SIEB S TR (¢ ho
to be replayed* _ nEEBif
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detect certai nceipstod hx‘érboﬁﬁé&écﬁtfoi MOB &4t Ciredity 302 d Compdtftofs’ @6ch RV f f er

that includes the input register file. In other efrbodi nent's, the detection

circuitry coul domparatedeS24piawatio cdnigaee statusbits © ke $tore instructionA¥itlastatus bits
exanple, referring to FIG 21, thread T2 is a current thread and is
associ at ed wi t in thedoasl buffer as ddseriled llowad T1 is the i mmediately preceding

thread to thread T2 and is associated with trace buffer 114A. Thread Tl
includes a functi on a6 28 istsimilactedilGoR7. Hewexer, in EiGh 28load instruetioncaddsesses in

call. Executi Orl.'oa%fbutff'errse ?&J 2 lgflg ialr']escompau'e,d ‘with the address of a store instruction to be
exéecuted, and match determining logic 356 determines whether to replay load
instructions. In one embodiment, match determining logic includes replay triggering
logic 394 that provides signals on conductors 194 to indicate to the trace buffers which
load instructions are to be replayed. In one embodiment, match determining logic 356
considers matches of load instructions with the store instruction beginning with the
CLLI Different algorithms may be used. Thread management logic 124 indicates those
thread IDs that are later in program order than the thread ID of the store instruction
being executed. In one embodiment, all comparators are enabled. In another
embodiment, only the conductors in the load buffers having thread IDs equal to or later
in program order than the thread 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 enabled. The threads to consider can be determined before, after, or
during the determination as to which load instructions within the load buffers come later
in program order than the store instruction.

Under one embodiment, detection circuitry to detect certain speculation errors in
execution of load instructions 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



i medi ately after the function call. The contents of output register 210A
as it exisigslogdisdgne function call are copied into input regcayesssResoe
208B. The instructions of thread T2 are executed specul atively based on the
regi ster context in input register file 2088. At the tine of the return

I nstruction, &dmopnﬁmaseﬁyﬁg ngllegicster file 208B are conpared by
conparator 280B with the contents of output register file 210A If there is
a difference, input registerifil eCa Véhich Thé; anddifegs Bfateict ed
instructions in thread T2 are repl aéaed. The CO”B:“ son may al so be nmde at

one or nore internkbe staisdieldbSB It SBIR Thread JDp ReplayiCouvot €if ased))dor theseror e
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may be between the contents of interfrediate buffer and I nput register

208B. hasAforiekamplel @0 éfthe dath kcfine SroanthehOry drfigi Bifake dad tanié fodlihe -
passed between output register files and input register files over
conduct or s 21goreduienc Tbe SBIR @nd trnadiD Ealds holdthe SBIR gnd theead 1D of thietstore he

output register file of evgf;h race buffer that could hold the, L

24 trace for m%gu?trﬂﬁ'efg?fat 1 é\e taframs frome dhe thread ID efithe storg instruetionds t hat

program order__w|| _al s .f ol rtigular tragce Quffer order, then the
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register filegpiyeRPIIS B he WddStlsthictio N inflicit in the load buffer. The replay count
field (if used) indicates which replay is involved. (If the SB Hit is 0, the data in the

SBID, thread ID, and replay count fields is meaningless.) '

-If SB Hit = 0 (previous data from memory), a replay event 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 are 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 = 1 (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 case, the thread ID of the status field for the particular load instruction equals the
thread ID of the store instruction, and the SBID in the status field of the particular load
instruction matches the SBID of the store instruction. In the first case, the load
instruction is replayed if the replay count of the load instruction is larger than the
replay count in the status field. If there ls not a replay.count (because a store
instruction can only be replayéd once at a time), then the load instruction is replayed.

In a second case, the thread ID in the status field equalg 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 second case, the load instruction is replayed if the SBID in the status



circuitry 224A.shown in FIGS. 10 and 1. Because out put and i nput -

register. fitemomsde provide either a value or a PRID, there PEI/UBM/24S8lery

smal | | atency between receiving contents in an input register file and

bei ng abl e to_execute instructions using a 3&gister fromthe input register

file as a sofielddsdyssthanthe SBIR of shesstoresinstouctiangbutaiok esplayed iPReBBID in the
xecution in, pipeline 108. It is

. : . ;
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smal | nunber of times, feading to a an rncre E?P‘Eu_ctions
correctly exeembedinkr, tHeldaddhsthictibn is¥ePlaged (e Bifugh it mbf Be LOARIry k) T8
required to run a program 2. race Buffer 114 _
Referring to Ptagrarbrder).altendylicf efalsbréplay. The losdlinstructioh wWes réplhferwilil4 (in
FI G 10) . However, in trace buffer 114A° the dependency field is _ :
generated in &eSsBietheegireessiose datho@therdppitsacksrguld becusetibyt thicy Grayelid far i t
has been decided that an instruction is to _ be replayed. Wile this may
cause some i nfMqTEFOMBleX "?Wsﬁ“g‘id&,s“‘? anyigfrequentead€e of i nstructions for

replay and deter m ning of deRgndenicls;) &Ry LTSN MufaBES! LRES

If the addresses do not match, then no replay is triggered except in the following

infrequent case. If SB Hit = 1, the thread ID of the status field matches the thread ID of
the store instruction, and the SBID of the status field matches the SBID of the store
instruetion. In this case, there is a replay and the replayed load instruction receives its
data from a new entry or memory.
c. Reset

A thread is reset when it is determined that the thread is not in the program
order. However, loads from other threads could have taken data from the data field
associated with store instructions in that thread. Thread management logic 124 sends a
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 thread 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
store instructions. In one embodiment, store instructions are replayed in response to
register comparisons in the trace buffers that indicate a register value has changed. For
example, referring to FIGS. 12 and 13, instr IDs 4 and 5 in trace buffer 114A, which are

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



fashion, there may be little additional |atency once the process has begun.
In one e”b%gﬁ:?ﬂsso dependency generation and decodi ng cir cuiRCTUSHEBESORO! ds
only one fi or dependency information. (In FIG 13, there are four
fields.) That sane field could be reused.38&or exanple, during replay of

I nstructi ons dependent on register Rl, the field could be used to I|ist

i nstructions dependent on regl ster RL. During replay of instructions
dependent on registder RRepldys of Multip -:l ghddostruttions used to |i st

i nstructi ons dependent on I’L“(ljl ster , etc. Dependency generation. an

decoding circuit rytispessiblg 43m%’%%&%@%ﬁil&ﬁ@‘cﬁ‘ﬂﬂi‘ﬂF&adfh“ﬁeﬂ“%ha\tﬁﬁéams

nodi fier regi

25 14, there ?FEJ%{# v;lﬁm are nstrustiop. Inendergaveid somplicated Jogicy oe gapmparh, 4
circuitry 2184 f&%ﬂu&f&{?ug@gag thldRteBt Wh @l%ga%wfu r@lgg)aﬁ%ﬁdfe@ﬁnﬁﬁcﬂééand

Dependency gehetf atlon an ng ci rcu

dependenci es fcafsedl MstPuckiBis aflktithd GdrlictP foad in theltfabBto be re-execdtdd.a array 214A
includes a Value or PRID field, a Status bi t fleld, and replay count field
for each instr ID eftry iasl RetirEAet af ond0 and 13).

Al ternatively, the contents of data array 214A coul d be i n dependenc
gener ation and deco‘ﬂ’lhnga&oademqmamonaktmfmﬂl]atrdl ytpn_aimurmm éﬁi

There are two reasons y it may va 0, keep. data arra
and dependencyPre¥ides ﬁgmﬁt%‘ﬁfed’é@tﬁ?ﬁ ﬁg @Bﬁgﬁt ‘ igatingthat-an ‘é‘smﬁle‘/’gt‘s 1% hey
may invol ve dl_ fef fh na‘?lr;' re{lreﬁ. The entry in the trace buffer (identified by the instr ID and thread

ID) is deallocated. In the case of load instructions, the entry in the load buffer
(identified by the thread ID and LBID is deallocated. In the case of load instructions,
final retirement is complete. In the case of store instructions, prior to deallocation, the
data in the data field must be committed to memory. De_allocation of the entry in the
store buffer and hence .ﬁnal retirement does not occur until confirmation is received that
the store is complete.- Alternatively, the entry may be finally retired before
confirmation, but reallocatlon of the entry cannot occur until confirmation is received.
Signals on conductors 200 can indicate to thread management logic 124 when the final
retirement of stores is complete and the next thread can begin.

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

Load buffer 182A and store buffer 184A may be queues with a head and a tail.
The head is moved when an instruction is deallocated. In load buffer 184A, and trace
buffers 114, retirement and deallocé\tion may occur simultaneously. Final retirement

logic 134 provides signal through conductors 136 and 140. Demux 188 selects whether



ports. Second, .in one enbodi nent, dependency generation and decodi ng
circuitry 2%®feoisso not have as many rows as do instructi on (RET/ASE6501
202A and data array 214A. In other words, in one enbodi nent, dependency
generation and decoding circuitry 218A reuse@ rows, just like it may reuse
dependency fi etnesof Iqubbufleas €32 of stareduffers Irﬁdnyxllnemvd:n fetiténgent signals. Denfifk

w Il be descriped in reater detail below, MXB 178 signals when | oad

i nstructions atd® ‘ts(S’PBBn‘? apd sguld heﬁﬁﬂﬂ‘éﬂd%ﬁub&m in ford buffers 183 atkbstoreg a
dependency fi d |g that for RL in FIG 13) may be generated to list the
I nstructions depe é on the | oad |nstruct|on to be replayed However, for
aloadlnstrucfrlon A ; . ihtheload
instruction, rather™ € in the

case of regi stRe@emEhﬁd%@endency field for load instructions may be in .
dependency generation and decoding circuitry 218A (in FIG 11). (O course,

load instructions f b omddmbodimentethrewd thahdgementiogicadd fuseya Réd@ruchird t¢keep
buffers.) In one enbodi nent, dependency generation and decodi ng C|rCU|try

218A i s used fbat-‘-]d@ﬁdbmadm@erf Undesthe dreetstrutture, she progranuaridenfvehieln s also the
regi sters. The sane field e used for both, In another enbodi nent, the

dependency fi efedigement qr@ta’) g?\é’? omstopto BN.‘P‘&FWMN%@I rnghtelsae{i@ndenmgram
fiel d f l-oad d d d di t
T o ) RGO R A 500, £ e

(i.e., all idea, whereas a free structure is circuitry that implemen 26
instructions following the load are re- et>l<3ecut ’8’)’ ttshaeftr‘f’ef'ue dependency

field i s not neededThréads begifafibp imyruish RNowin ag&fckwafﬂ 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 (node), the program order of children nodes
of the thread are in the reverse of the order in which the threads were started (created).
For example, in FIG. 6, in time order, execution of thread T2 begins before execution of
thread T3, but in program order, thread T3 occurs before thread T2.

In one embodiment, 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 reessigned accordingly. (2) A thread that is last in program order
is removed from the tree to make room for a thread higher in program order to be added
to the tree. In this respect, the tree acts as a last-in-first-out (LIFO) stack. (3) A
thread may be reset and thereby removed from the tree when it is discovered that the
program counter of its parent thread is outside a range between a start count and an end
count. In the case where a child thread is created at a backward branch (e.g., thread T4
in FIGS. 6 and 29), the start count is the target of the backward branch and the end
count is the program counter value at the backward branch instruction. A thread started

after a function call can also be reset because there is no return from the function,



When replay triggering logic (such as replay triggering | ogic 284B)

det er m nes %69?1%15?0 source operand (or other input val ue) haspd¥espsr26501

m spr edi ct ed, riggers the corresponding trace buffer (such as trace
buffer 1 14B) to dispatch those instructionp that are directly or _
indirectly degpRR6lfhit Bryuit far€ifSthR%b hhfisknS Oepprideh #lidaling Hviththe! ayed in

pi peline 108. The instructions that are directl'y or indirectly dependent
may be i dent ipbssibsilify efithéredeihgnondtung frofn £fighctién isfte gy therpoysibility bed fex ace
buffer or through another array as in FIG 13. . The identified

i nstructi ons ahesystespenenhudly rervave theeadfeare thetfdecwhendt becomasttholowest int he

order the instructions exist in the trace buffer (which is the_program
order). For m&fﬂm@,riqrh@ insyemtidy  Whes ?\a?ﬁ%‘{‘ﬁ rfmv\@m thedreg, hsApTmEResat
prior to or at,th ' n.instructdon in the instr l.entry.
However, the iaﬂgfﬁ‘ff@{%ﬁ}?& hﬁ“)ﬁa‘%ﬁa}&e‘eag%a(%d’“ G Stogg 0 ﬁe@r@ﬂﬁ%b&fﬂéaﬁ%nt r ol

of schedul eli%ﬁh’lﬁ}cﬁ@ﬂf‘ 156, as in any out-of-order processor. Control bits
are appended to the 1 nstruction dispatched fromthe trace buffer to :

indicate to r enarre/m}ehfsqa{ and/(3) breliflGstiddiat IRFIG! 29,(WHhicklihchfigs tHethreaddeNthe .

(2). bypass the renane alias table |ookup in renane/allocate unit 150 and

i nst ead use t lexafmpledfHIG6; with thecadditinnoofdhregdst Thamd H6.f Thread di5 stys follpwing

renam ng conpletely and use the value from_ the DAD ar_raIvi as if it _where a
0

constant oper dkackyaidieranghsinpizigtiopat point J and thyead digstarts-fellowingaofinetion el at
Wt h FIG 8, tprg)?nt Ia/.aktl i(sj aslsurarllrég thé( %elrg arze onfl}ll ?olug e buffers. FIG. 30 illustrates the tree

-

. structure at time t1.  Thread T2 is added to the trée before thread T3 is added to the .

~ tree. Thread T4 is added to the node after thread T3 is added to the tree. Threads T2

- and T2 are children of thread T1. Thread T4 is a child of thread T3. Following the
rules of top to bottom and right to left, the program and retirement orders are thread T1,
T3, T4, and T2. FIG. 31 illustrates the tree structure at time 12 assuming that thread
T4 is reset before thread T1 retires. The program and retirement orders are thread T1,
T3, T2, and T5. FIG. 32 illustrates the tree structure at time t2 assuming that thread
T1 retires before thread T4 is reset. The program and retirement orders are thread T3,

T4, T2, and T5. 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,
T5 and T6.

Event (2) is illustrated in FIG. 34, which includes nested functions. In time
order, the threads are created (started) in the order T1, T2, T3, T4, and TS. However,
the program order is T1, TS, T4, T3, and T2. In the example, there are only four trace
buffers. Therefore, not all five threads exist at the same time. FIG. 35 illustrates the
tree structure at time t1, which is before thread TS ‘has started. Program and retirement
order are T1, T4, T3, and T2. Thread TS is not yet part of the free structure. FIG. 36
illustrates the tree structure at time t2, which is after thread T5 has started. Thread T2,

- which is lowest is program order, is removed from the tree structure to make room for



bits that are set to a first value (e.g., a logic 0) when a corresponding -
source opergirhoBissen i nstr | D has been:produced by (e.g., thePERUYSHEEIon
of) an instruction fromoutside the thread in trace buffer 114A, and a
second value (e.g., a logic 1) when the soudde operand for an instr 1D has
been produced theeadT5i @ thread thahiswembved fréwn théitre@nhay e regtartedeat ailatet timet | on
di spatched fromtrace buffer 114A may have its source operands determ ned
as follows: Alternatively, apgthetithsead may executecall on pait of the instuptiensinfithethrease ue

array 202A.is set to_.a | ogical 1, the, source operand is used,to read the
cor r espondi ng rg@pﬁgs) ngF‘Rg free. Inpgs eépli)ogl,ment, in the case of reset, atﬁread may seek to

27 206A. If neither t L ue bit | D bi t th D arnr tat us
Flerdry U i ot b pekoliBwiif Bt 838!}%‘5‘5%‘?8‘3#85"?@}‘8?& AetmBivalY. ¢ ik mey
yet. In this 6 it iR enlisd ] t I;
status bits hﬁguﬁﬁ"é’ nf’ﬂgﬁ {ggﬁl oger o} é\%}lntk}gds ?ﬁ?gﬁ‘gﬁ&%ﬁﬁ@ 01?8&%1 %ﬁ%ﬁg

al | ow ng renangéablié&ceritBe yBet 150 to performalias table | ookup (register
renanming) as it normally does. If the PRID or value is valid, it is passed
al ong with the instThethrexl IDwafithé claitdren threads hAOpraperlppbsifidtedt azcording to
renane/ al |l ocate unit 150, which in response thereto bypasses the renam ng

st age. progranvardet itbthe tige sirpctutee (Adtbpuglbihe pregram ardenasdletepmineddyi s

set to a logical Q, the inpyt .operand cones from oytiside the trace. The
source registe (faanagene °¥‘8q§%8’é °Sﬁ‘ﬂﬂ?t) &ﬁmﬁré ALJOMEOTy 3] ue

or PRD fromi ABtthed ﬁlgip%ﬁ'ﬁmféoluﬁt SR bt R3¢ ﬁ\dthe tree in program order. If there is

only one child of the thread, then that is the next thread in program order. For example, -
in FIG. 33, thread T2 is the next thread in the tree in program order.

Final retirement logic 134 gains information from. the tree structure to assemble

- array 198 or straight from the circuitry of the tree structure. There may be decoding:
circuitry between the tree structure and other logic of thread management logic 124 and
logic of final retirement logic 134. Array 198 may not be required.

In summary, the tree structure provides information for at least the following
purposes: (1) the tree specifies retirement order; (2) the tree specifies program order,
which is used by, for example, MOB 178 as described above; (3) the tree specifies an
end point of a thread by indicating the starting instruction of another thread; (4) the tree
is used in thread resource allocation by indicating which resources are available and
which resources get deallocated.

G. An Embodiment Without Multithreading

- FIG. 3 illustrates a processor 100 including a pipeline 308. Processor 100 is
similar to processor 50. However, a trace buffer 300 is the only trace buffer and a
MOB 310 is the only MOB. Processor 50 is not designed to process multiple threads.
Therefore, thread management logic is not required for processor 100. Trace buffer 300
may be similar to trace buffer 114A, for example, except that multithread specific

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



along with the instruction to renane/allocate unit- 150, which in response
thereto byg@§§§§15§@e renan ng stage. Whet her the val pair/bs98/265010 or
1, for each dispatched instruction, the value and PRID status field bits in
DAD array 206A are reset to or remain at a 42gical 0. This achieves two

pur poses. Fi I sdould hotthsiceded. (Vdrious ciraliity migsskRa to datsét'spedul ibndirfpat ched
before the PRIDis copied into the entry fromthe renane stage woul d be

al l oned to be inchuding svell knownivercnidnya OB 3 18anayabd similavtwi MIOB) 1732, fosexaniple,
stale PRID fromtrace buffer 1 14A. Second, it also ensures that an

i nstruction wiexsenh ghat paitithesad spacific featuresare agtaequiredn Forsxample, 3 trepdilDifigld -
back, therefore | ow n n, i Nstructi tQ.retire on en all data
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I nstructions ?%é‘ﬁg%(f g%#%%%%ﬂltrﬁ&%%@rﬁétg&ﬁﬁ@g 13#%&3%3? rggp g"?‘ Jé’\‘jcgrl\‘tug
that bel ong t the_b&ing péthted FanRBs. TRvGe BEEdt 300aMd MOB 3303hHbeisell e tonditiorN
instruction is finally retired when it can be assured that the instruction
has been executidsvaridus spévnlations ad resovery fronperrars therdihy Fhel trace buffertallowd ai n
order. For exanple, an instruction in thread X cannot be retired until all
the previous tlangeaumbenofinsioustionstd bedeeld putside thenpipeling for pessihie replayeforehe
previous threads, have been retired). The instructions within a thread are
retired in ord@a,“eé‘lr?'ﬂﬁﬁgh instructions that are all ready for retirenent

may be retired si tan . . . .
28 " nal *r arTRREN Y ould b vest in oo uith 2 gomrlifyerdspeeny o |,
one embodi menty,,qfcd MGeidhaRigeRidnt biital4'cahld bR kebp Bl iR thrbhd AR t Ment

of results to In order register _
- program order. Alternatively, thread management logic 124 could be disabled. In the

non-multithread case, only one of trace buffers 114 and only one of the MOBs 178 are
used. Alternatively, trace buffers could be combined to make a larger trace buffer and
~ MOB:s could be combined to make a larger MOB.

H.  Additiopal 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 entire pipeline (e.g., separate rename/allocate unit for each -
pipeline) is included with each of pipelines 0, 1, ... W of multi-pipeline unit 402. (W
may equal to or mbre or less than X.) Otherwise, processor 400 may be essential the
same as or vefy different than processor 50. Other processors may include some
features of multi-pipeline unit 402 and some features of pipeline 108.

Each of the processors mentioned herein, may be included in a part of a variety
.of computer systems}. Referring to FIG. 38, mere_ly as an example, processor 50 may be
part of a computer system 430. System 430 may also include a second processor 434.
An on-chip second level (L2) cache may be including within processor 50. Processor 50
may communicate with a memory controller 440 through a processor bus 442.

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



file, (2). servi.ce interrupts, exceptions, and/or branch m spredictions; (3)
deal | ocat i ogypéossisrce buffer and -MOB 178 resource entries; aRGT{U§y8/26501
signaling the MB to mark stores as retired and to issue themto nmenory.
Deal | ocating entries may involve noving a he4d pointer. As described

bel ow, store i fbtoughbisasdS2andmsd (whichmeayrbe a BEhbis)cat ed until after it is
certain that associated data i,s copjed to data cache 176 or other nenory.
Detai |l s regarding finRiPehipe Simileg i Ppeling REor (18 (G BIGS; 2 angdi3)sonlddpsused inmp
178 are described bel qw., , E. Menor stem FI 22 il lustrates
Lhat "ome. enbod FIEHRS 4S5 Pot WF FRtr SHRnGTE: dp Susihgesesths Aomppaptl haf afe

178Y, where Y r; t,So: f M@%Q

trace buffers 4.]€%sé?%%§\feﬁ%@%’.r, @aﬁ?ﬂg cggi@e&é’% b%meﬁgé
store instructipemovetenaiing refffehtiresy ace buffers 114A, 114B, ..., 114Y,
respectively. Load instructions are held in |oad buffers 1 82A, 182B, ...,
1 82Y. Store instrucThociscuits and Hethils that srealescribed ind Hlubi4ted aidedly exemplaihyB4Y.
Conductors 292 represent varjous conductors that carry signals to and from
MOB 178. Repl ayVauensathescircuitvansdefailscould based int theinplace. Fagher thereimay be
buffers 114 alert]j n? trace buffers 114 that a,PJ oad insjructjon should be
repl ayed. Cont r¥arious design V@db‘@ 5 I SES.JHARCYa ©1Fa FioB eXAmRle, dhe, maximum operating clock

frequency may have to be reduced if buffers in the execution path (e.g., in the
reservation station, register file, ROB) are too large. The componerits illustrated herein
fnay be designed and constructed accordingly to various techniques.

There may be intermediate structure (such as a buffer) or signals between two
illustrated structures. Some conductors may not be continuous as illustrated, but rather
be broken up by intermediate structure. The borders of the boxes in the figures are for
illustrative purposes. An actual device would not have to include components with
such defined boundaries. The relative size of the illustrated components is not to
suggest actual relative sizes. Arrows shown certain data flow in certain embodiments,
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. Alternatively, for example, the trace buffers could be on a different chip than the
execution 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 eveht, but not necessarily completely or directly. If
the specification states a component “may”, “could”, or is “preferred” to be included,
that particular component is not required to be included.

A MOB could use data matching rather than address matching to detect



functi ons. 1. Store Buffers and Load Buffers - FI G -23
illustrat 509551 groodi ment of a store buffer 184A, which i sPCT/US9826501
representatirve of store buffers 184B, ..., 184Y. Various other enbodi nents
could be used. Store buffer 1 84A includ#4 various fields for rows of
store buffer nfisspédudationEach entry is identified by a store buffer 1D
(SBID). Renane/allocate unit 150 allocates an SBID entry to each store

i nstruction when Thosesskilleddn thecart having:the benefit of s discloswretwill appreciafst that The
store instruction _has the sane SBI.D val ue untj,l finpal retirenent._ For, .
oxapl e i 1 MGy ogE vataops B fereEoing desqnption e drmuings iy g Ruidsy ko

cntry SBlD L iicSeopdbt 6 BleSthifentiBi” AtGIRBIy} 1138 fhe Foudiitg cfiimb Rlckiding by

hol di ng a "stOr

29 descri bed k fhek ' : igne enbodi nent, when an
entry of insf“ﬁﬁl&@*}{vg‘h‘hg‘lﬁé&é“ﬁ?ﬁ@ 2 lgﬁcﬁeﬁf&?%mvﬁ% hol ds a store
instruction, the SBID field of instruction queue array 202A holds the SB1D
that identifies the entry in store buffer 184A-that holds the store '
instruction, and the LBID field holds the store LBID, if there is one, for
that the store instruction. The SBID and store LBID acconpany the store
instruction through pipeline 108. In that enbodinent, the LBID field night
not be al so



included.in store buffer 184A. An instr ID field holds the

i nstructi oRyblop@isshhe store instruction in instruction queudCHYRF26892A.
The thread buffer IDis inplicit in both store buffer 184A and the trace
buffer 114A. An op code field holds the op 4bde of the store instruction. A
store address field holds the address t ocCMAIMS t he store instruction is
directed. In the illustrated enbodi nrent, the address is generated by AGU
172. An SB addYhkatdsqlaimedis: el d i ncl udes a bit indicating whether the store
address is a valid address. A data field holds the data to be stored. A
data valid field includes a bit indicating whether the data is valid.

Separate address and dat | | py. be used because the valid address
may arrive at a di Pfereﬁ?p #%%Q{Egé}ﬁ?ﬂgg'val id data. Both the address and

data arrive before ah@e&itﬁfn%iﬂ)é]ﬁie%‘ééﬁ&&eh% ex&autd fdeastpition9 BLtHPEHARdi nent ,
the data is included as part of the instruction. Aretired field includes a

bit that is saiherdinnt leastainerofthe threads is dependehBdn at leditanbther biieofthe tiereads;
instruction should retire and is reset when confirmation is received from -
menory that ttedstore to menory has been conplete. Retirenent of |oads and

stores is discussed, below , A replay count field ingludes a replay count
nunber (and is si midesgetiop cfrﬁ'ém?’éﬁaﬁg‘?“rﬁﬂﬁ?ﬂlatﬂ‘?‘b?f@féfn thersxssytion of dbenthreads; G
Under. .one enbadi nent,, a store

ki ructi on cah be Fepl ol BRI SRR1> B EaRGi R el Cergoes,

Ta2A which | SOUPledio L dSteckiby clrbyiRy AN P RE-ER G Rttt iofs pRialld Wik

ot her enbodi mapesulaiil étrdie. used. Load buffer 182A includes various fields

for rows of |oad buffer entries. Each entry is identified by a | oad

buffer ID (LBI D). Renanell processer afreidimll; Gurttier ocmaprsing repldyBriggering dpgico each

' oad Tnstruct ic%%pyggletg tlllet détgctifoinrc?}cuiftreyttg Qggge? T’gplg})'( gt(': ilfltst?'gétio%l; tassg)%gatgdnwith
speculation errors. | _

4. The processor of claim 1, further comprising trace buffers coupled to the
execution unit to hold traces of the threads and wherein at least part of the detection
circuitry is included within the trace buffers.

5. The processor of claim 1, further compriéing a trace buffers, each
including an instruction queue to hold instructions of one of the threads.

6. The processor of claim S,Ifurther comprising final retirement logic and
wherein the instructions within the trace buffers are finally retired under the control of
the final retirement logic, but some of the instruction may be initially retired following
execution in the execution pipeline.

7. The processor of claim 1, further comprising a decoder and trace buffers
coupled to the execution unit to hold traces of the threads, and wherein the execution
pipeline and the trace buffers receive instructions from the decoder concurrently..

8. The processor of claim 1, wherein the execution pipeline includes a

memory order buffer (MOB) and at least part of the detection circuitry is included in
the MOB. '



30 replay. The load instruction has the same LBID value until f:inal
retirement 592; 5§f<arrpl e, in FIG 24, entry LBID O is all ocacyitsssreésol

i nstructi onQ &Y. Entry LBID 1 is allocated for instruction load 1, etc.
(The LBID entry nunber and the SBID field nggy be called a MOB ID). An SBID
field holding a "l@ad S I I FIG
24. In one enbodi m(gnt Etlh r?’%‘%k%ﬁt"?e 'lbﬁgg[r?iﬁct?t}"’gﬁé&d uég&g&mhaﬂg 2A (

FIG 12) holds a | sterrwn[em&dnﬁ ,{gh@;chﬂyl;)aﬁd el d of instruction queue
array 202A hol ds '?ﬁgg LBI D t hat 1?‘:Irentifies the entry in | oad buffer 182A

t hat hol ds t he | oadddness comaparing cirewittyt he SBI D field holds the load SBID, if
there is one, for that the store instruction. The LBID and | oad SBID .
acconpany the | oad IPnst FEI’@twmsmpﬁeIem i tyethercompuising, thread management lagin |

the SBID field t not Iso in,l dbfe

instr 1D fiel 6“&18%@?'? ﬁgux}ﬁug gﬁ ﬂ’ff‘agﬁ “f“ﬁeé' Lgfﬂﬁ%ﬁ%mﬂﬁagement

I nstruction gyeue array 202A. The thread buffer ID Is inplicit in both | oad
buf fer 182A and® the trace buffer 114A. An op code field holds the op code
of the |oad instruqtion.Ti gre@dscr@t cREA 10] Wheteinhéithrddds arAeiRAcEN A aCH
the load instruction loads.. A entry valid field includes a bit indicating
the entry is octiremenicbrdsr develapediby the threabmanagement logie. t he i1 | ustrat ed
enbodi ment, an address valid field is not included because the address has
al ready been gener diZed by prcesspyeomprisig:D fiel d holds a PRID from

renane/ al | ocat e uni 2 which nd.l cates the destination of |oad o
instructions in thé‘t’ﬁﬂé‘gmg?%gemm Q8%52 - SB Hit, SBID, Thread 1D, and repl ay

ke el ot RS S o ST e

management logic;

an execution pipeline to concurrently execute at least portions of the threads;
and

detection circuitry to detect speculation etrors in the execution of the threads.

13. The prdcessor of claim 12, wherein the threads are created from
instructions of a program originating from off a chip on which the execution pipeline is
included.

14.  The processor of claim 12, further comprising replay triggering logic
coupled to the detection circuitry to trigger re-execution of instructions associated with
speculation errors.

15.  The processor of claim 12, further comprising a trace buffers, each
including an instruction queue to hold instructions of one of the threads.

16.  The processor of claim 15, further comprising final retirement logic and
wherein the instructions within the trace buffers are finally retired under the control of
the final retirement logic, but some of the instruction may be initially retired following
execution in the execution pipeline.

17. A dynamic multithreading processor, comprising:

a data cache to receive instructions to be executed; and

AT



At the ti.me store and load instructions are first received by

renane/ al | ogad gb3488d 150, entries for store and |oad instruct PERAISEES01
allocated in store buffers 184 and | oad buffers 182, and entries for
registers to receive | oaded values are all ocd’ed in register file 150 and
ROB 164. These ent riawuitnetordynamidally createthaedds from the\instructiphs amdbiot exebute at
like entries in trace, buffers 113, remain_allocated until a final, .
retirement. Acdeasypegions of the:threads eoncurrsntly.and te deteeland corest speculption egprs o
or load buffer ,ig full,.a store or |oad instruction, respectively, from

| -cache 104 wi I‘P%FFO XeGUIAN. ¢ b ough rename/ al | ocate unit 150 until an entry
is freed up. However | IRy | Scehei -

31 executed froma t?%gcetiog%?rf g{‘ﬂbﬁe&ﬁgﬁ*fﬁ%ﬁgﬁﬁgﬁgh&% ocal e‘ﬁﬁrﬁﬂ“ )
2. Conpari sons of jg.0ad Agf8cessH BnRIRS Ses Referring to FIG 5,
in programorder, store MX'in thread Tl i's executed before load MXis
executed in thread Tgrogtiavesmters;dause of concurrent execution, in tine
order, store MX may be executed before or after load MX. |If store MX is '
executed bef ore | oathréad managementdogieito contral theprograsteduatsrs to dynasucallyrcreste
load MX will be_ in the correct order, wwth respect to store MX. |

f all
i nstructions bethsradscandruhersinithe threadmanagement lngicanplyass inglryctions a?‘ﬁ%t is
tain that |oad W ll load th t | f | ti X
The correct. val (et i treponse QetebHi Sl o, anf W R mhamaBfBeptipecs
were run by an in@}]tﬂ%gﬁrtre%e&ﬁﬁé%geé;{ﬁﬁ@éoﬂ&u&aﬁ?}%&w&ﬂ& before store MX

I n program order have been retire en there ways a chance that the
data for store 19.  The processor of claim 18, wherein the thread management logic ends a

thread when the program counter associated with the thread catches up to a next thread
in the program order.

20.  The processor of claim 18, wherein the certain instructions include calls
and backward branches.

21.  The processor of claim 18, further comprising final retirement logic to
finally retire the threads according to the program order.

22. A processor éomprising:

thread management logic to control dynamic creation of threads from a program.

23.  The processor of claim 22, wherein the program originates from outside a

chip on which the thread management logic is fonngd.

—_———————

e



MX is incorrect. By contrast, if store MX is executed after |oad MX

intime order, then the specul ative execution of |load MX wll not be in the
correct orderW@ia1588spect to store MX and there is no cert ai ntRCTVURE/265%1
will load the correct value. It would only be by coincidence that the

correct val ue happened to be in nenory |ocation MX (or the data field of
the store buffer entry holding store MX until store MXis finally retired).
To ensure ultimate correctness of exegpgi on, MOB 178 includes various
mechani snms to ensure nenory data coherency between threads.

a. Execution of Load Instructions Before a load instruction is
executed, its address is conpared with the addresses of store instructions
to determine which, if gny, store rnjtruction is the closest earlier

mat chi ng store instructijon (CEMSI). '{Mat-ching” neans havi ng the sane
address as the load instjruction. "Eaflier"” nmeans the CEMSI is-earlier in
program or §&r than the ljoad instruqjijon. "Cl osest" neans there is no other
mat chi ng stoggql:struction bet weer™the CEMSI and the | oad instruction to be

executed. If ere is only one earlidgr matching store instruction, it is
t he CEMSI. If there is a CENBI, the load instruction reads its
data fromthe data field of ée CEMSI|, If there is no CEMSI, the |oad

instruction takes its data f menorly, such as
32 data cache 176, an L2 cacgeZor ndin nenory. Data frofpa store buffer.
184 or nenory is passed |t hroyki MUX 192 and witten t

2

ntry in trace

buffers 114 desi gnated by tﬁ}e'ﬁ"f_ hread ID and instr IQ Tghe data may al so be
witten to the register inr&'ﬁ_ster flile Z
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- 152 designated by the PRID. The data nmay al so be stored in data cache 176
dependi ng onwiowsessehi ng rules (e.g., wite back, wite througset/8§98/26501
MJX 192 is a bypass because it can b PASS nenory, such as data cache 176,
.an L2 cache, or nmain nenory. n one enbodi nent, a different
conparator is associated with each entry of each of store buffers 184 to
make conparisons between the address of the load to be executed and the
address of store instr NS. nparator 320 in FIG 25 is any exanpl e and
recei ves the | oad inst bn {d@dess and the store ggldress ofentry SBID 1
~in store buffer 184A Ct gr as_werT_asjout p/,@ condu from ot her
D COMI Ci r cuH=y-L302 = wj The | oad

conparators are connecte
SBI D points to the LBID a cldsqdst earlier storg |>ﬁstr,|-et-i§n CESI) with
respect to the load instjruction|tq be €xecuted Sljis TnH he store
buffer that has the sa hr l{oas t he LnstTuct gon. Igthere is a
CEMSI it%s either the CES| |or d#Blier than the | B program order.
Renane/ al | ocatg unit 150 [keepsey ra?< of @he b of st¢re an(%noad :
instructions in the progrfa priovi dest and th¢ LBIWD «@al ues. They
~may be witten through congui@ or[st26—to—tt bffers—i4. U} one
embodi ment, if there is no2CASI wijt hrespectgte afl oad i 1§t rugtion, then
there is no | oad y nl Lo W 14
Wwofl » ©lm =
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1928l | |55 el 2
w s 5 < J
2o I8 g ||g N
1 (@ - 2 ||+
o we - / =z
228 | |Care g, O
S 9 T Suoly =—
0 4 ‘ Eﬂfo -~ II
: g
i :NI <t T
mogl o 'S(D‘- > <2 @
39‘_ ": DO @ r'y g
<
= < g o
oo Q & 3 ‘Ql.zu Y
: I S o 7 ol
w o we J ol Wl o5
8: oW xOa5
. él.l. < I <<
L \ -2 . <
< w a 8' al @ ) =
Oz N—] -~ = 8 y Y 3
o R™] 7 Y -~
28 ol k
w
ﬁ g IR Igl Ka
<€ it 3 oY -
S| I &
o 3
3 ("

7
102

SUBSTITUTE SHEET (RULE 26)



SBI D associated with that instruction. This happens when the fi.rst nenory

i nstructi onwbrbgglgsf)ace is a load. Various techniques may be pepaisbirdagndl e
this situation’including renanme/allocate unit 150 sending certain signals

to indicate there is no valid load SBID. The array wap around bit,

descri bed bel ow, may be used for thig,purpose. Consi der store and
| oad instructions in the following programorder: store O store 1 load O

store 2 load 1 stol st | oad 2.
33 The store LBID ges [ gdeLBlDfieId are illustrat in store buffer
182A. The load SB @ Bﬁi he SBID field ag@ illusyjy
a2
F N

ed in | oad
buf fer 184A. For ekatmplie, ~\Q, t he SBI|D flle‘_lvd of LBBDﬁnt ry 1 indicates

i thi t
that the store instructlio —entwy SBI D Irc]u < ——§t
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store buffer 184A holds CESI with respect to the load instruction in LBID-
entry 1. | nybloyaidgpns store O, store 1, store 2, and | oad O aicTNoso8R6500r
earlier than load 1. Instructions store 3, store.4, and |oad 2 are younger
or later than | oad 1. There are various ways in which control
circuitry 302 may determine which if any store instruction is the CEVSI.
Exanpl es of the ways are discussed igsegnnection with FIG 27, wherein
store buffers 184A, 184B, 184C, and 1 84D are the only store buffers in
MOB 178 and are associated with threads A, B, C, and D, respectively.
Assune that the programorder is thread A, then thread B, then thread C
then thread D. In the exanple, the load instruction to be executed is in

| oad buffer 182C. There is a CESI, which is in store buffer 184C. :
Conductors 342, 344, 346, and 348 are jthe output conductors of the various
conpar at ors. Cbnductors 362, 364, 366, [&nq 368 provide control signals that
enable the conparators to perfor 1th iippns. In different

enbodi ments, control gircujtry 302 erablesY(1) the conparators for all
entries in each storéﬁguﬁﬁthC%¥é$-onl ‘'t hoge conparators that are in a
store buffer having a t BRANQH Tt ils tJe sane as or earller in program

i nstruction. Mat ch det ernpimAg | 0gi ¢ 356 det er m nes which, if any,
of the store instructions is the MSIl. In FIG 27, the store MX
instruction in the upper portion stjore buffer 184C is the CEMSI. |f
that store MX instruction were not injistore buffer 184C,

Tl .
N— -~

FUNCTION L7 / STORE MX

CALL ot T1
|NSTRUCT|0.N\’\\ ,

1
T2 ~
1 ‘\\
LOAD MX N
RETURN—

FIG. 5
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then the CEMSI would be the store MX instruction in store buffer 184B. .
Wi | e corrpa@ét\?%r §58§nd mat ch determ ning | ogic 356 are det er mppirRgosesbner
there is a P | ookup may be occurring in data cache 176 (and ot her
menory) to be ready if there is no CEMSI. Match determining | ogic 356
i ncl udes data path control |ogic 39% 2
34 whi ch provides signal on conducto/- é?O to controls whether MJX 192
passes data from nmenory or a store buffer. Under one approach there
are two priority determ natjons made by MOB control circuitry 302. One may
be to determne the prioritly of store instructions within store buffers.
Anot her nay be to determnejthe priority of the store buffers. The
determ nations may be i p ei Naefqorder. A carry chain structure may be used
in the determnation of, the priority within the store buffer. For exanple,
in one enbodi ment, for store buffer other than the one having the
same thread ID as the |oad [{mstr +d1, it is determ ned which, if any,
mat ching store instruction |s thelyoungest iB programorder. For the store
buffer having the sane t hd ™y D as“thg I Sgl/i nstruction, it is determ ned
whi ch, 1 f any, matching/ins rué}ion isr,__th | osest in programorder to
T2 AN |
T3 L/ T3
\\\ T}V*‘\[
N
H—11> \
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(i ncl udi ng equal
buffers that
in programo

to) the CESI.

Then,

it

the thread I D of the | oad instruction.

buffers 184 nay be circular arrays each having a head and a tail.

Initially,
However ,

store instructions with t
as store entries are deall oc

oF

the tail
eventually wap around so that the head points to a higher SBID entry than

Wi

is determ ned which of those store
?Jg)a%%tlgsonat ching instruction have a thread | D that pCHUSISR686X
€

Store

reater SBID val ue are younger.
and al | ocat ed,

does the tail. In one enbodinment, a wap around bit is toggled when the
tail goes fromthe highest to the |owest SBID value, an@ig pr¢gidegt to
cl osest match determ ning | ogic 356. b. ~« |Exectt ijor- of
Store Instructions When a store instruction is e%lc‘uted i.':j
address is conpared with the addresses of |oad instructi®fs dgter m ne
which, if any, load jnstructions that are later in programorder i(fyomthe
sane or a younger thfead) have the sane address as the storle j nstrjuction. A
closest later load ipstruction (CLLI) pointed to by the stqrej SBI '
desi gnates the eagi pst | oadsinstruction that may_be congi derpd. In
one enbodi ment, avdiffereqt &nparator is assdci ated vvitgq dach entry] of
each of | oad buffefs 18%&te-nake those compdfi $dns. One df | he
conparators is conpafatgy & 3%4, iITustjated in FIG 26L.kl\/Ere y ag ap
exanpl e, conpar at or\B24<i sy assqci at ed wutw §
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35 the entry LBID 1 of |oad buffer 1 82A. Conparator 324 receives the -
addr ess of 6 a%ﬁ&g instruction at one input and the addrespct/ossgnssdioad
address fi%Pd ntry LBID 1 in load buffer 182A at another input. A
signal on output conductor 326 signifies whether the addresses are the
sanme. Conductor 326 as well as output conductors fromother conparators
are connected to MOB control circuiztpy 302. Conparators (such as

conparat or 324) nmay al so conpare status bits of the store instruction with
status bits in the |oad buffer as described bel ow. FIG 28 is
simlar to FIG 27. However, in FIG 28 |load instruction addresses in |oad
buffers 182A - 182D are conpared with the address of a store instruction to
be executed, and match determ ning | ogic 356 determ nes whether to repl ay

|l oad instructions. In one enbodi nent, match determ ning | ogic includes
replay triggering logic 394 that provides signals on conductors 194 to
indicate to the trace buffers which |oad instructions are to be repl ayed.

I n one enbodi nent, nmatch determning |ogic 356 considers matches of | oad

instrucﬁ,hg&Rw'Mh the store instructionFq;Q@iGrpgAm with the

AND AND
RETIRE THREAD ID RETIRE THREAD ID
ORDER  NUMBER ORDER NUMBER
1 |THREADID1 (T1) 1 | THREADID 3 (T3)
2 |THREADID3 (T3) 2 |THREADID2 (T2)
3 |THREADID2 (T2) ™~ 3 | THREADID4 (T5) ™\
4 |THREADID4 (T4)| 198 4 |THREADID1 (T6) | 198

AT TIME T1 ) ATTIME T2

FIG. 9
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. CLLI. Different.algorithms may be used. Thread nmanagenent |ogic 124

i ndi cates thaggogssgead | Ds that are later in program order tha@nﬂh&&n&mead
I D of the store instruction being executed. In one enbodi nent, all

. conparators are enabled. In another enbodinment, only the conductors in the
| oad buffers having thread IDs equal to or Iater I n program order than the
thread ID of the load instruction aregggsibled. In still another

enbodi ment, only the conductors in the |load buffers associated with the
CLLlI and later instructions are enabled. The threads to consider can be
determ ned before, after, or dur* the detequRﬁilon as to Lch | oad

I nstructions within the | oad puftrers cone |ate rogr r than the
" store instruction. Un one enbodi nent, deL?btio {frcuitry to
detect certain speculation erfors in execution of ljoad instructions

I ncl udes the conparators—assogt+at fers portions of
match determning | ogic 356, 3nd associated control dircuiftry. In ofher
-~ enbodi nents, the¢ detection circuit mewhdt—dif-fgr ent
Ccircuitry. It id not requirdgd-thht thel detection cijrcuitfry to detpct
specul ation errqrs be_in the gxecufion pipeline, Dififeregt match
determ ni ng | ogijc coll d be used in cornefcti of wth data patn
INSTRUCTION |« »| _ DATA AND
QUEUE | DEPENDENCY
ARRAY 202A ARRAY 5064
7 Y S sl y W [122A
//196A
» INPUT REGISTER ' DEPENDENCY
/ FILE »  GENERATION
216 208A CIRCUITRY
) 194A
N~ 212A s
v
CONTROL OUTPUT “ .
CIRCUITRY | REGISTER j
224A 7 FILE 210A 216
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36 control

| ogic and replay triggering |ogic.

Cases in Which There is an Address Match

SBI D, Thre&'&’q9ﬂ,lssﬁepl ay Count (if used)) for tho

se younger

The status bicghmbodsggeni t,

instructions for -

which there is an address match is considered in determ ning whether to

replay. The status field indicates whether the |oad instruction got
data cache 176) or the data field of a store
ao0if the data canme from nenory
The SBID and thread 1D

data from nenory

buffer.

(e.g.,

The SB hit field has,
and a 1 if the data cane fromthe sto¢e buffer.

for exanpl e,

its

fields hold the SBID and thread I D of the store instruction from which the

data cane from The thread ID

he store i mMA0AICti on is{28A necessarily

the thread 1D of the load ipstruction for which {here is an\(ﬁdress mat ch.
The thread 1D of the load i fuction is inmplicitdN n the | oat~puffer. The
replay count field (if used) indicates which replal js jnvolved. (If the SB
Ht is O, theldata in the SBID, thread ID, and replay count fijlg@s is
_nmeani ngl ess.) If SB Ht O (previousdata.ftomnemry),| alreplay
event is signgled fromthe {oad buffer ovel  copfENDEN tjlo the¢ trace
buffer identiflied by the | ofad i nst+uction Wﬁ | iq::]lﬁt | pa
instruction and all dependept instruction mtheltrace
buffer. The ingstr ID and thfead | D ardq passed - ctorfs 194 to
i ndi cate which instruction §s repl ayed. CIRCUFRYt =|1 [plevious
data fromstore buffer), th¢ valjues i Set-B—H—phe—+h+edd ) D|field, and
replay count flield (if usedf C a§~i218Ai ggeréd. In a
first case, the thread—tb—e¥f—ikelsiqt =g ul | oad
instruction equal s{the thread 1D of |th tore instruction, gndjthe SBID in
the status figld of {NSTRUCTIONar ngtruction _matches 2 BBI D of the
store instructlion.{Int tuest cas o] AiTﬁ;ARRé\Yon ils yeplayed if
the replay coynt of the g? tijonf$ | arger tha repl ¢y count im
the status figld. }|f thé‘Fgﬁ r gpl py | count (beca[ggg stpre .
instruction cdn onl e |at| a“t+rme—ttgrgte—toafd ingﬂﬁﬂi on
is replayed. In a casg—t-he thr } [ ot ield
equal s the thrlead I D of the /196A
- ,| INPUT REGISTER ||
J | FILE
216 208A
' X 194A
|, CONTROL OUTPUT >
CIRCUITRY ) REGISTER k
224A | " FILE 210A 216

\_ TRacE N\ 114

BUFFER

FIG.
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store instruction,

of the store d

ti

on.

In the second case,
replayed if the SBI'D in the status

37 field is less then the SBID of the store instruction,

but not

but the SBIDin the status field does not natch the SBID
t he | oad i nst r upCTIS98/26501

repl ayed

if the SBIDin the status field is greater then the SBID of the store

i nstructi on.

and store instructi on do not match.

In a third case,

It

I'S

E read I Ds of the status field

thebd

expected that this is an

i nf requept—ctase—For_StmptT T Ty, —under—ome—enmyodir et —tthe—t+oad
Instructjon is replayed (even though it may be contrary to program ofder).
It may bp a false replay. The |load instruction when replayed will regeive
the corrkct store ddta. |Gt Her fpprioaches Jcoul d He used but they may be far
more conpl ex thaQis| jugtifledjforf sugh gn infrgquent case.
. Cases in I ch Therel i s{Notl an] Address Mt ch | f the gddfesses
do not mhtch, th np repl tri got except{ in the foll ow ng
i nfrequemt case. |f BBt ,-++%¥+4 ~+D—-eH+he—stat-us—-eld—at fhes
the thread I D of Lhe| stqre Jnsfrucfio nd the [SBID of the status |figld
mat ches fthe SBI D=Rf [he|stofe |insfrug¢ In this case, there is |a 'epI§5
and the fepl ayed¢hoap instrpuctijon yecegivels its data froma new entrly pr o
menory. N
Q
N oo~ ]|+|+~ J
<
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L
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C. Reset A thread is reset when it is determned that the thread
is not in. the programorder. However, |oads from other threggsnusosizgdohave

t aken dat aMX¥B$¥Me data field associated with store instructions in that
thread. Thread managenent |ogic 124 sends a signal to control circuitry
302. In one enbodi ment, when a thread is reset, the thread ID of the reset
thread is conpared with every | oad ilbh/2¥ery | oad buffer (except perhaps the
| oad buffer corresponding to the reset thread). Areplay is triggered for

| oad instructions where the thread IDin the status field natches the

thread | D—e#—bhe—reseﬁhm&—ﬂ*ﬁ-aadﬁuvﬁwmram-eﬁweﬁmpthe
appropridgte trace buffers Repl ay of BEPENDENCNEtI ons
As descrilbed g Ioadeujg@p;l o ST AT Y S ékéﬂ’ inr se to exegution
of store |nstruq ons. rrbodl erdit) stOCJNTSEY {g%gg‘ aéﬁ repl pyed
in response to r glster co sons |nthetrace bl er dicatp a :
regi ster fval ue h c anged. For exanﬂ»l e, referring te rFI 2 d 13
instr |Ds| 4 and trace buffer 114A which are gtorle luctitons, fare
shown to pe depeqdent on registers Rl - R4 111 0 0
38 4. Replays of Miltiplg loadllnstruclions

2 | T(1 1111

3 1111141

4 111100

5 11111411

DATA AND ' k
DEPENDENCY -~ 206A

Y FIG. 13
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It is possible.that nore than one load instruction in a |oad buffer wll
have st at us (J;bﬁlgsdratch wth a store instruction. In order tecgushs6s501
conpl i cat edeogl c, one approach is for control circuitry 302 to detect when

there are nultiple | oad address matches and cause all instructions after
the earliest load in the trace to be re-executed. 5. Fi na
Retirement of Load and Store Instructi,onsg When a | oad or store
instruction is to be finally retired, final retirenment |ogic 134 provides

signals to trace buffers 114 and MOB 184 indicating that an instruction is
to be finally reMOEﬂF]E'E)EREGlSS{'ER'St he trace buffepy P{Fné ged by the
instr 1D and thread D) is deallocated. In the case 0 ad Tnstructions,
the entry in theR4)ad aﬂferRel denRilf i e@4Qy t hR4t hreaR3I D anRA Bl D &9

deal | ocat ed. |rr5 Casg of fad TpLr ion

complete. In the—east USG crc ﬂnstru\,tlons l%g %El Ilggi] @
data in the datafleld must be com"nttedtome 23 PB4ca Q|320f Izgo
entry in thﬁ)s oFf m'. fre-he .\,e qnal ret nt

confirmatio rBceilvel +hatVrnk store is ¢ e. eL tXv Iy th
entry may be finally retired before confirmation, but reallocation of the
entry cannot ocgcur until confirnption is recej Signal s on _conductors
200 can indltatle Do {hr@ad{ mahageneht |l ogic. 24>(€\Zhe tXe|fijnat rlet| r@ngnt
of stores is conplete and the next thread can begin. SB RelTre
indicates that an instruction has been retired. At the tinme final
retirement |2gifc 34 |ngicpte15 thatq anl i nstryctxo hogl ¢ e 4|et|r dp g bit
in the SB RetiTed—fiertTSasserted—Once th Rettred fteta-is :
asserted, the associated instructionis witten to nenory in order.

soon as NCB, 84 earSgU AT § e[| mructlom |tm Y,
the SB Reti raéd "1' dll,s detssert df"“ the i ct ocm

Load buffer 182A and store buffer 184A may be queues with a head and a

tail . The, heg ruction ea t qge—+R |-
buf f er 184A|‘P d f‘ra e i I § I 52 I 1 | f ]
5 [ 1 {0 [ 1] 1] 13 1 X 1] 2

FIG. 14
- 244
DEPENDENCY FIELD DEPENDENCY FIELD

OF SOURCE 1 BIT FOR
' _|_ INSTRUCTION X

DEPENDENCY FIELD
OF SOURCE 2

FIG. 15
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buffers 114, retirenent and deal |l ocati on may occur

si mul t aneousty. Final .

retirenent ég%&s 34 provides signal through conductors 136p@frgsssidsot

Denmux 188 sév et her
39 one of load buffers 182 or store buffers 184 w |

| receive a retirenent

signals. Denmux 188 is optional and could be replaced by enable ports in

| oad buffers 182 and store buffers 184, F. Additional |nformation Regarding
Thread Managenent Logic and Fi nal Reti3enent Logi c I n one

enbodi ment, thread managenent |ogic 124 uses a tree structure to keep track
of thread order. Under the tree structure, the programorder (which is also
the retirenment order) flows fromtop to bottom and a node on the right is
earlier in programorder than a node og%% e left. Aroot is the first in

programorder. Atree is an abstrac//l wher eas
circuitry that inplements the_tree,

i nstruction follgévi ng a backward branch or a {functi
t hreads begin 9@ he next in t MODIRIEDRBSPINTY NBe

taken or the functign was not| REFSTERS 2
4 and 5). In so doiny, fromtje p%%f?iz\?eld
r

order of children nod of the thr ein
whi ch the threads were start exan
order, execution of thread T2 begins befﬁ e executi
program order, thread T3 occurs beforle ead T2.

a tree stgpggture is

Thr eads begirn at the

on call. That 1s
baclSETEITMNICch here not

d @ 2 | n FlIGS.
a trreagﬁ(‘%’%@‘?cﬁhe pr ogram
he rdverse e order in

lein EILG 6_ihtinme
on of thread T3, but in
I n one

‘enbodi nent, three events gay Tause a tnreadto D¢ renoved fromthe

READ DEPENDENCY

BUFFER USING
CONTENTS IN
MODIFIER
REGISTER AS AN
INDEX

A 4 -

MERGE SOURC

WITH CURRENT
INSTRUCTION
DEPENDENCY BITS
USING A LOGICAL
OR OPERATION

FIG. 16
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tree: (1).Athread at the root of the tree is renoved when the thread is
retired. Whenrybplesisgsead at the root is retired, the thread (nedayuses/aesois
next in program order becones the root and nodes are reassigned
accordingly. (2) Athread that is last in programorder is renmoved fromthe
tree to nmake roomfor a thread higher in programorder to be added to the
tree. In this respect, the tree acts ad/&5 ast-in-first-out (LIFO stack.
(3) Athread may be reset and thereby renoved fromthe tree when it is

di scovered that the programcounter of its parent thread is outside a range
between a start count and an end count. In the case where a child thread is
created at a backward branch (e.g., thread T4 and 29), the start
count is the target of the backward branch anmgﬂg‘ﬁa &Nmt is the program
counter value at the P&R®WBFERoranch instructi onQUEE ead started after a
function call can al so beRfdeset because there i sSARRAM urn fromthe

function, 40 al t hough i t
is quite rare for tM&m.. oe app.—&ach INBT®RHDIOWG With the '

possibility of there bei n@ no ~df{urn from aHuretea~s—to—Hgnore the
possibility and the gysten renove thread fr e tree when
it becones th?ﬁéOWEb T ' f en a‘thread is

removed from tre ht edINSTR rﬂéthreadonwch as a
trace buffer, store at-e—deat-ocat4d.

ar o UL UTN T UUCUTY

INSTRID 3

and

INSTRID 5

FIG. 17
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Events (1) and (3) are illustrated in FIG 29, which includes the threads
of the ex |9§3\}%§ FIG 6, with the addition of threads T5 apermSesréssiead
T5 starts fOrl (6 a backward branch instruction at point J and thread T6
starts following a function call at point K It is assuned that there are
only four trace buffers. FIG 30 illustrates the tree structure at tine
tl. Thread T2 is added to the tree Pf%% e thread T3 is added to the tree.
Thread T4 is added to the node after thread T3 is added to the tree.
Threads T2 and T2 are children of thread Tl. Thread T4 is a child of

thread T3. Follow pg t ul e To Tght to left, the
program and retirergnt %@ersy&ut bé%%#ﬁ %é g1d T2. FIG 31
illustrates the trpe stpyctre at time t2 assymng tHatnthread T4 is reset
before thread T1 rétires. T;L_pmg.n.am and retilrenent lor gl \PszﬂﬂAhread T1,
T3, T2, and T5. FIG 32R2 luystrates the tree structurle ft time t2 assum ng
that thread T1 retires hefqreThread—T4 s Teset—Tt br ogr am and

retirement orders gre tRdad T3, T4, T2, and 6. FIG]| 3 'IIustrates t he
tree structure at {ine , Which is after the finme thr¢ Py es and -
thread T4 is reset] The prod Atl-ordersl a %? 5 and
T6. Event (Zy s rrrustrated rm AF1TG 34, Wil cim1nc (%

functions. In tinme order, the threads are created (started) the order

T1, T2, T3, T4, and T5. However, Ft@p ggm order is T1, T5, T4, T3, and
T2. In the exanpl e, there are onI

REG VALUE ORPRID STATUS
R1 | — 208B
R2
R3 INPUT
ra | - REGISTER
' ‘FILE

FIG. 19

— 280B
OUTPUT - INPUT
REGISTER FILE |—» COMPARATOR |+ REGISTER FILE
210A 208B
REPLAY N
TRIGGERING | 284

LOGIC

FIG. 20
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buffers. ,Therefore, not all five threads exist at the sanme tinme. FIG 35

il lustrat esg%‘liugg 1skd €€ structure at time tl, which is before poramsds/Z@ohas
started. Pr rﬁ'and retirement order are T1, T4, T3, and T2. Thread T5
is not yet part of the tree structure. FIG 36 illustrates the tree
structure at tinme t2, which is after thread T5 has started. Thread T2,
which is |owest is programorder, is {éa/gqsved fromthe tree structure to
make room f or . 41 thread
T5. Athread that is renoved fromthe tree may be restarted at a |ater
time. Alternatively, another thread!mayjexecute all .df pa

instructions of the thread renmoved fresthe tree.,/rn_)ne' m@g’iq;ﬁE{EGilﬁTﬁ%
case of reset, a thread mayFSINCTHON oi h the next followi ng TW&&F At Adr
than the reset thread. Alter naGAuEIE, the thread ngy |judNTERMEDATE TIME

ot herwi se epl¢PPUTTREGQISTERNS of akN(ay| 198 may b§qpel for MIRING FUINCTION
of the tree T hte-”a ad_| he children t:Preads are properly :
posi ti oned g%mq, gé{}%ram order jn the tree st W/e. (Al t hough the
program ord Y y thread nagermat | ogi ¢ 124Tey @'%GJST)EF(\

thread is finished when it éoi ns or fches thesprogram rT Y EKie
thread in the trdNPUT REGISFESR dec I f [there is onty one?ﬂ i%ﬁéf%
thread, then that FR.E OF T&ATt hread J pro%mﬁgp_ r e TURN _
INSTRUCTION AFTER T2
FUNCTION CALL

FIG. 21

LOAD LOAD LOAD
BUFFER BUFFER BUFFER
182A 1828 182Y
STORE STORE STORE
BUFFER BUFFER BUFFER
184A 1848 184Y
MOB 178A MOB 1788 MOB 178Y
h A . T
t .
MOB 302
CONTROL —
CIRCUITRY
\292 - 178 . MOB
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in FIG 33,
' retireqn
assenbl e ar§§§&¥§§9
There may be decodi ng
of thread managenent
Array 198 may not be required.
provi des information for at
specifies retirenent order;

Fi nal

thread T2 is the next thread in the tree in programorder,
Ic 134 gains information fromthe tree stg
%r straight fromthe circuitry of the treéagﬁﬁﬁéﬁﬁﬁﬁ.
circuitry between the tree structure and other |ogic
|l ogic 124 and logic of final retirenent |ogic 134.
In summary, the tree structure

| east thelfp2s owing purposes: (1) the tree
(2) the tree specifies programorder, which is

used by}, for exanple, MOB 178 as described above, (3) rne—rree—spee+##es-an
end poijnt of a thread by |nd|ca§hﬁg t he Smhrtlng i nstg@Icti on of anot her
t hr ead; é%epthe t NBSTR uRy REd ur ce allm on by |nd|R
whi ch r ceBIBre| Pvai CODE arAiDﬁ]Rct\,AEE?uer'ﬁAg Z\éj%aREIIRE9 %ﬂ
Enbodi nent  W-hew—NHi—-t-heeading 3 il ates a pro EQN-
100 i ncj ufi ng Op peI HSTORE djrocessolr 100 ils sifilar t¢ procegsor 50.
However| a t rfaee—puifgr—a300—s—the—onlly tracd huffdr and 4 MB 310 is tHe
only . APrqcdsspr 50 SECMRE'kisigned to prdcess rfultipl ¢ threads. .
Ther ef of e, t ljreactrran gc“cutreg+e—ks— wredifor processor §100. Tr gcle
buffer 308 rayl be si iSEORD 2t ace buffer 114A, for exanpl e, exdept that
mul tit hr ead gpecttTc—jconponentis arc%gz Fegtli+ed—tkor—exanpl e onduct orls|
216 and o8t pyt 2 epi sterSTaﬂ'EZlO
42 woulld not e TEedeq—VarTousicHrectty—Hes dpecul at jjdn
errors, 4 2 STORE4
\ 184A FIG. 2 3 \ STORE BUFFER
STATUS
INSTR OP  LOAD ENTRY SB THREADRep) Ay
'BIDSBID 1o coDE ADDR vALID PRID HIT SBID 1D ‘copnt
011 LOAD 0
1] 2 LOAD 1 |
-2 4 LOAD 2
3

\ 182A

\ LOAD BUFFER

FIG. 24
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i ncluding:well known circuitry. MOB 310 may be simlar to MOB 178A, for
exanpl e, exc multithread specific features are not reguy

exanple, a th??aggklh%éofi el d woul d not be needed in the | oad buf 1?‘??‘1.:,6 e?ﬁ
conponents of processor 100 may be nodified sonewhat with respect to their
configuration in processor 50 to remove nmulti- threading related features.
Trace buffer 300 and MOB 310 nay be us?ﬁ/ﬁﬁ connection wth various

specul ati ons and recovery fromerrors erein. The trace buffer allows a

| arge number of instructions to be held outside the pipeline for possible
replay before final retirenent. Processor 50 could be used in
connection with a non-nultithread program In that case, thread managenent
| ogic 124 coul d al ways keep the sanme thread ID in program order.

Al ternatively, thread %rﬁ 531@4 ogi ¢ 124 could be disabled. In the
non-nul tithread case, EQEE trace buffers 114 and only one of the
MOBs 178 are used. Altern QA/BIy, trace buffers could be conbined to nake a
| arger trace buffer adMSTRBETI@ON I be conbi ne;d—-t@OMPARaATgFger MOB. H.

Addi tional | nfornatiBREINGEXESUTEE ferring to FIG 37, a
processor 400 is a nmulti-processor ( chip incljuding multi-pipeline unit

402. Multi-pipeline unit 400 darrrers trromjlshared{resource32® peline 108 of
FIG 2 in that an entire pipeline (e.g., separate_LféLaJJ_m:ate unit for
each ' -

RESULT OF

ADDRESS OF STORE — COMPA
INSTRUCTION HELD a0 RISON
IN ENTRY SBID 1 OF -
STORE BUFFER 184A |
ADDRESS/ STATUS BITS
OF STORE INSTRUCTION —~ COMPARATOR
BEING EXECUTED N
- - 326
~ RESULT OF
ADDRESS/ STATUS BITS — COMPARISON

OF LOAD INSTRUCTION
HELD IN ENTRY LBID 1
OF LOAD BUFFER 182A

\-324

FIG. 26
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pipeline) is included wth each of pipelines 0, 1, ... Wof nulti-pipeline
unit 402 equal to or nore or less than X ) O herw pernB6s?Ee6isor
400 may beWQS?Q’éFggPaI the sane as or very different than processor 50. O her
processors may include sone features of nulti-pipeline unit 402 and sone

features of pipeline 108. Each of the processors nentioned herein,
may be included in a part of a varigt of conputer systens. Referring to
FIG 38, nerely as an exanpl e, proc‘e’ 3r 50 may be part of a conputer
system 430. System 430 nmay al so i nclude a second processor 434. An

on-chip second | evel (L2) cache may be including within processor 50.
Processor 50 may communi cate with a memory controller 440 through a

processor bus 442. Menory controller 440 may communi cate with main nmenory
446 STOREBUREER s 487 ORE BUFFER STORE BUFFER STORE BUFFER
43 througfNpyses 452 and 4% ich may be gus) . eI I ne
sim FI GS.
proc@mi’%f%ﬁ ABTORS rond t@i%ﬁ QQWAEA*ORS
conpprent-s~-haty are |n Acamacicamms Ugl ster r\1 “““““ {e~gn, Ienarplallocate—
uni tj 150) coul d|{be nodified to STOR_E MX
STORE MX'I{ LOAD
' —> CESI
STORE MX SBID _ STORE MX
‘ > STORE MX |, >
184A _1_8ﬁ§ 184C 1§_‘}_Q
™ ~ | ~ | g
342 344 . — 346 348
362 364 11 ] 366 368
' MATCH
- DETERMINING
MOB 4 394 LOGIC 356 | [
CONTROL \ —
CIRCUITRY REPLAY e
TRIGGERING 1= MANAGEMENT
302 LOGIC LOGIC
390 124
\ DATA PATH
— CONTROL
LQGIC
| N
370 L . | 194

FIG. 27
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remove renam ng-rel ated features.
descri bed angydbd/sisgs at ed are only exenplary. Various other ci pCwuses/ 26301

details could be used in their place.
etc.

tradeo
the re

t echni
or sig

conti nuous as illustrated, but

struct

ffs in size, |atency,
servation station,

gues.
nal s between two

ure.

pur posed-OAR BEFFRERJevi ¢ONBBYRIE

defi ne

d boundMND es.

For exanpl e,

The circuits

Further, there ma

are too |l a
gﬁ?%? ucted acco
Sone co
be broken up by

Eures ar e

Rhave tol

and details that are

y be various design

t he maxi num operati ng cl ock
frequency may have to be reduced if buffers in the execution path (e.qg.,
register file,
illustrated herein may be designed and c

in
rge. The conponents
rdingly to various

There may be internediate structure (such as a buffer)
illustrated structures.
rat her
The borders of the boxes |n the fi

nductors may not be
i nternedi ate
for illustrative

BdFE&Ronent £ QADNBURFER
The rel atAMD si ze of the illygNDated conponent saNg not
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- hi gh srgmat—Ts—degjcri bed uld be rgpteaced | ogi cal —ew
si gnal {and vice vésa. ' The conponent s |I|.LQ§¢D Mi)éd in a prlocessor
may alf be on the |[sane pr . Al t er ngtTvety—fortexanpl g, the
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44 m sspecul ation. Those skilled in the art having the benefit of.
]'Ehi s discl 59(;_“%’0“ appreci ate that many other variations fpqi)sobi®sso

or egoi ng descCription and drawi ngs nay be made within the scope of the
present invention. Accordingly, it is the follow ng clains including any
amendnents thereto that define the scope of the invention.

45 CLAIMS What is clained is:

1. A processor conprising: 2145 executi on pipeline to
concurrently execute at |east portions of threads, wherein at |east one of
the threads is depen&ent ohl at | east another one of the threads; and
detection circuitry t‘Q\(;I_#:éct specul ation errors in the execution of the

t hr eads. 2. Jprocessor of claim1l1, further conprising replay.
triggering | ogic coupledto The_ detectibn cir@itry to trigger re-execution

of instructions associatéd With ~*~__ -/
. \\\_ ;\\‘ T1
T2 ' f\\
_ |/
L T:ik*‘*. 13
| -

TREE AT TIME t1

FIG. 30
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specul ati.on errors. 3. The processor of claim1, further

conpri si ng Wﬁs}lséo” ggering logic coupled to the detection cperTsIs65610
trigger replay of I nstructions associated with specul ation errors.

4, The processor of claim1, further conprising trace buffers coupled to
the execution unit to hold traces of the threads and wherein at |east part
of the detection circuitry is included within the trace buffers. 5.
The processor of claim1, further coff3%ing a trace buffers, each
including an instructign.gueue to hold instructions of one of the threads.
6. The processor of N mb5, further conprising fing ’tirement |ogic
and wherei n the inst ons within the trace bufferg finally retired
under the control of s fN\pal retirenent |ogic,- but t he
instruction may be jhiti etired followi ng execy
pi pel i ne.
decoder and -
t he threads, @
receive instrogtifons fromthe deceder concurren : 8. e
processor of cljaim 1, wherein the execution pipeline includes a nenory
order buffer (NOB) and at |east part of the detgction circuitry is included

in t he MOB. 46
i ng circuitry includes:

9. The prg pbr of claim1, wherein the d

TREE AT TIME t2 TREE AT TIME t2
ASSUMING ASSUMING
THREAD T41S - THREAD T1
RESET BEFORE RETIRES BEFORE
THREAD T1 THREAD T4 IS
RETIRES RESET

FIG. 31  FIG. 32
(™)

TREE AT TIME 13
@ AFTER THREAD
T1 HAS RETIRED
AND THREAD T4
IS RESET

FIG. 33
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regi ster content conparing circuitry; and addr ess conpar i-ng

circuitry. 0. The processor of claim1, further c S9sPgs01
g%%?ﬁlsfml Peery

t hread mana ogi ¢ and program counters to create the threads under

the control of the thread nmanagenent | ogic. 11. The processor of
claim 10, wherein the threads are retired according to a retirenment order
devel oped by the thread managenent ?9* 12. A processor

conpri si ng: t hread managenen %g program counters to
dynam cally create thrieads under the control of the thread nanagenent

| ogi c; an execution pipeline to concurrently execute at | east
portions of the t ads; and dete circuitry to detect

specul ati on errorlsTrfn t he executilgh of ttht hr eads. 'H T The

processor of claim\l2,{ wherein threads are crga ed fro nstructions

of a programorigin 'ngfro,m’o acjnp nvvhyc‘ﬁ Eeét'on pipeline is
i ncl uded. 14. The pro essef of{claif 12 fur,t’ conpri sing
replay triggering Ioglc’couple to the e?éction (yrcwtr to trigger
re-execution of |nstruk{|ons aspQci at ed ;i\th spedwl ation grrors.
15. The processor of c‘l\a\l m 12} Ptyrther}cogprisifpg™a tracg buffers, each
i ncl udi ng an instrugkfion queue hb*g ipgtrustio onqne of the threads.
16. The processorﬁgfr cl ai m™M5 urt h\s.rJ rrpr|SJ, g\finah rfetirenent | ogic
and

T2

T3 T4 T5

TREE AT TIME t1 TREEATTIME t2

FIG. 35 ~ FIG. 36
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wherein the instructions wWithin the trace buffers are finally retired under

the control h&ofi nal retirement logic, but sone of the i rECT/USISRE6%INRY
be initially I‘et9I reg foll owing execution in the execution pipeline.
17. A dynami c nultithreadi ng processor, conprising: a data
cache to receive instructions to be executed; and WD 99131580
47 circuitry to dynam caIIy ét;}eate threads fromthe
i nstructions and to execute -at portions of the threads
concurrently, and to detect and correct specul ation errors in the
execut i on. ————detectromrThircuitry to detect spegylation errors in
t he execution gf the threads. N 18. A proce%or conpri si ng:
program count erfs; and lthread managenent | ogidagt o control the
program counterfs to dynam cally T date threagdg, {a Qnerei n the thread
manager®@nt | ogik analyzes instructilons and starts® < t3r eads |er response
detecti®g certa) n{inskrfictijonf, dnd the thigad manag¢mente og_l_c\<
i ncl udes tree| strucfuge tjo keef r ggrE&m aeddr S
19. The Wwroceps¢r of ¢l aijm L8, jwh nagene o@c ends a
t hread when“he}p ogr am| count e%essociated with thelthread caD ﬁup to a
next thread < o < T 0.
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I n the program order. o 20. The processor of claim 18, 'wherein
the certain instructions include calls and backward brerais9826501

21. The WIQﬁ?@égsﬂr of claim 18, further conprising final retirement |ogic
to finally retire the threads according to the program order.

22. A processor conpri sing: t hread managenent logic to
control dynam c creation of threads froma program 23. The
processor of claim 22, wherein the 287@gram ori gi nates from outside a

chip on which the thread nanagenent logic is forned.
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