invention relates to speculative registers 5 inplenmented in a programmabl
processorywol@RygAat i onal progranmabl e processors, such as gcgidsalssgnal
processors include a variety of hardware designed to inprove perfornmance of
t he processor and increase the speed at which software instructions are
executed. The 10 additional hardware, however, typically increases the
power consunption of the processor. "Plpellnlng is a technique used in
conventi onal progrannabl%ﬁﬁgiggggggigtgiiﬁggggggggggﬁi|ons are overl apped
in execution in order to g speed. A pipelined
processor typically processes instructions in a nunber of stages. An
instruction noves fromone stage to the next according to a system cl ock,
which "typically has a clock rate dsoxeRoogd by the slowest stage in the

pi peline. 20 Wile processing instructions, "hazards," sonetinmes prevent

t he next instructhiion infrehB&ohNsératdd ad Sbeealf 1w XEGHIr8g. For exanpl e,
a data hazard nay arise when an instruction depends on the results of a

previoys  imyRHIEHA BOHLPRIamABI%F brioRstssel i on that has not finished
processing within the pipeline. Only when an instruction has finished being

processed Wﬁthlft&HV%thBQE&nﬁr@éﬁhmﬁébﬂéeﬁﬁbéésgwtétfﬂhéﬂ)d%rehglﬁﬁiura|
regi sters, where the results are general accessible to su sequent

instructiong; gmat gﬁo@eg%bhsgeln%@e l-éaqugtyt beref QkarL U3¢ ghbe vbpeline
to "stall" and reduce the pipeline s perfornmance. One type o? har dwar e

addi tion thah, PR RRirdRheiBat 68 i lgﬂyc@égo@mhlf}?cxtéys%ugheug gog avoid
stalls is a to specul ative register. A speculative register is a reglster

t hat speculﬁg%wh r;,ro%%s&a [ hse Y@l S dhatet BgeAiCdU t echiyral register will

have when t processi ng of an
10 additional hardware, however, typically increases the power

; e3epHn 86 THQLMWO 02/ 506G/ SPECULATI VE REG STER ADJUSTMENT -4 This égi:)

consumption of the processor.

“Pipelining” is a technique used in conventional
programmable processors in which instructions are
overlapped in execution in order to increase overall

15 processing speed. A pipelined processor typically
processes instructions in a number of stages. An
instruction moves from one stage to the next according to a
system clock, which typically has a clock rate determined
by the slowest stage in the pipeline.

20 While processing instructions, “hazards,” sometimes
prevent the next instruction in the instruction stream from
executing. For example, a data hazard may arise when an

instruction depends on the results of a previous
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instruction in the pipeline has finished. However, sonetinmes an instruction
that wites to the speculative 15 register is termnated before it wites

to the arglighReder al register. In such a case, the specul gpRel/g@kpt er My
requi re adjustnent. 20 DESCRI PTION OF DRAWNGS FIG 1 is a block diagram

illustrating a programmabl e processor according to an enbodi nent of the
i nvention. -2 WO 02/50fifi7 PCT/USOL1-1633-t FIG 2 is a block diagram

i1l ustrating Xyt PRld MHAGaAdhRG bR sehediaeat ok nkhe
invention. FIG 3 is a flowdiagramillustrating thetimng advantages

reallzed By dhandse O 1gPRlAln 9 d:egiahats RaACEahdRdd Redfgembodi ment

of the invention. ow di agram ustrating a node”of operation

i nvol vi ng _adj ust nent .qf .s ul at.i ve .registers according tq,an _enbodi nent of
the i nventplrorﬁ:.esl'—sleé] "‘%%ll'*slrgetfcheoﬁlé’le GPEMAE ddSr &G T ¥ ﬁﬁ:i%&‘fle?:r? way 10 of

adj usting a specul ative count regi ster according _to an enbodi nent of the
i nvent i on2Yahgtesturad giegde thtsgr SReme fder &eshd teoditegeneRad 1y r cui t
according to an enbodi ment of the invention. FIG 7 is a flow diagram
i 11 ustrat iangFes i & omedd SEfqUER togasatiush igpcoddi ndet @imelénsoedi nent of
the invention. FIG 8 is a block diagramillustrating a hybrid circuit
accor di ng Dad aa i aezsyold, marite reff dreg  icavert ithue. pEPE1 i%el ltlouststallés and
exenplary circuit for increnenting a speculative register in a hardware
| oop reduce the pipeline’s performance.
One type of hardware addition that may be implemented
to improve pipeline throughput and avoid stalls is a
10 speculative register. A speculative register is a register
that speculates or predicts the value that the
architectural register will have when the processing of an
instruction in the pipeline has finished. However,
sometimes an instruction that writes to the speculative
15 register is terminated before it writes to the

architectural register. 1In such a case, the speculative

register may require adjustment.

20 DESCRIPTION OF DRAWINGS

FIG. 1 is a block diagram illustrating a programmable

processor according to an embodiment of the invention.



20 scenario according to an enbodi nent of the invention. -3 WO 02/ a0667
PCT/USO1 /-1G33-1 FIG 1 is a block diagramillustrating a programabl e

processonry@ g2/Rfsecessor 2 may include an execution pipelinpepudoidisssa
control unit 6. Control unit 6 may control the flow of instructions and/or

data through pipeline 4 according to a system cl ock. For exanple, during
the processing of an instruction, control unit 6 may direct the various

conponents of Fhe.p2peki debfotR deagdemt DE1IOoELfyIChh 0OBxaRch £orrect |y
perform the correspondi ng operation including, for exanple, witing the

results baﬁisemngeae&ardiﬂﬁtw%oeabaaym@ﬁt'Qfd@tﬁeigﬁg%ﬁtsiéﬁ?t stage of

pi peline 4 and processed through subsequent stages. tage nmay process

I ' : b .th [
b pel i no 4 tur TG ooy R 8 Bt nac Bgerlet L TREc PR TRy CHIF “BihiRac T Geti on may

energe at _the gnd of thﬁ,gigeline 4 in rapid succession. Processor 2 may
i ncl ude oRBVBPCABPE LPehi FeUtRY aFReouFegPst BPeCH IRt FRyr ¥bF e ¥ he resul ts

of one or nore instructions that have finished being processed in pipeline
4. |'H addpreEFrerIipsotesadrenbadiment| afetbpelvyembienspecul ative registers
that may predict the value that -9 WO 02/ S0667 PCT/ USOL/ ~633~
architectural F&giséeis anylowveiagrameillivsiteat sy desooddedfi n det ai
bel ow, in sone instances, the specul ative regi sters may requi re adjustnent.
Ther ef or eopepaessnr i2vabyihgphefrestmone of speculitihe teghstgres
according to an embodiment of the invention.
FIG. 5 is a flow diagram illustrating an efficient way
10 of adjusting a speculative count register according to an
embodiment of the invention.
FIG. 6 is a block diagram illustrating counters in a
circuit according to an embodiment of the invention.
FIG. 7 is a flow diagram illustrating a hybrid mode of
15 operation according to an embodiment of the invention.
FIG. 8 is a block diagram illustrating a hybrid
circuit according to an embodiment of the invention.
FIG. 9 illustrates an exemplary circuit for

incrementing a speculative register in a hardware loop

20 scenario according to an embodiment of the invention.




5 described herein to adjust the speculative registers. FIG 2 is a block
diagramillustrating an exanple pipeline. A pipeline 4 has nultiple stages
that may #asedidobet e execution of nmultiple instructions coqqﬁr ﬁﬁ "
pipeline 4, an instruction nmay enter an instruction to fet ? F§ stage 12
during a first clock cycle. The instruction nmay then conti nue down the

pi pel i ne during subsequent clock cycles. Typically, additional instructions
enter |F stage 12 during subsequent clock cycles respectively. The nunber
of stages in pipeline 4 15 nmay define the nunber of instructions that

pi peline 4 may service sinultaneously. The different stages of pipeline 4

- may operate as follows. Instructions may be fetched during IF stage 12 by a

fetch unit 13 ppg, decpged $108k 1 ASdgHeh i DM UGSt B & oreyehnindtglglecode
(DEC) stage 14. During an address cal cul ation (AC) stage 18, one or nore

dat a addr or a t eIy, Add £55 65 o]
performtﬁ%gogggg%?%n Spég @E%&)j’:oié/qsll 6%%%%&} USOl/é/}'E 633 1 mﬁ%@gﬁﬁ%

t t 22 t f d
oper Bt | ond S0neabon o0 NI B! ot hobr VR (F g 1ot hEopuSbr s

Execution units 23 nmay contain s F0|allzed har dwar e, fo Jornlng t he
oper at i onElawi af| HF hEUCEbYRBxA dmkR oF TR RIRFINEIG ¢ 1 ogic units
(ALU s), floating-point units (FPU) and barrel shifters, although the scope
of the preseardingeheiansystemtcledkt edFoh eFBPIRs¥E¥INA ¥igiety of data
may be applied to the execution units 23 such as the addresses generated by
data to addoesssiyegecftansindtrdationetcomivedl fumht nernmay @ireft sthetri eved
fromdata registers. During wite back stage (WB) 30, results may be

witten tgaaipREDENMpOSELLONCOr tHAL pipeliné e4 stexdettdd tlvet he pipeline 4
or to data registers in the pipeline 4 such as architectural registers 15

32. Jhe Siﬁ?@?.u@f'_l@hp@ﬁ&in@oﬁr@@flynﬁék'ﬁ@rrﬁ?n@h@rc@f@s 5104 circuits, such
as a op, for storing data. Architectural registers 32 are generally

Foaded Onego POk OR! LhoLhanubas Ll nLalifgh bel po: prosessed: Lauptpalide 4 and

thus, "co e sysfem ypica occurs .g., at the
conclusiog of WB stage 30. Therefore archltectural registers 32 are

gener al | y*Rr PEP8hY sever al

Instructions may be loaded into a first stage of
pipeline 4 and processed through subsequent stages. A
15 stage may process concurrently with the other stages. Data
may pass between the stages in pipeline 4 during a cycle of
the system. The results of an instruction may emerge at
the end of the pipeline 4 in rapid succession.
Processor 2 may include one or more architectural
20 registers that may store the results of one or more
instructions that have finished being processed in pipeline
4. 1In addition, processor 2 may include one or more

speculative registers that may predict the value that



clock cycles after an instruction enters pipeline 4. -6 WO 02/ ~0GG7

PCTlI USO1/ ~G33. 4 There axe many scenari os, however, where it nmay be

advant agepaisgeeaccess data associated with an instructi opchalfeigsshe
instruction has conmtted. For this reason, pipeline 4 may inplenent one or
nore specul ative registers 5 34 used to speculate or "predict"” a value for
architectural registers 32. Generally, the specul ative registers 34 may be

witten widdtrdaled tResacirdfc tddtd iy haskr det itae Fefenre .t hasi nstruction has
commtted. Unlike the architectural registers 32, speculative 10 registers

34 are tyRiLRl Pt S URRA 18D AN iNSLHAC QR 23Rk sOf tRlcocessor 2.
Therefore, program code may not be used to directly access specul ative

registers 4. 10l s\ SdAANALs G IUATIE' SN NGk N abhe Loogave data in

or out of Speculative regis way that "he or She 15 could
« Wi th architectural reqisters 32. l_guje i nstance, f xanpl e, .where
specul at | WF S ers Mve HRRIHRPHY\CRG 2JeB0F S 8%; t%ﬁaltﬁ\ﬁi’l"‘éqlu(%p. " A
hardware | oop is dedi cated hardware used to handl e software instructions
withih a IBGFEORst Mrdein foqddsttufheo sPesiladtdiven *egds tedst-ance, may
initialize the hardware. Then, loop instructions nmay be cached into |ocal
regi sters or builfGer £ disd a gk fdigarenodd lustal tiagi sneexampdei t er ati ons
of the loop. In this manner, instructions WO 02/ 11G67 PCT/ US011. 4C33~
cached i n gilpe lHaredwarze digegd, imayd neis medd iod eb e theteshathaftr maaynenory a
plurality of tinmnes.
facilitate execution of multiple instructions concurrently.
In pipeline 4, an instruction may enter an instruction
10 fetch (IF) stage 12 during a firét clock cycle. The
instruction may then continue down the pipeline during
subsequent clock cycles. Typically, additional
instructions enter IF stage 12 during subsequent clock
cycles respectively. The number of stages in pipeline 4
15 may define the number of instructions that pipeline 4 may
service simultaneously.
The different stages of pipeline 4 may operate as
follows. Instructions may be fetched during IF stage 12 by
a fetch unit 13 and decoded from instruction registers 15
20 during decode (DEC) stage 14. During an address
calculation (AC) stage 18, one or more data address

generators 19 may calculate any memory addresses used to

perform the operation.



Specul ative registers 34 are highly advantageous in a hardware | oop context
because they may all ow processor 2 to 5 nore quickly detect and initialize
t he har dvw@gipzlsegn. As noted above, the data in a | oop set yriuxei/fi¢sdi on i s
not witten to architectural registers 32 until the instruction has
commtted. Thus, if architectural registers 32 are used to initialize a
hardware | oop, the first instruction 10 of a hardware | oop may not be able

to enter pipel bogidgunhel ekbeutoen §€éﬁ§siQQAPQENiOéxééﬁtfgﬂﬂﬁﬁiﬁg- For
exanple, if the first instruction in the |loop enters pipeline 4 before the

| oop set upsi mggr pelirgpmhasecPrMLlt 8erhPeoALECBLLACLYY a§oge§k§ﬁsi§/b32 may

- not be set up fto 15 identify the instruction as part o oop. reover,

thi bL gy ' h i pglipe, 4 ] For th
reasons, a0nsag ek HRTEE PEabi ud BuREE: 0 BELSOGH fob "FhEPTCER B8 1 ons
f har d , , t bat t d t I f the | , t

specul at | ven58 FegPerars and baediipdri 687, Bgr SobrdnastRrayPeRak BBoused 1o
setug a hardware | oop before the | oop setup instruction has conmtted. For

this reashﬁ?lPﬁﬁpéweﬁPFn@xéﬁglﬁr RBfeOrgmore @y HoMSHIE7l PEiF US L S633~
specul ative registers 34 may increase processing speed of processor 2 by
reduci ng 6ALEVEI di ddorbdpgsprinp pradbt i(EBV) | andhkahaedwaheftenp, exanpl e,
the top value witten in speculative register 34A, for instance, may point
to the 5 &ilthbuighstheckcopeobft hbel pepseitheihothbional senotr Limehedn
specul ative register 34B, for instance, may point to the last instruction

of the |o@a. thhe Q@@pbcﬁa|UE,Vé@ietpsbﬁnéﬁtamﬁé?tﬁé &gpﬁpggutatkné register
34C, may specify a nunber of iterations of the Toop. By initializing the IO

ot BRI Sppeamperacennte! g -l asticploprieatr it bgnaar
bOtH8n]in%&&%%%EO%eg%ragbrs 19, data retrieved from memory or data
retrieved from data registers. During write back stage
(WB) 30, results may be written to a memory location or
data registers external to the pipeline 4 or to data
registers in the pipeline 4 such as architectural registers
15 32. The stages of pipeline 4 may include one or more
storage circuits, such as a flip-flop, for storing data.
Architectural registers 32 are generally loaded once
an instruction has finished being processed in pipeline 4
and thus, “committed” to the system. This typically
20 occurs, e.g., at the conclusion of WB stage 30. Therefore,

architectural registers 32 are generally written several

clock cycles after an instruction enters pipeline 4.



decrenenting a specul ative count register 34C), a hardware | oop may be
setup and efficiently executed by processor 2. 15 Another instance where
specul at iwe oee@icst ers may be advantageous is for use w thpggiugh/RasNt s.
Watch points may inplenented to aid programers in the debuggi ng process of
a programraebl e processor. Watch points may be set up to nonitor or "watch"
particul ar instructions, particular 20 types of instructions, accesses to a
speci fi ed nenoThekecakkeonangr saayapiber hondvérpnwhsseci atwgly ibé h an
instruction. If, for instance, an instruction being g _ WO 02/ S0667

PCT/ USO 14iabadtayabohedol sce¥esUligdal Bskbeipt o8l ken aadef hsecuoupbger of
tinmes, the system may inplenment a particul ar exception. Watch points may

al so be ug@%alsetehg_eaﬁgmetm@ﬁnhésp@&&ﬁ%kg&.S%%thﬁ%is%% 4y d be

i npl enented. For 5 instance, a correction algorithm or e patch" may
need to be.inplenmented. an Le rticular instruction is issued nore
than 10 ¢ PhEE SRoa pliry, aptptRafioPi) sEpPha' FRCGUERLERs RevditRan 10
times. A %atch oi_nt nayHBe used to watch, that particul ar instructifn and
may Cause34 WAEEhTPoSPEGHt-2FEgPEt ePTEBLEE" dBcVBnBfRt E8T eRERE FREL AR

particular instruction is executed. Like the hardware |oop setup val ues,
wat ch poi Biegiftgraedd -t oCBEcgal &¥t ehassSpaFhyabivposegbseerFof4 tIRRE reason,
specul ative registers 34 nay be used e.g., to count the 15 nunber of
"wat ched" benwstittenons thhdethageseniatred whehsgst énstThesiomnieboher
scenarios may find inproved system performance by inplenmenting specul ative
regi st er sthkl Gns8rustaohl hwsdeagnagtedlustrating the tim ng advant ages
realized by the use of specul ative registers.
Unlike the architectural registers 32, speculative
10 registers 34 are typically not supported by an instruction
set of processor 2. Therefore, program code may not be
used to directly access speculative registers 34. For this
reason, a programmer may not be able to move data in oxr out
of the speculative registers 34 the same way that he or she
15 could with architectural registers 32.
One instance, for example, where speculative registers
are highly advantageous is a “hardware loop.” A hardware
loop is dedicated hardware used to handle software
instructions within a loop construct. A loop setup
20 instruction, for instance, may initialize the hardware.
Then, loop instructions may be cached into local registers

or buffers and issued from those local registers for

iterations of the loop. In this manner, instructions



20 As shown in FIG 3, one or nore conditions may be | oaded into one or
nore specul ative registers (40). These conditions may then be detected (42)
bef ore t hgoiopségetucti on - 10 WO 02/ S0(67 PCT/ US01L1633~ phaiysepusgd t he
conditions to be witten to the speculative registers has conmtted (44).
Along with all the advantages, inplenmenting speculative registers also

i ntroduces several challenges. 5 For instance, one chall enge introduced by
t he use otasheduliat ithe hagdebers lavpsesabenatispetlietspbeulfatcliedr egi ster
data may need to be adjusted. |If pipeline 4 must service an event (e.g., an

interruptbemaﬁeﬁbQ?phigmhxauﬂ@ypb@ekﬁm@gs current operations may need to
be termnated. to If this term nation occurs after a specul ative register

34 has been wrightef R4l cPeEen 8 tichS @qsaégthxehﬁpcgh%§ﬁ£a§@bugoyﬂtsrpart 32
has been witten, then the value of speculative Tegister 34 may be

[ nconsi stant bt Uhah abpbs oRresRandlig ALonhyeskurabaLeghstsr 82, In

such a 15 case, "0oné e speculative reg “require adjustment.
ter Pnat | BREFn G EULnGe SE61 P8 TR CRALLFRCEP N REE"E6RLPPRA Y r oqui re
an adjustnment of one of the speculative registers 34. 20 FIG 4 is a flow
di agr am i MoGsdr oV atheddagr dperatiPdR SRYEPVIR§LAUFGiOReAf BPL
specul ative registers 34. As shown in FIG 4, the speculative registers 34
may get wmirtitéen( 50) architestampddivegistefsFBG uatidhshepéogkauictéonll
has committed. Thus, if architectural registers 32 are
used to initialize a hardware loop, the first instruction
10 of a hardware loop may not be able to enter pipeline 4
until the loop setup instruction has committed. For
example, if the first instruction in the loop enters
pipeline 4 before the loop setup instruction has committed,
the architectural registers 32 may not be set up to
15 identify the instruction as part of a loop. Moreover, this
problem may increase as the depth of pipeline 4 increases.
For these reasons, a loop setup instruction may be
used to write the loop conditions of a hardware loop, e.g.,
top, bottom, and count values of the loop, to speculative
20 registers 34. Speculative registers 34, may then be used

to setup a hardware loop before the loop setup instruction

has committed. For this reason, implementing one or more



WO 02/ ~0GG7 PCT/ USO1/ ~633-t registers are specifically the specul ative top
34A, specul ative bottom 34B, and specul ative count 34C registers

i mpl ementwé d2@&odpandl e hardware loops. If a termnate in therpideehizne (52)
occurs before architectural registers 32 5 have been witten (54), then the

unaborted instructions may be drained frompipeline 4 (56), and the
specul ative registers 34 may be adjusted by witing the data contained in

their resppetihvetdvehibgciteal BOUNLRI DAEESadR §BSYesITheg Moslec@fopperati on
illustrated in FIG 4 may be 1o particularly useful when dealing with

back-t o- bagk-basgwap epl, 0pRgucthig LT atH5d ARG CLodp SEEONG, L}?&Pai&ése.rm nat ed

before it commts, a first loop mght still need to execute its remnaining

s ol ' o PhOELYOE. THERRdlURMIEN AR WELAD. Lt ech EY! des @

way to deal w transi I hg eculative registers
accordingly. [usting a,specu ive count _register may, present. particul ar
chalIengeggeﬁﬁgégﬁg?ig%ﬁlgg85e$gé’s§35u+%f?@% %bdﬂ?yr%é+§{e€° be

i npl emented to count instructions in hardware | oops, instructjons with

wat ch poi ALESTotPBERBFEDBRSEENERF 08O RPIoWeTRE , PO aF2 L Bt r#EtF P t hat
affects a specul ative count register is term nated before it conmts, the

data in specepaciletévanrcgégtereddfnyioe imehaneet .may 2roinWrQXH596G7
PCT/ USOL/ .t G33~ One way of correcting the specul ative count regi ster data
fol | ow nglastetnshaticbhonsofothél dbwophe Tistcoatt onslbef ofert he term nati on
to commt and then wite the specul ative count register with its
archi tect yhakancepuntetpant inHeper¥eLatifé Sragyseds ancpddayi opadipgnal ty
a number of iterations of the loop. By initializing the
10 hardware loop when a program counter points to the top
instruction and decrementing the count value every time the
program counter points to the bottom instruction (e.g.,
decrementing a speculative count register 34C), a hardware
loop may be setup and efficiently executed by processor 2.
15 Another instance where speculative registers may be
advantageous is for use with watch points. Watch points
may implemented to aid programmers in the debugging process
of a programmable processor. Watch points may be set up to
monitor or “watch” particular instructions, particular
20 types of instructions, accesses to a specified memory

location, or any other condition associated with an

instruction. 1If, for instance, an instruction being



if the branch penalty is less than the tine it takes to drain the pipeline.
FIG 5 illustrates an efficient way of adjusting a specul ative count

regi ster.wddsoés7i | | ustrates the to adjustment in the cont@xtuRfiggsshar dware
| oop, but the scope of the invention is not limted in that respect. As
shown, after a |loop setup instruction enters AC stage (80), the specul ative
count register may be witten (82). At this point, the count data may be

sent downwhBenptpeli e&ec84kd 1h theapiﬁémtﬂathoaefﬁﬁédOﬁﬁMbér yeabort ed
instructions may be drained (86) and the specul ati ve count register may be

witten “t&ﬁe%hetﬂ@t%y%@ehtﬁaﬁrgﬂbigﬁéﬂﬁaé ﬁQEGR@ﬁPQEte£§g§t ofit @ bottom

- match (90), e.g., when a progran1counter I's pointing to t e bottom

i nstruction of [ I oV % ? ecre [ be_sent down
the pipeline (ggﬂc enH§% ﬁ%gtggg i O ? s gaﬁgegggerﬁfPﬁnB%%Peﬁent bit to
+ be sent exits,each pip a é counter _at WO 02/ 506G/

PCTI USO Pafgé§u§afhéﬁ%eﬁﬁtgﬂd% ogiﬁggegéPglﬁﬂﬁPEﬁgnte@oﬁy one (96). In
other words, counters in the pipe stages may be incremented when a valid
decr énent 1BPtapsesent C(Dérg‘-ctapn%}gaﬁathw i pEi Vvradal peboht emavapeetlen be
decrenented (e.g, at 96) 5 when the instruction that caused the valid
decr enent thi bet ampd ementedxpny thmepippastagelaThénsespetibueisount er at
each stage represents the nunber of valid decrenents that reside in the
pi pel i ne hetwednmblrat thbagée Oandmetsage whpaetihelspenahatyvEoeaubbnregi ster
resides. Thus, any time a to termnation occurs at a stage, that stage's
counter may hecdseddt dord ¢shnt N spREYL at \VRaEBHNboLRBI 8LQ be used

to watch that particular instruction and may cause a watch
10 count register to be decremented each time that particular
instruction is executed.

Like the hardware loop setup values, watch points may
need to be detected as early as possible. For this reason,
speculative registers 34 may be used e.g., to count the

15 number of “watched” instructions that have entered the
system. These and other scenarios may find improved system
performance by implementing speculative registers.

FIG. 3 is a flow diagram illustrating the timing
advantages realized by the use of speculative registers.

20 As shown in FIG. 3, one or more conditions may be loaded

into one or more speculative registers (40). These

conditions may then be detected (42) before the instruction

~-10 -



If a termnation occurs in the pipeline (98), the specul ative count
regi ster may be adjusted (88) by the nunber of valid decrenent bits counted

by the caoypheso®t 15 the term nation stage. The steps in ptEush/ ey r epeat
t hensel ves until all |oop instructions have exited the pipeline (100). The

specul ati ve count register may be decrenented at every bottommatch (e. g.,
accounting for every pass through 20 a hardware | oop). However, rather than

propagat e thiae \Yaelsedcendt cxaldie idaw toheeplpekitBg abt ehee¥pkluhallom mat ch,
only a single valid decrenent bit nay be sent down the pipeline. In this

manner, a Randwar e Heduehben tiRy ke 14 WD 02/ 506(7 PCT/U SO01 /~633~
realized in"processor 2. The set of counters nmay nonitor valid decrenent

bits and the a [ i nstryeti au .bits to be sent. As
such, the set 2@9%1uhﬁgPs%%éy%%ge%%ia&E%hF% ?%gl%ﬁgﬁgﬁpgrences bet ween a
specul ative 5 ﬁ?%ﬁt regist%r and its.a%chitectural co ntgéﬁﬁrt. FIG 6 is a
bl ock di agPERASISEr AFTRG CESEnEHSS FRTEOFIGER AgVereLshBfnieRggAters my
be maintained at every stage of the pipeline after DEC (110, 111, 112 and
113) 5 TheF&For@stangengraey shitd 1¢eGee ret cducefaP Yo her 858g8fed 1 0 down t he
pi peline to account for the difference between the specul ative count
regi st er apedulstdvehiregdisiveals eqisesr pacaustheéheospeenlaiyvbe connected to
the input of a nultiplexes 120. Multipl exes 120 may determ ne which
counter, idegdter slattsehayo nedidusio tlee aspeetikati vefcptpeliber egntker 34C.

I f necessary, multiplexes 120 may out put an adjustnent signal 156 to nake

the appropfiati@adinush @Rt (el .y .0t Rer iewkedupRNbs, ad betELRALLYN FRK not
occur at
pipeline’s current operations may need to be terminated.

10 If this termination occurs after a speculative register 34
has been written, but before its respective architectural
counterpart 32 has been written, then the value of
speculative register 34 may be inconsistent with that of
the corresponding architectural register 32. In such a

15 case, one of the speculative registers 34 may require
adjustment. In other words, because speculative registers
34 are written early, a termination in pipeline 4 before
the instruction has committed may require an adjustment of
one of the speculative registers 34.

20 FIG. 4 is a flow diagram illustrating a mode of
operation involving adjustment of speculative registers 34.
As shown in FIG. 4, the speculative registers 34 may get

written (50). In one embodiment of FIG. 4, the speculative
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certain stages, or may be restricted when a certain instruction resides in
a certain stage. In such 20 enbodi nents, a hardware reduction may be

real i zed vg oov®dset NPl ement i ng counters in the stages whereparipgifiedst i on i s
restricted. -15 WO 02/ SOGG7 PCTI USO LI G33. ~ The width of counters 110,
111, 112 and 113 may be altered as needed. For instance, counter 110 may be
a one bit counter and 111 may be a two-bit counter. The m ninmal depth of

counters tdgiandril3rgnypdependadinyt brenypbenl #five Stagesanh the pipeline.
Counter 110 may be a one-bit counter because it always has a val ue of

elther 1 8pe28l8tibarpbbiebAngss, | hnllasp8e2alevl oty ! 54@ POLIOPLAR! CD

instruction is currently in AC. Wen the 1 nstruction [eaves count er

returns t n 1 xi.coupnter (e.q. fpr stage EX 2)
may bt vempEERentRdcPY hERaRS nAPARPE D8kbar O RE S tEeine R cR Ton o i
limted ip this rfsgeci This is bec%use cougter 121 %e. g, the EX 1
counter) FRS RAPEIADFRAPAlInPGEPEE BRIPHB, 2FHRLESCOUERBLNTRIL1FESTRHasR a
maxi num val ue of 15 three. The EX 3 counter has a maxi num val ue of four,
hence, ithA¥y Reed vRiEEeB| {34) & khehrF)e uheberkedt hpekrestheessmgs. g. EX
4 to EX 6) may be three-bit counters capable of representing between five
to seven bal desinedpéronveipelneThe (B6LNt andwilié hspecukachvet age may be
determ ned by considering the maxi num val ue that the counter may need to

hol d. In tbeibaedwaBe mhappbexadplhstetihbg wWRYtLOGr eRPONSts ocoheatas€ where

the loop is a single instruction |oop. -16
in their respective architectural counterparts 32 (58).
The mode of operation illustrated in FIG. 4 may be
10 particularly useful when dealing'with back-to-back hardware
loops. 1If, for instance, a second loop is terminated
before it commits, a first loop might still need to execute
its remaining instructions in the pipeline. The adjustment
technique in FIG. 4 provides a way to deal with this
15 transition by adjusting speculative registers accordingly.
Adjusting a speculative count register may present
particular challenges. As described above, a speculative
count register may be implemented to count instructions in
hardware loops, instructions with watch points, or other
20 scenarios. However, when an instruction that affects a

speculative count register is terminated before it commits,

the data in speculative count register may be incorrect.
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WO 02/ 0G67 PCT/USOLL1G33-1 Thus, the depth of the counters may sinply
correspond to the nunber of stages between the counter and AC. Again,
however, Wwoanshée nmay al so depend on whether a term nati OpcHRKOPSGEYS 1N a
particul ar stage; so sonme stages nmay not 5 need counters. Another node of
operation is a hybrid way of adjusting the specul ative count register. The
counters residing at the selected stages of the pipeline may be used to
adj ust the speonéakbayeofotititreegingethefspoeubentrd ycassociegested with
draining the pipeline is greater than the branch penalty. However, if the

drain penghty £s1h87sn§hantOrmegsed oh0ilheo biansh penal dys ribefodde
instructions in the pipeline my be allowed to conmt so that the

specul at | 4ee8RUNLyE o8b 3k oA TRy DEo A0LALECa R 0L S, ATl Lgt ural 15

counterpart. stem operati on may be osen dependi ng on ere in the

- pipeline the termnation occurred. In.pone, case, a. pipeline having 3 execute
st ages na@pﬁgug?g%ﬁgdc??n?hﬁe?%?ﬁ?ﬁayfgﬁ %ﬁ%u?%c?+ﬁ%§éyg? ge or WB st age;

but the pipeline nag not be drai ned and the sg&culatiye count 20 register

may be adfUSREETPRrEhe HRYRYREL i DRIBCRAY s2PRfof Adhbt B0l ReRRItEIG 7 is

a flom1diagran1i||ustrating a hybrid node of operation. As shown, a counter

may adj usifatbpebupachveenaty isdlessobsan PO Usane . 1B3B3akegodt val ue

(128) if atermnation (130) occurs before the nth stage of the pipeline.
However, dfatertheaapipal{di80)

FIG. 5 illustrates an efficient way of adjusting a
speculative count register. FIG. 5 illustrates the
10 adjustment in the context of a hardware loop, but the scope
of the invention is not limited in that respect. As shown,
after a loop setup instruction enters AC stage (80), the
speculative count register may be written (82). At this
point, the count data may be sent down the pipeline (84).
15 If a termination (85) occurs, unaborted instructions may be
drained (86) and the speculative count register may be
written with the data in its architectural counterpart
(87) .
At a bottom match (90), e.g., when a program counter
20 is pointing to the bottom instruction of an instruction
loop, a valid decrement bit may be sent down the pipeline
(92). When an instruction that caused a valid decrement

bit to be sent exits each pipe stage (94), a counter at
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occurs after the nth stage then the instructions in the pipeline my be
allowed to flow through the pipeline and 5 commt (132). The specul ative
regi st er swogRy/sbdeen be updated with the data in their archipiogqisoi/adsss
counterparts (133). The variable n may define the point at which all ow ng
instructions to flow through the pipeline takes an anmount of tinme |ess than
or equal to the branch penalty 10 ( 134 ) . FIG 8 illustrates a hybrid
circuit hanhbgegoubtiepspens@agdCyetageeandméheedli bt ofle- (d6pxecuhi on
stages. The circuit may allow the pipeline to execute its instructions
fol | owl ngognter ghraki, orolhtbhs LRT phoabigs 9E5?é§ hily 8 N fcdom&XELYL 1 ON
stage or later. However, the circuit nmay adjusi a specul ative count
register LRLhoW 081341 ALELARLRONGLE LReSLAE MDAk OBy 0GEHT 2ol ngdhe (- 1)th

execution stage or earlier. Again, e varrabre”n nay” define he poi nt at

. which all ow

ng.i,nstructions to flow throygh the pipeline 20 takes an anount
of tim | SLOLPAERRGr CaIRRE: bRy REPaHE R REREPEY Lo R (B or PEalbh. e
variable n may reside nmuch earlier in the pipeline (e.g., where the branch
penaPty i Yhedr §Be) inshrectirnothat eayesd Ehe vatidbfecremaptpeitiBo WO
02/ 50GG7 PCT/ USQOL/ -4633.1 defined in terns of the nunber of stages rather
t han t he hanbentokxétectthicopipeagesgekl GThe kebpsttavescannkgemptary
circuit for increnmenting a specul ative count register 150 in a hardware 5
| oop scenaath. sbageackppasenat thepnumbkti pEexelit5deonymdrts etrat t he
specul ati ve count register 150. However, if adjustnent is necessary (e.g.

if a looprkBsHEUSH @Rel pibRNIAhBabeEwBEhOtRatt s€EQFET hAd, stBgeafhastNENt S
signal 155
the speculative count register resides. Thus, any time a
10 termination occurs at a stage, that stage’s counter may be
used to adjust the speculative count register.

If a termination occurs in the pipeline (98), the
speculative count register may be adjusted (88) by the
number of valid decrement bits counted by the counter at

15 the termination stage. The steps in FIG. 5 may repeat
themselves until all loop instructions have exited the
pipeline (100).

The speculative count register may be decremented at

every bottom match (e.g., accounting for every pass through
20 a hardware loop). However, rather than propagate the whole
count value down the pipeline after every bottom match,

only a single valid decrement bit may be sent down the

pipeline. In this manner, a hardware reduction may be
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may adj ust the specul ative count register 150 accordingly. 10 Once the | oop
has finished its last iteration, conparator 158 nay send a signal 160 so

i ndi cat i ngo Mmoseus enbodi ments of the invention have beernp@Egs@iiibad. For
exanpl e, various techniques for adjusting a specul ative regi ster have been
described for inplenentation 15 within a processor. The processor may be
inplemented in a variety of systens including general purpose conputing

systems, dkgiltiakdpiacpIsicRgssysensTheapkePoEOBBUheESs RALSABARL tELTI t al
assistants (PDA's) and cel lular phones. In such a system "the processor may

be coupl eqal 9gaERFRMEN20 L@ GRd %Hehaeéoei§£é§HiH§€Pﬁxt98MECghggha static

random access nenory (SRAM that stores an operating system an er
sof tware LGati . se a r epbodinments,are within the scope of
the fol | oaraged sraa® pro% told SR R Pt Setyht: SPUnEREF o |
+1 1. A nmethod conprisigg; 2 geéectia g condition in a processor; 3

cal cul at i BgYalFG8t Aemt™P4Pdesakt ©8t gé SLPPRER ReEWHPBefi ABSERIREEVe
processor; and 5 updating a register with one of the adjustnment values 6
whendan i ASEPGcEFER S&8S0eMa: édSWAPERNERBCEBRELt FOHNESTParErm nated Wi thin
the pipeline. 1 2. The nmethod of claim1l1, wherein calculating the 2
adj ust ment val B&§.cénpssi aeblogki déagnent ihgusheabdpgstoenteval irsawhen t he
condition is detected; and ' 5 decrenenting the adjustnent val ues when the

6 instrucpipsllieavesAshehswagesouhtdrsTheynbehadintachamt, ewbeyei n
detecting a condition 2 conprises detecting an access to a specified nenory

3 Iocatioata%e4oﬁTmﬁen%ﬁ@@qia% gkabm bpcwherei nidet eglbngnfheigpndition 2
conprises defecting aninstruction within a hardware | oop. - 20
Therefore, a single valid decrement bit may be propagated
10 down the pipeline to account for the difference between the
speculative count register and its architectural
counterpart. The counter may be connected to the input of
a multiplexer 120. Multiplexer 120 may determine which
counter, if any, is used to adjust the speculative count
15 register 34C. TIf necessary, multiplexer 120 may output an
adjustment signal 156 to make the appropriate adjustment.
In other embodiments, a termination may not occur at
certain stages, or may be restricted when a certain
instruction resides in a certain stage. 1In such
20 embodiments, a hardware reduction may be realized by not

implementing counters in the stages where a termination is

restricted.
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WO 02/ SOGG7 PCT/U SO 1 /-G33.1 1 5. The nmethod of claim4, wherein
detecting the 2 instruction within the hardware | oop conprises detecting a
3 bottom §®y@koesy 6. The nethod of claim 1, wherein detecticqigyiGeyigdi tion 2
conprises detecting a watch point. 1 7. The method of claim1l, wherein
updating the register 2 wwth one of the adjustnment val ues conprises
adjusting the 3 register by an anount determ ned by a counter residing in 9
t he stage wher @hichevitdarhmofatdcomteesuil®d. 1118. 1TRe amelt AAG obhycbai m 1,
wherein updating the register 2 conprises updating a specul ative register.

1 9. A appakatits GAMRIdedddl Zox finkthncegi Sehte? al9eaaRdobeed sher and 4
a set of counters to nonitor a difference between the 5 first register and

the Secon%lrte%'o\%ner T na%hh %lVQa&ZEngB%WBCyllHSQyun@é§ 1 7@ miRe@pparatus

as in clai irs register is a specul ative register and

- the second r I 3.i,s an rchlt r regi r pparat us as
in claim ijﬁ %a}h(? ein O"{rhterf rs5© 2 ;Ht%t &P s %% eg{?ecu a%ﬁevémcoﬁﬁt IE)DF%eg| ster
and the second 3 register, is an archltectur coun%) regl ste 1 12. The

apparat us S4898% dffaithe PiRfridisr t FeURtedt 1 Or BGiYs P& Qé‘@o }tregi ster and
set of counters reside in a 3 nufti-stage pi pellne controlled by a control
unit, and conatersdeafusourit arldravsc hade acdadter € frgilfvhgirndd ost zgrét-age 5
where the first regi ster resides and at stages after the 6 stage where the
first regifstrednsgsindes. it 1%s Bheapjpear atfusnas iifn ac baitrof? mawdedr ei n t heset
of 2 countersconsist of counters residing at stagesbefore an3 nth stageof a
pi pel i ne, iaRdndarieim ik dafdmes 1y A AT .at Fhefn ehealine@wrgtiivat ructions to
fl ow t hrough thepi peline5 takes ananount of tine |less than or equal to

abranch6 pendldy ac, dhe cHRQY FEEREnBCELUSE@Y.4633 1 14. The apparatus as

in claimi2, wherei'n fol | ow ng a 2 termnation of an |nstruct|on in the

pi pel ne, the copty e 3401 dnd $103R0E0 LanddilSt Lhe dl sl he0kst 95 by an

anount 4 determ ne y a par I CU counter maintained In a tage wher e
Che Torm 1o 90 SR A T SBRAEA 45,95 10,019 2y gyl n the
register a%vin%gkgfgigrgﬁf%g%gigk.?nd%%?%t%gs%%ggltl%glsag% because
counter 111 (e.g. the EX 1 counter) may have a maximum
value of two, the EX 2 counter may have a maximum value of
15 three. The EX 3 counter has a maximum value of four,
hence, it may need three bits. Similarly, the next three
counters (e.g. EX 4 to EX 6) may be three-bit counters
capable of representing between five to seven values
respectively.
20 The counter width for each stage may be determined by
considering the maximum value that the counter may need to

hold. 1In the hardware loop example, this may correspond to

the case where the loop is a single instruction loop.
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5 decrenment a respective counter when the instruction 5 | eaves a respective
stage associated with the respective counter. 1 16. A system conprising: 2

a static wendsmseaccess nenory device; 3 a first register; pgriushesang
register; 5 a set of counters; and 6 a processor coupled to the static

random access nenory 7 device, wherein the processor includes an execution
8 pipeline and a control unit adapted to: - 23 WO 02/ ~0G67

PCT/ USOL/PidB83-¢hd d@ptRnBht théec 6oy s Snweé&:ﬁ;f?fédﬁeéml&tt% is lo
adj ust ed because of a detected condition; and 11 decrenent a respective

counter Wheh filifhd2 bRSLEAGES OBel RAKES e TESREELE VL SLATE qL{gOa;i*}?, pi pel i ne

- 13 associated with the respective counter. 1 17. The system cl aim 16,

wherein f i g ' [ of . t i pel i the control unit is
ndapted (YT g REEELARY 2o A i iiEing s A Glat i

* wherein control unit is 2 adapted to adjust the first regi ster by an anount
3 det er nmi'fE¥ %?/c'bﬁelﬁfatﬂ%rgéguﬁ?rcﬁﬁﬂ T SO 1SARe FIRALY S MIT ¢l ai m 18,
wherein the one of the set of 2 counters is a particular counter residing
in aSstagte®d ¢PenBepFpel i ne where the ternination occurred. 1 20. The
system of claim 17, wherein the control unit is 2 adapted to drain
unaborted i nstAncthensmade of i opetdeidn riss B hgoisd evanioh adipsiaiagi n t he
second register, if the 4 termnation occurs in a stage of the pipeline
after an thd fpetaetive 2dounA(Ledi Mt dts. Athe Ascurftasr Aare AN irdy. MNS. AF;
s.Aas. As. ANs. Aa" . A;. A" . Aus. A

us. AN . A¥sle AYSleAtiSdAstafed) Sfyzﬁg%%&fﬂé Gh&y [104 cad & €a] £ ey ca] ca] caU
] ca] caU] ca] cTa] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cd] ca] ca] cha]ca
Ucal A T the sé@%ﬁiétﬁﬁg count register if the penalty associated
10 with draining the pipeline is greater than the branch
penalty. However, if the drain penalty is less than or
equal to the branch penalty, then the instructions in the
pipeline may be allowed to commit so that the speculative
count register may be adjusted from its architectural
15 counterpart. System operation may be chosen depending on
where in the pipeline the termination occurred. In one
case, a pipeline having 3 execute stages may be drained if
the termination occurs in EX3 stage oxr WB stage; but the
pipeline may not be drained and the speculative count
20 register may be adjusted if the termination occurs before
the EX 3 stage.

FIG. 7 is a flow diagram illustrating a hybrid mode of

operation. As shown, a counter may adjust a speéulative
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110%<&" () whiobxal (L pwihgoikRsEyurs)e0sxgo (flav) thxyugh1dke pipeline

109%&' () - 10%<& () - 10%<& ()- FMLO%& ()-!S10%& ()-s10%& ()- 10< # Z dE:/
10<f2o#10%8&ké) - hA1BMSANE) of tOME&LEps 10MER’ OF - edAYEE&ES) thO1DLEBREK ) -

penalty. In other cases, the variable n may reside much
earlier in the pipeline (e.g., where the branch penalty is

larger). In still other cases, the variable n may be
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1009100/@&‘“(’? gi‘r/ﬁ@n G&gP?CPg?%iB@/@@“&t(56%%‘8%% \15Gp3n @ hardware
10% u& () - F@l-‘lO% u& ()- 10% u& ()
10@6é&f() oqeggGgp?ylgiogpg&geyhT%aﬂE oL loop, multiplexer 154 may
10310% u& ()-10% u& ()-f-#10% u& ()-9 10% u& ()- 10% u& ()- 10% u& ()-
X4aB{\ = 19secramenfgty- ypetndatdve)coont 0o@DRs ter $1309% uBOYever) 1086 u& () -
-10% u& () -4r7xmb@ 10! "1 109008 ()- 10-u 10-u
10- u910% B85 (3tBe0% L& (pcirbOYyULE(Y -/ EH10% 08D (JrTFtLudEND@ 1! 10%0L () -
10908 () - Y#10908 ()- z 1090& ()-yl09%& ()- " !'109& ()-' N dEmb@ 10!
' 110%08 (tetdOfEEel) bdQYOS (k- EEMAYER) () t R 09K $ImdRYE s {(§nal ;166! ! "dEMD@
may adjust the speculative count register 150 accordingly.
10 Once the loop has finished its last iteration, comparator
158 may send a signal 160 so indicating.
Various embodiments of the invention have been
described. For example, various techniques for adjusting a
speculative register have been described for implementation
15 within a processor. The processor may be implemented in a
variety of systems including general purpose computing
systems, digital processing systems, laptop computers,
personal digital assistants (PDA’s) and cellular phones.
In such a system, the processor may be coupled to a memory
20 device, such as a FLASH memory device or a static random
access memory (SRAM) that stores an operating system and

other software applications. These and other embodiments

are within the scope of the following claims.
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7 terminated within the pipeline.

1 2. The method of claim 1, wherein calculating the

2 adjustment values comprises:

3 incrementing the adjustment values when the condition
4 is detected; and

5 decrementing the adjustment values when the

6 instruction leaves the stages.

1 3. The method of claim 1, wherein detecting a condition
2 comprises detecting an access to a specified memory

3 location.

1 4. The method of claim 1, wherein detecting the condition

2 comprises detecting an instruction within a hardware loop.
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2 with one of the adjustment values comprises adjusting the
3 register by an amount determined by a counter residing in
4 the stage where the termination occurred.

1 8. The method of claim 1, wherein updating the register
2 comprises updating a speculative register.

1 9. A apparatus comprising:

2 a first register;

3 a second register; and

4 a set of counters to monitor a difference between the

5 first register and the second register.
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1 12. The apparatus as in claim 9, wherein the first

2 register, second register and set of counters reside in a
3 multi-stage pipeline controlled by a control unit, and the
4 set of counters include counters maintained at a stage

5 where the first register resides and at stages after the
6 stage where the first register resides.

1 13. The apparatus as in claim 12, wherein the set of

2 counters consist of counters residing at stages before an
3 n™ stage of a pipeline, and wherein n defines a point at
4 which allowing instructions to flow through the pipeline
5 takes an amount of time less than or equal to a branch

6 penalty.
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4 adjusted because of a detected condition; and

5 decrement a respective counter when the instruction
6 leaves a respective stage associated with the respective
7 counter.

1 16. A system comprising:

2 a static random access memory device;

3 a first register;

4 a second register;

5 a set of counters; and

6 a processor coupled to the static random access memory
7 device, wherein the processor includes an execution

8 pipeline and a control unit adapted to:
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1 18. The system of claim 17, wherein control unit is

2 adapted to adjust the first register by an amount

3 determined by one of the set of counters.

1 19. The system of claim 18, wherein the one of the set of
2 counters is a particular counter residing in a stage of the
3 pipeline where the termination occurred.

1 20. The system of claim 17, wherein the control unit is

2 adapted to drain unaborted instructions and write the first
3 register with the data in the second register, if the

4 termination occurs in a stage of the pipeline after an nth

5 stage.
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