WO 02/ 37270 HARDWARE LOOPS Q 3 MAY 2005 PCT/USO 1 /46063 g@F%ﬁﬁg@%D Thi s
invention relates to hardware | oops inplenmented 5 in a pr %ya e
processoO P#33Ei gni ng a programmabl e processor, such as P&T/H0YH¢088 si gnal

processing (DSP) system two conpeting design goals are processing speed
and power consunption. Conventional processors include a variety of

har dware 10 designed to increas%gggﬁggggﬁgagg%mhich software instructions
are executed. The additional har 2 r, typically increases the
power consunption of the processor. One technique for increasing the speed
of a 15 progranmabl e processor is a "hardware |oop,"” which may be

dedi cat ed hardware designed to expgghkerbhgpexecution of software
instructions within a | oop construct——Hardware |oops may reduce the nunber

"nstructi one. TP Searvontl ey st ke 6o St kb Bhgovail oS e rERBIsh s rer o (e
sane instruction froma_nenory device or instruction cache a plurality of
timds. 11in a programmable proCessor.
In designing a programmable processor, such as a
digital signal processing (DSP) system, two competing
design goals ére processing speed and power consumption.
Conventional processors include a variety of hardware
10 designed to increase the speed at which software
instructions are executed. The additional hardware,
however, typically increases the power consumption of the
processor.
One technique for increasing the speed of a
15 programmable processor is a “hardware loop,” which may be
dedicated hardware designed to expedite the execution of
software instructions within a loop construct. Hardware
lobps may reduce the number of clock cycles used to execute
a software loop by caching the instructions in local
20 registers, thereby reducing the need to fetch the same

instruction from a memory device or instruction cache a

plurality of times.
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WD 02/ 37270 0 3 MAY 2005 PCT/ US01/ 46063 Har dware | oops intro%g ver al
chal | enges. These chall enges include avoiding penalties s@ch up
penal ti esvon2/Bbnanch penalties. Setup penalties are the | @€3/uf01/p&68or mance
(usually an increase in processing 5 tinme) associated with setting up a
hardware |l oop. Simlarly, branch penalties are the | oss of perfornmance
(again, usually an increase in processin L) i d 1 a branch.
10 DESCRI PTI WWW%H@‘P‘&O‘? A D o%: gﬁi%ﬁfﬁﬁ]&?ﬁfst r%}%%% an
exanple of a pipelined progranmmpbl ed?r ocessor accor di n% an ‘enbodi nment

t
of the i mheitlicvgeFmehude avpl eI BT At FF | USTP a37 n e%\%pexarrpl e 15
execution pipeline for the programuabl e processor in  accordance with an
enbodi meRfernf1 tihes poesenancnvesnabpiest G SBLER PRI B 2 AFF FR@strating
exenplary timng of when early registers may be | oaded in accordance with
an enbodj yent,ofptheopnesest (isuabliyoan 28cEe@se4inspuoeEsdidbagr am
illustrating how a | oop setup instruction nay be used to determne early

register S,skBcascandanes wethiag epbadhaedwaet Lheppresent invention.
25008 03 7o Sastbe
Similarly, branch penalties are the loss of performance

(again, usually an increase in processing time) associated

with a branch.

10 DESCRIPTION OF DRAWINGS

FIG. 1 is a block diagram illustrating an example of a
pipelined programmable processor according to an embodiment
of the invention.

FIG. 2 is a block diagram illustrating an example

15 execution pipeline for the programmable processor in
accordance with an embodiment of the present invention.

FIG. 3 is flow diagram illustrating exemplary timing
of when early registers may be loaded in accordance with an
embodiment of the present invention.

20 FIG. 4 is a flow diagram illustrating how a loop setup
instruction may be used to determine early register values

in accordance with an embodiment of the present invention.



0 3 MAY 2005 PCT/USO 1 /-16063 FIG 5 is a circuit block qgg%@gn&
illustrating one enbodinent of a hardware loop unit. FIG i a.mﬁow

di agram iwO@e8R2a& i ng a node of operation involving adj ustih@nusaficasr |y
registers in 5 accordance with the present invention. FIG 7 is a flow
diagramillustrating a way of wupdating architectural register values in
accordance with an enbodi nent of the present invention. FIG 8 is a flow
diagramill ustf&i ny & alteroaitvelodd daggpimupdatisngatieganeaki t ect ura
count register values in accordance with an enbodi ment of the present
inventi onembb& méht Sof 4| Ryrdvageamvbpl ugitating the timng advantages
realized by the use of early registers in accordance with an enbodi nent of

the present inygatignis1s FAGy é@aig?.aﬁ\ Eh?%@%ﬁ%ﬁ@ Il b3t &4 g an

efficient way of adjusting an early count value 1n accordance with an

enbodi ment_of _the p . LV I G.:11_is.a._hl di_agram
iIIustrat?%Sr%%h%?e%gégggéhacgaiBg?mFEkaggo%8%2334%4%?%%1%aI%dinent of the
present 20 invention. M/diagran1illustrating a hybrid node

of oBerat?SﬁoFﬂa%ﬁ%owaghgihéfP%gégn%LEBHﬁﬁﬁ PPf the present invention. 3

FIG. 7 is a flow diagram illustrating a way of
updating architectural register values in accordance with
an embodiment of the present invention.

FIG. 8 is a flow diagram illustrating an alternative

10 way of updating the architectural count register values in
accordance with an embodiment of the present invention.

FIG. 9 is a flow diagram illustrating the timing
advantages realized by the use of early registers in
accordance with an embodiment of the present invention.

15 FIG. 10 is a flow diagram illustrating an efficient
way of adjusting an early count value in accordance with an
embodiment of the present invention.

FIG. 11 is a block diagram illustrating counters in a
circuit in accordance with an embodiment of the present

20 invention.

FIG. 12 is a flow diagram illustrating a hybrid mode
of operation in accordance with an embodiment of the

present invention.



WO 02/37270 0 3 MAY 2005 PCT/USO /46063 FIG 13 is a bl ock diagram
illustrating a hybrid circuit having counters only in t he 0r3 Né? W5 g
executi owo ®iagmes i n accordance with an enbodi nent of thePQTESEIM6063
invention. 5 FIG 14 a block diagramillustrating a hardware loop wunit in
accordance wth an enbodi nent of the present invention. FIG 13 is a
diagramillustrating a scenario in accordance with an enbodi nent of the
present invenfFIén. 131dsFaGplaeki diagrpBnwidilagramtiinoust Pai%Hg a scenario in
accordance with an enbodi nent of the present invention. FIG 17 is another
fl ow di aghaeuiikl haviayi nguatessenailiyoinnthecdidatca w t1h exertbarh nent  of
the present invention. 15 FIG 18 is a diagramillustrating another

scenari OgicB geRCEQr daneeduhtl antanbadief®rdislenthe Preseprdsvrantion. FIG
19 is a flom1dlagran1|IIustrat|ng the other scenario. FIG 20 is a flow
dlagran1llb%ikr E{ng both scenarios 20 in accordance with an enbodi nent of

t he present i'nventi on. FIG. 21 i's a flom/diagranlillustrating a node  of
operation, for_ _det t|n I i1 . dance,a i t
embSdi nent  of Pﬁg g e?e nven % PhrR o dbHEY ad Hbd

unit in accordance with an embodiment of the present
invention.
FIG. 15 is a diagram illustrating a scenario in
accordance with an embodiment of the present invention.
10 FIG. 16 is a flow diagram illustrating a scenario in
accordance with an embodiment of the present invention.
FIG. 17 is another flow diagram illustrating a
scenario in accordance with an embodiment of the present
invention.
15 FIG. 18 is a diagram illustrating another scenario in
accordance with an embodiment of the present invention.
FIG. 19 is a flow diagram illustrating the other
scenario.
FIG. 20 is a flow diagram illustrating both scenarios
20 in accordance with an embodiment of the present invention.
FIG. 21 is a flow diagram illustrating a mode of
operation for detecting a zero offset loop in accordance

with an embodiment of the present invention.



-4 WD 02/37270 D 3 MAY 2005 PCT/USOL/ 46063 FIG 22 is a flow di agram
illustrating a node of operation for detecting and deal i nf3widh 2W5si ngl e
i nstruct Wsho22¥e® of fset | oop in accordance with an enbodippanise@ficdshe
present invention. 5 FIGS. 23A - 23C are block diagrans illustrating a
nunber of hardware | oop units connected to one another in accordance with
an enbodi nent _of the present invention. FI.G 24 is block di agram show ng
power saving F&Frcéft Ay ign fderoddascamniitld wet matbiod remodd athe present 10
invention. DESCRIPTION Figure 1 is a block diagramillustrating a

progr ammabéeapiovessar d& taratamge éindo dasdporg veftfh cd estnglld har dwar e | oops
w thout significantly increasing power consunption. In order to support
har dwar eiheepactaopr @@ass @f £3 e ot AROIdcdo S alidh it ruction that
initializes the hardware by setting entry and exit conditions for the

| oop. 20cERLKYmBAE & el Mliddets imeMa gief i ned by loop conditions: top
bott om and count. The top cpndition .defines t he f!rst inspruction (or top)
of g loop. Therghot Lo condid i gn dafdfesthfd RSt nslauction (or bottom
number of hardware loop units connected to one another in
accordance with an embodiment of the present invention.
FIG. 24 is block diagram showing power saving

circuitry in accordance with an embodiment of the present

10 invention.

DESCRIPTION

Figure 1 is a block diagram illustrating a

programmable processor 2 arranged to support efficient
15 hardware loops without significantly increasing power
consumption.

In order to support hardware loops, a processor 2 may
support a loop setup instruction that initializes the
hardware by setting entry and exit conditions for the loop.

20 Entry and exit conditions may be defined by loop
conditions: top, bottom and count. The top condition
defines the first instruction (or top) of a loop. The

bottom condition defines the last instruction (or bottom)



5 WD 02/37270 0 3 MAY 2005 PCT/USO /46063 of a |oop. And the count

condi tion defines the nunber of iterations of the |oop. E3WASf 2085

har dwar e Woep/smary occur at the first "top match.” A top rtmbsoiAyoe®CCUr
when the programcounter 5 (PC) is pointing to the top instruction of a
I'oop. Exit of a hardware |oop may occur at the last "bottommatch." A
bottom match may occur when the PCis pointing to the bottominstruction
of a | oopofBy lopraIAnﬂngheheO@@an@O@ﬁithénfgﬁ§@n§§pthﬁtéﬁm§ﬁé ofo
decrenenting the count at each bottom match, the hardware nmay keep track
of when itibasteBaeusterad tepl.ast bottom match. In this manner, the | oop
conditions top, bottomand count nay define the entry and exit conditions

of a hardwar _eghgee- ok5 aPHRGEsEe A JBY maRcbedaraatexneuifiestpipel ne 4 and
a control unit 6. Control unit 6 nmay control the flow of instructions

and/or data,t r.guggn@io_ (rallglita@% 4%3{ [HpToRe-R Qh%%k.th%yﬁlr%grgﬁlr oxameke, during

t he proceg‘éitﬁ f ruc control unit 6 m Irect the various 20

conponent s _of the pipeline to decqde the instructiqn_a cor I erform
the orredpbnditfy Pos D9 A% '?Pg,lnsftorrucét%gﬁplog, avvrrii%tolprig %(eittr )eésfgl ts

back to nenory.
a hgédware loop may occur at the last “bottom match.” A

bottom match may occur when the PC is pointing to the
bottom instruction of a loop.
By initializing the count at the first top match and

10 decrementing the count at each bottom match, the hardware
may keep track of when it has encountered the last bottom
match. In this manner, the loop conditions top, bottom and
count may define the entry and exit conditions of a
hardware loop.

15 Processor 2 may include an execution pipeline 4 and a
control unit 6. Control unit 6 may control the flow of
instructions and/or data through pipeline 4 during a clock
cycle. For example, during the processing of an
instruction, control unit 6 may direct the various

20 components of the pipeline to decode the instruction and
correctly perform the cofresponding operation including,

for example, writing the results back to memory.



-6 WD 02/37270 0 3 MAY 2005 PCT/USO /46063 Instructions y  be d aded
into a first stage of pipeline 4 and processed through sud&gdwghgogtages. A
st age maYWWQPHERIE concurrently with the other stages. Dat CTES01Q6%S

bet ween the stages in pipeline 4 during a cycle of 5 the system The
results of an instruction may energe at the end of the pipeline 4 in rapid-
succession. Control unit 6 may include hardware |oop unit 8 that, as

descri bed bel dRSHRIFFERNT iMmaat eof dadesd dvitlre 3 doipsst vita@ritoSi gnificantly

i ncreasi ng power consunption of 10 processor 2. FIG 2 is a bl ock diagram

i |1 ustrabineldnerdarple ppiqeslsete. thx@igiel sulssdfudras stuadéepl e Bt ages t hat
may facilitate execution of nultiple instructions during a single clock

cycle. | mtpigeelnae phceads idwiduiddran yayi i €Y estide stwgescti patket ch
(I'F) stage 12 during a first clock cycle. The instruction may then

conti nue o 2 pdliedd e AW Ak 5 Ul gasHT 3 64 0Lk ey LA §Sa @gem%f

instruction may enter the |F stage 12 after a previous nstruction has

exi ted. S, icall t her. 20 J ruct . r he |F stage 12
durisng a-gs}'u St Eyuée)énr?' cl%}é{‘r&geycqet%nodé %nltkg%%‘f@%%{e%?cfg% ?rﬁ‘l‘ér%? p% i ne during
subsequeq} cl oc gycles. S 'Jarly,.additjgnal

he end of the pipeline in rapid succession.

Control unit 6 may include hardware loop unit 8 that,
as described below, may facilitate fast hardware loops
without significantly increasing power consumption of

10 processoxr 2.

FIG. 2 is a block diagram illustrating an example
pipeline. A pipeline 10 has multiple stages that may
facilitate execution of multiple instructions during a
single clock cycle. 1In pipeline 10, an instruction may

15 enter the instruction fetch (IF) stage 12 during a first
clock cycle. The instruction may then continue down the
pipeline during subsequent clock cycles. BAnother
instruction may enter the IF stage 12 after a previous
instruction has exited. Thus, typically another

20 instruction enters the IF stage 12 during a subsequent
clock cycle and then continues down the pipeline duEing
subsequent clock cycles. Similarly, additional

instructions enter the IF stage 12 during subsequent clock



instructions enter the IF stage 12 during subsequent cl Och%ﬁﬁé:&@ Y 2005
WO 02/ 37270 PCT/ USQO /46063 cycl es respectively. The nunbe tages in the

pi pel i ney, 379@f i ne the nunber of instructions that the pcpelsingosmy
service sinultaneously. The different stages of the pipeline my operate as
5 follows. Instructions may be fetched during the IF stage 12 by a fetch
unit 13 and decoded frominstruction registers 15 during the DEC stage 14.

Duri ng th QSS&%gg)ecgive(i@t.a iy e3SEBN YAy TRYLKAl sibat snany
menory * addressés used to performthe operation. 10 During the execution

stages (EX.1 - n),.,.22 8, ' ' rm
speci f i e@aé’péjreﬁlgnsthes&c aeéz,r, %foﬁ&:sm e,&%dhﬁr%t?o?pgnu %%ﬂlﬁgﬁ%&
nunbers. Execution units may contain specialized hardware for performng
the oper &AGIOHLY FdMditige ”ogiye‘xarrpl e, one or 15 nore arithnetic |logic
units (ALU s), floating-point units (FPU and barrel shifters, although
the scope of the dirfdsaant t@dsorPh SHtPIRThing TPAY tAPSTRES pR8t. A
variety of data may be applied to the execution units such as the addresses
genes at ededyl 6lod A aitthtessc tgierres atay ye digteched deringvedef LBnfhR@dry or
data retrieved fromdata registers. During wite back stage (WB) 30, the
results 312 py a fetch unit 13 and decoded from instruction

registers 15 during the DEC stage 14. During the AC stage
18, data address generators 19 may calculate any memory
addresses used to perform the operation.

10 During the execution stages (EX 1 - EX n) 22 and 28,
execution units 23 and 29 may perform specified operations
such as, for example, adding or multiplying two numbers.
Execution units may contain specialized hardware for
performing the operations including, for example, one or

15 more arithmetic logic units (ALU’s), floating-point units
(FPU) and barrel shifters, although the scope of the
present invention is not limited in this respect. A
variety of data may be applied to tﬁe execution units such
as the addresses generated by data address generators, data

20 retrieved from memory or data retrieved from data
registers. During write back stage (WB) 30, the results
may be written to a memory location or data registers

external to the pipeline or to data registers in the



may be witten to a nenory |location or data registers ext al to the
pipeline or to data registers in the 8 WO 02/37270 0 3 NAY MY 2005

PCT/ USO1MBB¥37207 pel i ne such as architectural registers 32CiTosisheges of
pi peline 10 may include one or nore storage circuits, such as a flip-flop,
for storing data. As nentioned above, processor 2 may support a loop 5
setup instruction. The |l oop setup instruction may _initialize the hardware
| oop by WHASIHGS R BbAtifT S Hcterel nhedhaterFodp- (eThe sbpgaadolot t om
to architectural registers 32 in the pipeline. The |oop setup instruction
may al soPidmealiigld A0 qnapumclivdareohétectmeoned segrsyer siB2nitl, i Bdickat i ng
the nunber of times the loop is to be conpleted. In addition, the | oop
setup i nstsr wctfildp-nElyomefiore storvhfseatal ndi cati ng the nunber of
instructions that follow the |loop setup instruction before the top of the

| oop i's r'eaCUﬁd-mﬁﬁﬁné&‘%kﬁ@?é’)"’i‘%ﬁo&@@?oksziﬂhf{i al:pged: 5“%&? har dwar e

| oop may operate in the pipeline until the exit condition of the | oop

has cbeen sat pSfﬂrFsdcngl?ciglcgg bofﬁé)nlogg]t %gt%;gggggﬂgtgggaﬁlat 0 zero).

Architectural” registers are gener once™“an TAstruction has
. at the .con 20 th 30.. Therefore, the

gg??;t;ﬁgqgﬁfk%ﬁﬁ]i§q§nﬂgr &ggéofogé by wrlgixg %hgggoundarles of
the hardware loop (e.g. top and bottom) to architectural
registers 32 in the pipeline. The loop setup instruction
may also initialize a count in architectural registers 32,
10 indicating the number of times the loop is to be completed.
In addition, the loop setup instruction may define an
offset, indicating the number of instructions that follow
the loop setup instruction before the top of the loop is
reached. After the hardware loop is initialized, the
15 hardware loop may operate in the pipeline 10 until the exit
condition of the loop has been satisfied (e.g. a bottom
match with count equal to zero).
Architectural registers 32 are generally loaded once
an instruction has committed, e.g;, at the conclusion of
20 the WB stage 30. Therefore, the entry and exit conditions
stored in architecture registers 32 may not be updated
until several clock cycles have passed from when the loop

setup instruction enters pipeline 10. Because the entry



stored in architecture registers 32 may not be updated wuntil several clock
cycl es have passed fromwhen the |loop setup instruction e@®Enaypioge! i ne
10. Becawms®otkm7entry 9 WO 02/ 37270 0 3 MAY 2005 PCT/ USCet#436B346a68 exi t
conditions may not be updated until several clock cycles have passed,
restrictions on setting up hardware |oops may exist. For exanple, if the
first instruction in the |oop enters pipeline 10 before the | oop setup 5

i nstruct iaod hexsl worendiedons wayredt teetupdste@gintel sseegrahotloekset up
to identify the instruction as part of a |oop. Mreover, this problem may

i ncrease Asclde Heps hpasseliherpspel cttonncoeasestihg opehantwataent ,
processor 2 may overcone these 10 restrictions by maintaining a set of

early regli&c_%;% Smaxt eRDst andrdé ERatPEe pi PEl tHE. £PEsEOMBtiAcEL&n 2a early
regi sters ETop 34 and EBot 35 may reside in the decode stage while ECnt 36

TS my | nareasd s e R 10 B e O e R B avoi ding
bot veen (465 EFREELOF oBP® SEPURL CFRG( r BOFI GRCBREERGLFRL BPRLFLRES SMAV her
time the architectural registers are witten. However, the early
not be set up to identify the instruction as part of a
loop. Moreover, this problem may increase as fhe depth of
the pipeline increases.
In one embodiment, processor 2 may overcome these
10 restrictions by maintaining a set of early registers 34, 35
and 36 in thé pipeline. As shown in FIG. 2, early
registers ETop 34 and EBot 35 may reside in the decode
stage while ECnt 36 may reside in AC stage.
Implementing a set of early registers'34, 35 and 36
15 may increase processing speed of processor 2 by reducing or
avoiding loop set up penalties. As described above,
several clock cycles may pass between the time a loop setup
instruction enters the pipeline and the time the
architectural registers are written. However, the early
20 registers may be loaded long before the loop setup
instruction writes to the architectural registers. For

this reason, implementing early registers may reduce the

time it takes to setup hardware loops.

-10 -



20 registers may be | oaded | ong before the | oop setup Inﬁﬁé ng@ wites
to the architectural registers. For this reason, inplene tﬁ}e ?

regi st er WAAY3Réluce the time it takes to setup hardmarelKunnsnu6m3 WO
02/ 37270 0 3 MAY 2005 PCT/USO /46063 The early registers nay be

specul ative registers used to predict or specul ate the val ue of
architectural registers. Unlike the architectural registers, the
specul ati ve refhsteaslyayeqbsteées smppobeedpbyulheivpestrertisterisnaigdat i on
set. Therefore, programcode nmay not be used to access the specul ative

regi sterstoFpreddtt 6£a5P8cuBatpr OBEAFHRINBY BOLhRRBRBLE 0 MOve data in
or out of the .speculative registers the sane way that he or she could

Wit h arcmégfwé@é re@hﬂx@ésthéoakeﬁgtgetﬁﬁahy E§9L3LeLS By be done in
sever al ferent ways. For instance, the earFy reglstérs may be | oaded

sinply as f LN ular_ iLnstr on.reg |st move to
thgpaychi?§c§ %+i¥§gf§ %%gégé ﬂagtﬁgg %%r EppPﬁgeéyéyéﬁﬁﬁhf ‘Tt the
archltectura% 15 re isters to %ﬁ the contents of sonme other register, and
as a°resutps ﬁ%CEh? ys?EglsTE?ge FepePhBEERRd CO%St Mayn HQfePUHFRD | oad

the registers is a g p" fromnmenory. In other words, the systemmay fetch
t he data ¥Poaf@esdryhe speculative registers. For this reason, a

programmer may not be able to move data in or out of the
speculative registers the same way that he or she could
with architectural registers.

10 Loading early regi;ters may be done in several
different ways. For instance, the early registers may be
loaded simply as a result of performing a regular
instruction register move to the architectural registers.
In other words, the system may instruct the architectural

15 registers to load the contents of some other register, and
as a result the early registers may be updated. Yet
another way to load the registers is a “pop” from memory.
In other words, the system may fetch the data from memofy,
l;ad the architectural registers with that data, and update

20 the early registers.

The problem with regular register moves or pops,
however, is that they may introduce loop setup penalties.

These penalties may occur because the system may stall the

-11 -



| oad the architectural registers with that data, and updatslf:3 @V\g{ag early
registers. The problemw th regul ar register noves or pops, r, is

t hat t hewowys7emt roduce | oop setup penalties. These penaPb¢T/eSo1M@Y630CCUr
because the systemmay stall the -11 0 3 MAY 2005 WD 02/ 37270

PCT/ USQ / 46063 pi peline until the "noved" or "popped" data is available to
be witten. To avoid these penalties, a | oop setup instruction nmay be used
to | oad phpetankyunegilstbes“hefredé otrh&pappkif'edatiralisr agiadtlabd egdto
witten. 5 The followi ng exanple illustrates the syntax for invoking an

exenpl ar gel QeRtEehUP TBChikBedl BEEEHCHEAR1tikSETEHP16BE Belkai ve Top, PC
Rel ative Bottom Counter = X The PC Rel ative Top specifies the distance

fro”‘the'ﬁ%&&%%&iokn%%@uﬁEiggehotﬁhﬁo§ﬁa&EeOEaEh% el skldie Bleddrd fset).

10 The PC'Relative Bottom specifies the distance fromthe current
instructign tq the en f A ( fset). In addition, the
Count er &gﬁigﬁpélﬁgftgﬁgéi%gsésggggn?gr E@gf&%%? and a | oop count

i ndi cating the nunber. of iterations.in the | oo 15 FIL.G is a flow

di agram i | | ustifgt iHed HoWe g r?ixﬁﬁ‘p\;vﬁeﬁllélasrtlrftreésgi%&eersém&&x Isfooarded in
accordance wth an enbodi nent of the present invention. As described, the
| oop setdmvoking an exemplary loop setup machine instruction:

LSETUP (PC Relative Top, PC Relative Bottom) Counter = X
The PC Relative Top specifies the distance from the current
instruction to the start of the loop (the Start Offset).

10 The PC Relative Bottom specifies the distance from the
current instruction to the end of the loop (the End
Offset). In addition, the Counter variable may specify a
counter register and a loop count indicating the number of
iterations in the loop.

15 FIG. 3 is a flow diagraﬁ illustrating the timing when
early registers get loaded in accordance with an embodiment
of the present invention. As described, the loop setup
instruction may contain loop conditions in the form of a
count value, a top value, and a bottom value.

20 Collectively, these three values may define entry and exit

conditions of a hardware loop.

-12 -



instruction may contain |loop conditions in the formof a u # é@Jue,
top value, and a bottom value. 20 Collectively, these threg%bg‘ﬁ 5

define eMQ02¥3W exit conditions of a hardware | oop. - 12 PORYSIPHEHI70 0 3
MAY 2005 PCT/USO /46063 The count val ue may represent the nunber of
iterations that the loop will nake. Once the | oop setup instruction
enters AC (38), the count value may be witten to the ECnt register (39).
Initially witihgy ¢enRhevEbwe peyi SeRFeRAptsthe aynber gfaitegrsionsnove
fromdata registers contained in a different pipeline. In one node of

oper at i orghathech&EChvop egi 31 emakay bénwei thenlwophsednp dostaueeédonn PREG
registers (see FIG 6) in the DAG pipeline. The top and bottom val ues may

i ndi cat e it ehs 1ACi 0387 pcthencbentheallap akyt be WeapteandoMthehEionsd ruction
is the bottomof the |oop. The top and bottomvalues in the |oop setup

| NSt ucti a0y OURVeSs) MY 1he:PLIGARERURLEL, (RO Heplativestherefore, a

cal cul ation (40) in AC st age nay be used”to obtain the top and bottom

| b
Ygsg itfv onﬁﬁ%s %hMKbtt o) goglgﬁ %gQaE§%t1§%er ISt%EfFequatop

seu II’lStI‘UCtIOI’le ers

and botto vaI n h
f% a %f Zn?epYEE &%e tOI% %nETOode J?“%§§?§tf§%, Eﬁg sters (42)

ECnt register may be written with data contained in PREG
registers (see FIG. 6) in the DAG pipeline.
The top and bottom values may indicate which
10 instruqtion is the top of the loop, and which instruction
is the bottom of the loop. The top and bottom values in
the loop setup instruction, however, may be program counter
(PC) relative. Therefore, a calculation (40) in AC stage
may be used to obtain the top and bottom values that will
15 be written to ETop 34 and EBot 35 registers respectively.
After the loop setup instruction enters EX 1 (41), the top
and bottom values may be written to the ETop 34 and EBot 35
registers (42).
The ETop register 34 may be loaded to point to the
20 first instruction of the loop (or top of the loop). The
EBot register 35 may be loaded to point to the last
instruction of the loop (or bottom of a loop). The ECnt

register 36 may be loaded to specify the number of times
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The ETop register 34 may be | oaded to point to the 20 first instruction of
the loop (or top of the loop). The EBot register 35 nmay HB3 1N d to point
to the lastoznstoructi on of the loop (or bottom of a | oop) PCTTNEOIEGNE3

regi ster 36 may be | oaded to specify the nunber of tinmes -13 WD 02/37270 O
3 MAY 2005 PCT/U S01 /46063 that the circuit is to go through the loop. In

one enbodi nent, ECnt 36 counts downward, decrenenting as the «circuit goes

t hrough tthetd ae ElGuid iis &of lgow tdixapaimtie dstarat i o2 node of 5
operation of hardware | oop unit 8 when a |loop setup instruction is

recei ved b PMRGESSeEy 38 Rentss Mbwnwiaabr dawrderonend ozsrethet he | oop
setup instruction may specify several setup variables including a Start

O fset Qﬁngis@t Oéagldcm@p W sedod E- O fset). The S-Ofset may 10
the di i

specify stahce in the instruction streamfromthe |oop setup

instruction t e first i 1 O d N NSt 80P g Shid | gbb¥, okhe E- O f set
may specify tﬁ%ﬂgi s{ alns(S:ea ifr}%“'[ lr#:{(;lél(%gs%truciti on st reagrln fromthe | oop setup

instruction to ,the st _instruction in the p oL.ipstance, if the
first ins‘??%ﬁb‘?f‘i#t q\“bao’fae ilﬁsoo?h%n?fﬁs rvﬂlj(]: r|9oan #éo dlggt:g?y fol | owi ng the

| oop setup instruction, then the S-Ofset WOéHd be.thf.vvi dw of the
instruction is received and processed by pipeline .

According to one format, the loop setup instruction may
specify several setup variables including a Start Offset
(S-Offset) and an End Offset (E-Offset). The S-Offset may

10 specify the distance in the instruction stream from the
loop setup ins£ruction to the first instruction in the
loop. Similarly, the E—bffset may specify the distance in
the iﬁstruction stream from the loop setup instruction to
the last instruction in the loop.

15 For instance, if the first instruction in the loop is
the instruction immediately following the loop setup
instruction, then the S-Offset would be the width of the
loop setup instruction. TIf, in the instruction stream,
there is one instruction between the loop setup instruction

20 and the first instruction in the loop, then the S~0ffset
would be the width of the loop setup instruction and the
one instruction.' Similarly, if there are two instructions

between loop setup and the first instruction, then the S-
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| oop setup instruction. If, in the instruction stream theés iS one
instruction between the | oop setup instruction 20 and the f SMAY, AW r uct i on
in the | eapoihen the S-Ofset would be the width of the pEpPBsERLEHS
instruction and the one instruction. Simlarly, if there are two
instructions between |oop setup and the first instruction, then the S - 14
0 3 MAY 2005 WO 02/ 37270 PCT/USO /46063 O fset would be width of the | oop
set up i ngififiseit oardl ddevid ohsthecloopssefapshawnruotEb& add the

S Ofset and E-Ofset are typically specified by a | oop setup instruction

(44). 5 Homevelst e 190p-setup instruction specifies the offsets relative
to the programcounter (PC). Therefore, the PC value nust also be

det er m ned (4§\?§atsa &z‘g%%a g‘agld &?%Légksg@yahlaeg_g_@ag%%datrg cal cul ate

ETop register r éover, val'ue an sef “may be used

to 10 calculate EBot register data,(47). Once.calcul ated, t early
regi st er WRE b%p%\?%%% by ?h%ggﬁrisﬁt}'lggil&s&rém%(l&& .“@Sr‘rpari ng FIG 4
with FIG 2 illustrates exenplary timng when witing the ETop and EBot
regist er Slovgreys 1B ¢ 4490RnactLB) lﬁrﬁyraegapni sPece fdeggéhes ofEsrEd ati ons
steps (46) and (47) may occur in AC stage 18. Therefore,

relative to the program counter (PC). Therefore, the PC

value must also be determined (45). The PC value and S-
Offset may then be used to calculate ETop register data
(46) . Moreover, the PC value and E-Offset may be used to
10 calculate EBot register data (47). Once calculated, the
early register data may be written to the early registers
(48) .
Comparing FIG. 4 with FIG. 2 illustrates exemplary
timing when writing the ETop and EBot registers. Steps
15 (44) and (45) may occur in DEC stage 14. Calculations
steps (46) and (47) may occur in AC stage 18. Therefore,
the write step (48) may occur in EX 1 stage 22, although
the scope of thelinvention is not limited in this respect.
Once loaded, the early registers may be used té set up
20 hardware loops. FIG. 5 is a block diagram illustrating one
embodiment of a hardware loop unit 8 connected to an
instruction fetch (IF) unit 50 and a decoder unit 52 of

pipeline 10. In one embodiment, the early registers may be
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the wite step (48) may occur in EX 1 stage 22, although the scope of the
invention is not limted in this respect. Once | oaded, theq) gafayy20090i sters
may be uge@dzmreet up 20 hardware |loops. FIG 5 is a bl ech/uhodgémm
illustrating one enbodiment of a hardware |oop unit 8 connected to an
instruction fetch (IF) unit 50 and a decoder unit 52 of pipeline 10. In
one enbodinent, the early registers may be - 15 0 3 MAY 2005 WD 02/37270

PCT/ USOLA;s$6083 éred do e id [toep Jurdahe oft Heamrektiiksty Wat.i ons 57.
Loop hardware 54 is then | oaded with one or nore |oop instructions. Once

| oaded, Lhed Qap Sl UGl NS B 1B adPSHeth 20 Bk adaldyd rom | oop

har dwar e. e 5 early registers detect an instruction |oop, then

one or nore of the |oop. instructions.may be f.et I | F unit
50, and LUEHHEP Sep é‘tceedllfaf%eocgh ﬁcal}edkoroé’ |l§‘c?§%%r?ﬁ1%“§. %ﬁglb%yrrenti ng
early registers may introduce several 10 C}Pal enges. For injzé ce, one
chal | engd-ssnabdgddd BRd Rg2 i AT 798 Warss s glf’se t he
early register data muy need to be adjusted. |If the pipeline nust service
an event eatey piguldtrrs delreehtanparal FoHsi oy RFed YhEDHEN] EMi nat ed. | f
this termnation occurs after an early 15 register has been witten, but
before i torespectivelosy cinseciat bdns egpstles fetchrbronky tenge Bhen the

sarty IF unit 50, and then issued repeatedly from hardware loob
unit 8. |
Implementing early registers may introduce several
10 challenges. For instance, one challenge introduced by the
use of early registers arises because the early register
data may need to be adjusted. If the pipeline must service
an event, the pipeline’s current operations may need to be
terminated. If this termination occurs after an early
15 register has been written, but before its respective
architectural register has been written, then the early
register data may need to be adjusted. In other words,
because the early registers are written early, a
termination in the pipeline before the loop has committed
20 may require an adjustment of the early register data.

FIG. 6 is a flow diagram illustrating a mode of

operation involving adjustment of early registers. In
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regi ster data may need to be adjusted. In other words, ﬁ@gS@ﬁthe early
registers are witten early, a termnation in the plpellne Yo 2005 o | oop
has commiWO&¥3720 nay require an adjustnment of the early rRaii/ES@Ev46068 a.
FIG 6 is a flowdiagramillustrating a node of operation involving

adj ustnment of early registers. In - 16 WD 02/37270 1 8 MAY 2005

PCT/ USO1/ 46063 particular, FIG 6 illustrates the tlﬁln% i nvol ved in
adjustlngp%ﬁBbcEEBF' EEft Feyilversatas shewhiming énvelvese isarly
registers may get witten (76). In one enbodinent of FIG 6, the early 5
reglstersaéﬂés§péglEE@RIE?OtheEEﬁbpreEB@terand ECnt registers (as shown in
FIG 2). If atermnate in the pipeline (80) occurs before the
architectural RegshbensinhBYe.béenthei theby(83)yisthbes iag yeaborted
instructions may be drained fromthe pipeline (83), and the early

registersy#@taBy 9 6adj ushednbyembbliRgntherdata cent aihged Ay f hei r
respective architectural counterparts (84). The node of oper atii on

|| ugtral edgh BeELG J8e eégflegi&gcuharwogsefag eyneRteRlng Wi th

back-t o- bac har dwar e ops I nsta a $econd Oop is term nated
15 before |t i _t iL.rst ht still need.to execut its
rena|n|ng TH %gﬁé RS SE°FHelB. F|n “Th fa&|ﬁ§FWé Rete the

pipeline (80) occurs before the architectural registers
have been written (82), then the unaborted instructions may
be drained from the pipeline (83), and the early registers

10 may be adjusted by writing the data contained in their
respective architectural counterparts (84).

The mode of operation illustrated in FIG. 6 may be
particularly gseful when dealing with back-to-back hardware
loops. If, for instance, a second loop is terminated

15 before it commits, a first loop might still need to execute
its remaining instructions in the pipeline. The adjustment
technique in FIG. 6 provides a way to deal with this
tfansition by adjusting early register values accordingly.

FIG. 7 illustrates a way of updating the architectural

20 register value with the Early Count (ECnt) data. Data may
be written to an ECnt Register (90) in any manner described
above. The ECnt register data may then sent down the

pipeline (92) so that it gets written to the architectural
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technique in FIG 6 provides a way to deal with this transition by
adjusting early register values accordingly. FIG 7 illust 8 MY 05y of
updat i ng woe2arxhi tectural 20 register value wth the Earddr sQYakoes ECt)
data. Data may be witten to an ECnt Register (90) in any manner 3escri bed
above. The ECnt register data may then sent down the pipeline (92) so that
it gets witten to the architectural - 17 0 3 MAY 2005 WO 02/ 37270

PCT/ USOL/ 46068 £ayiét&£9{ SELrad OB q dps | 918 4B, stagen, ThgneLp, every
subsequent itergf?lon of the | oop (%4) t he ECnt Regllq’stefr? egg? -may be

d t e d ' | 92 This process ma
cont i nue ot TR e REln PR LA PP IE ch e darT ohSeBafssri o b
illust ratgs an_al ternélti ve vva%/?(ﬁf( dating the architectural count

e

regi st er . SRat HEFY thardSenmny 13N VN €PER pipel Pheehiner every
iteration of the |oop, the node of operation illustrated in FIG 8 sends
the ECnt 192 Uat Al Bk R qPRS oY sedRicniemtunt ek athenkoop hae | oop, a
single valid decrenent bit nmay be sent to adjust the architectural count
register. fimishasl B;s dbast nhyebetiwintt2%) to an ECnt Register (90) in any
manner described above. The ECnt register data 15 may then be sent down
the pipeline (BXj.sd thhhsttayes sanwaltermaoivbewayCOEt gpbt ahgCeHat

regi ster (93) during VB
architectural count register. Rather than sending the ECnt
data down the pipeline after every iteration of the loop,
the mode of operation illustrated in FIG. 8 sends the ECnt
10 data once. Then, in subsequent iterations of the loop, a
single valid decrement bit may be sent to adjust the
architectural count register.
In FIG. 8, data may be written to an ECnt Register
(90) in any manner described above. The ECnt register data
15 may then be sent down the pipeline (92) so that it gets
written to the architectural count register (93) during WB

stage. In subsequent iterations of the loop (94), a single

valid decrement bit may be sent (102) to decrement the

architectural count register (104). This process may
20 continue until the loop has finished its last iteration
(98).

FIG. 9 is a flow diagram illustrating the timing

advantages realized by the use of early registers. As
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stage. In subsequent iterations of the loop (94), a single .,valid decrenent
bit may bhe sent 6102) to decrenent the architectural countnﬁ%yﬁéﬂﬂﬁ (104).

Thi s proé%gg 20 continue until the | oop has finished iRGEI/USHH60@er ati on
(98). FIG 9 is a flow diagram i | lustrating the ti rri ng advant ages realized

by the use of early registers. -18 WD 02/37270 ' 0.3 MAY 2005

PCT/ USQ / 46063 sho i n Fl ntr /eX|t condltlons may be | oaded
into a setgr> eaplyeﬁegP$t§$§ (ff%?g'fﬁﬂgg Fiogs MAveXaa 1ssiad i ons may
then be detected (122) before a |oop setup |nstruct| on has commtted
(124). 5 Paf8sti @ é tﬁg BERLYr €§ig§tsé'—rerrﬁay(lﬁr0ésent'rhm ©2gdat  chal | enges.

Adj ustnent of the ECnt register nay be done any tine there is a

terni nati entsy/eRétprpariréopsi oayt dhen leopleieiated | (lixhetde fBtes ammy be
because valid instructions may still be in the pipeline and these valid 10
i nstructi bospnsghtipadhest-uthe car ¢this eximurialte@ounitz anegi ster  val ue once they
comit. One way of correcting the ECnt register data following a

terng nation ispfguakhay the kostr Li‘etth%rb@rfa & & Ad&nd /dANAd QY to commit
W

and then wite the ECnt register 15 its architectural counterpart.
However, Eﬂhﬁlgﬁﬁequ ﬂajustment of the ECnt register may be done

any time there is a termination of the pipeline prior to a
loop being finished. This may be because valid
instructions may still be in the pipeline and these valid
10 instructions might adjust the architectural count register
value once they commit.
One way of correcting the ECnt register data following
a termination is to allow the instructions before the
termination to commit and then write the ECnt register with
15 its architectural counterpart. However, this may add an
additional penalty if the branch penalty is less than the
time it takes to drain the pipeline.
FIG. 10 illustrates an efficient way of adjusting an
early count value. As shown, after a loop setup
20 instruction enters AC stage (180), the early count register
may be written (182). At this point, the ECnt data may be
sent down the pipeline (184). 1If a termination (185)

occurs, unaborted instructions may be drained (186) and the
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additional penalty if the branch penalty is less than the _tinme it takes to
drain the pipeline. FIG 10 illustrates an efficient way &3 Myu®85 ng an
early couotozyaliee. As shown, after a | oop setup 20 instr rT/08018066dr s AC
stage (180), the early count register my be witten (182) . At this
point, the EChnt data may be sent down the pipeline (184). If a term nation
(185) occurs, unaborted instructions may be drained (186) and the -19 WD
02/ 37270EEh8 MYYi2085 mBRECTHY @0itten6@6BhEChe degpstor i@y be witten with
the data in its architectural counterpart (187). At each bottom nmatch
(190) a yabhd:deeneaentobhtempyrtbe18ent down the pipeline (192). Wen an
instruction that 5 caused a valid bit to be sent exits each pipe stage

(194), a valigd, d@ﬁ%ﬁnﬁ%t%t nER¥LDE 150NDKEE 1AMl caRuUAt & tatnayt hat
exi ted pipe stage 196 I'n other words, the counters nmay be increnented

shen a vall deBL! dbgpogab, (Eptaadl 192p) anduan il ddudlorounarnary Lhen

decr enen en the | nstructi on tlhat caused the valid

decrenent bit to be sent, exits the [ f .a t occurs in
t he 5pi peFﬁHéeél%)Valtlﬁleble:artloyigoﬁr?fl%r g@alic[ er ar%‘y IPAN 0‘1((2“8)8’) by the

nunber of valid decrement bits in_the counter_at tt}ke term nat|
a valid decrement bit may be removed from t counter

that exited pipe stage (196). 1In other words, the counters
may be incremented when a valid bit is sent (e.g. at 192)
and an individual counter may then decremented (e.g. at

10 196) when the instruction that caused the valid decrement
bit to be sent exits the pipe stage.

Tf a termination occurs in the pipeline (198), the
early count register may be adjusted (188) by the number of
valid decrement bits in the counter at the termination

15 stage. This adjustment value may also be represented in
the respective counter of every pipe stage that resides
later in the pipeline than the stage where the termination
occurred. The steps in FIG. 10 may repeat themselves untill
all loop instructions have exited the pipeline (200).

20 The ECnt register may be decremented at every bottom
match (e.g. for every pass through the loop). However,
rather than propagate the whole ECnt value down the

pipeline after every bottom match, only a single valid
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15 stage. This adjustnent value may al so be represented in, ,the respective
counter of every pi pe stage that resides later in the pid@piM@(@WQn t he
stage Wwh&r®%¥H2% er mi nation occurred. The steps in FIG PCTeSp1aemsaat

t hensel ves until all loop instructions have exited the pipeline (200). 20
The ECnt register may be decrenented at every bottom match (e.g. for every
pass through the |oop). However, rather than propagate the whole ECnt

val ue dovearriensi fult feawfhersaverdowottiempripehinenl yIa shagle valid - 20
WO 02/ 37270 0 3 MAY 2005 PCT/US01/46063 decrenent bit may be sent down the
pi pel i nemamedhi s haanmerre ardducvkbse medusd | 0o byedeineahezedpi N t he DSP
system The set of counters may nonitor valid decrenent bits and the

associ at edydtnai . uatioOnset ot causesk 4 hese bl st dr t P2 PEyS8BErehSnguUCh, the
set of counters may keep a running tab on differences between an early

count reglisteranfndhd tés@é&i@ﬁ@&tiaﬂﬂr&&{%rg R’gﬁé gé&eélt%léﬁg Eé{%glt()e

diagramillustrating counters iIn clrcul shown, ~coun

mai nt ai n every 1 tage of _.a pipeline after DEC (210, 211, 212 and
213;}’. Tﬁéejor g%eorsee?{ta' siOAnsgI e val i%in%esce&e ﬂtc%?lft%@ IB@(’p%SﬁBgét ed down the
pi peline to account for ﬁhggdifference bet ween the. early count register

and itszﬁqﬂﬁ%QﬁﬂRﬁéﬂo% ?Eﬁﬁ??s between an early count register

and its architectural counterpart.
FIG. 11 is a block diagram illustrating counters in a
circuit. As shown, counters may be maintained at every
10 stage of a pipeline after DEC (210, 211, 212 and 213).
Therefore, a single valid decrement bit may be propagated
down the pipeline to account for the difference between the
early count register and its architectural counterpart.
The counter may be connected to the input of a multiplexer
15 220. Multiplexer 220 may determine which counter, if any,
is used to adjust the early count register 36.

In other embodiments, a termination may not occur at
certain stages, or may be restricted when a certain
instruction resides in a certain stage. In such

20 embodiments, the circuit hardware may be reduced by not
implementing counters in the stages where a termination is

restricted.
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The counter may be connected to the input of a multiplexer, 15 220.

Mul tiplexer 220 may determ ne which counter, if any, 1is ugngﬁbzﬂﬁjust t he
early colMP 0p@{78ter 36. In other enbodi nents, a terninat iPGT/USAY/46068 occur
at certain stages, or may be restricted when a certain instruction
resides in a certain stage. In such 20 enbodi nents, the circuit hardware
may be reduced by nat  _inplenmenting counters in the stages where a
ternination isTheedidtes o copntegs32ify 2885 2WD @3 2220 MBET/HESOl / 46063
The width of counters 210, 211, 212 and 213 may be altered as needed. For
i nst ance, a¢banedr aploesgedhbe Hoonénsbiehcepubentamnd 221 masy bee za dned- bi t
counter. The mnimal depth of counters 212 and 213 nay depend on the
nunber of bStexeumttiean asidagdd maiynbthe pivpebiite coGatrter 2ZHR MY ke 12
one-bit counter because it always has a value of either 1 or zero. For

i nstance, depthas fa ctante r@f 20neahll 21B0kLYMyeFRLEN dnNShieUGhied SEurrently
in AC. When the instruction |eaves AC, the counter returns to zero. 10

Counter 241 .and;ihe sr%%%scau@gfefcpggpgpeﬁ%e%t a8k ed) 2108 o Dt

counfers, although the scope esént " i nventi Bt ed in
this respect., This is.because counter 211 EX 1 cqunter) may have

a maxi munvUsi 08 o FNS 5 RECERSS  dbuAtYRYRa %ﬁgéeggiﬁﬁxpﬁﬂﬁ¥EQQR3%ﬁ
or zero. For instance, it has a value of one if a bottom
match instruction is currently in AC. When the instruction
leaves AC, the counter returns to zero.

10 Counter 211 and the next counter (e.g. for stage EX 2)
may be two-bit counters, although the scope of the present
invention is not limited in this respect. This is because
counter 211 (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. This may correspond to the case where the loop is a

single instruction loop. Thus, the depth of the counters
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15 three. The EX 3 counter has a maxi num val ue of four, hence, it may need
three bits. Slmlarly the next three counters (e.qg. EX 40t30ME)’(@5 may be
t hree- bi WQWMHEY s capabl e of representing between five tRETEESPEH6063| ues
respectively. 20 The counter width for each stage may be determ ned by
consi dering the maxi num val ue that the counter nay need to hold. This may
correspond to the case where 1?éhe loop is a gle instruction | oop. Thus,

the dept F%f THPCOUREFSSROBS t9G /%‘?fé%rloé RAFISE05e tPEPRUSDE 46063
may sinply correspond to the nunber of stages between the counter and AC.
Agai n, hogverer t3nd AGe rgadhsoheepend, bhewhdehemay eésw dapeod may
occur in a particular stage; so sone stages may not need counters. 5

Anot her mrdevioétloperattomisatidybnay vayuef iadpuptichgcullbe earlge ;count
register. The counters residing at the selected stages of the pipeline my

be used tgy aﬁm@tsﬁé@eseyaéj,ynggulqéeaegbﬁheérgf the penalty associated with
draining the pipeline is greater than-the branch penalty. 10 However, if

the gdrain penagiﬁa/%a&rlrﬁé ethang gérsey e 5hﬁ¥b9&an%@yp%rza' tgtyjustt*l% the

instructions int eplpelne be al |l owe commt~“so th the early
count regC ster rnﬂy @dl:é'é egerfonﬂlgsc %tg ectrtérs dl%ount ert%art System

selected stages of the pipeline may be used to adjust the
early count register if the penalty associated with
draining the pipeline is greater than'the branch penalty.

10 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 early count register may
be adjusted from its architectural counterpart. System
operation may be chosen depending on where in the pipeline

15 the termination occurred. In one case, a pipeline having 3
execute stages may be drained if the termination occurs in
EX3 stage or WB stage; but the pipeline may not be drained
and the early counter may be adjusted if the termination
occurs before the EX 3 stage.

20 _ FIG. 12 is a flow diagram illustrating a hybrid mode
of operation. As shown, a counter may adjust an early
count value (228) if a termination (230) occurs before the

nth stage. However, if termination (230) occurs after the
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operation may be chosen depending on where in the pipeline %5%41%%05
termnation occurred. In one case, a pipeline having 3 extcu stages may
be drai rwgo2f3727he term nati on occurs in EX3 stage or VB BCHYE1/H0M3 t he

pi peline may not be drained and the early counter may be adjusted if the
termnation occurs before the EX 3 stage. 20 FIG 12 is a fl ow di agram
illustrating a hybrid node of operation. As shown, a counter may adjust an
early colhtsvadectiapayhe finsterathanfohn(bRe)PeedisehBryrbet he nth

stage. However, if termnation (230) occurs after the - 23 WD 02/37270 0 3
MAY 2005 a1RGIddSAL 46063 thidowsitagehd herpd hine resta ucenvoits (232 he pTipel i ne
may be allowed to flow through the pipeline and conmt (232). The early
register gy t fe pgatied Wi hoé hepdkat d i wi thetlie @a€hi igctiveal
counterparts (233). The variable n may 5 define the point at which all ow ng

i nstructigns, { tdyppnahv g dec pi peiine takesyap appanh iytinme less
t han or aequa 199t%tj't el branch p%nal typ%%ﬂ). FIG 13 iIIustrat%s a hybrid

circuit havi.ng caunterss . in the. fir r j ages e circuit
may 2al | mﬁﬁeéfd% htg“%ippoeﬂtnearﬁ owl}é&%ﬂéu‘?iel%;sn%ngﬁrﬁc #gggﬁ%ogﬁog\nj’%g a
termnation if an instructjon has entered the gtfhtexec tion sItlag%.

However , BIHeORIH ctie BrRR -t} tista KRS e3F | §eBlht ime - less tha

equal to the branch penalty (234).
FIG. 13 illustrates a hybrid circuit having counters
in the first n - 1 execution stages. The circuit may allow
10 the pipeline to execute its instructions following a

b execution

termination if an instruction has entered the n°
stage. However, the circuit may adjust an early count
register following a termination if an instruction has not

th oxecution stage. Again, the variable n may

entered the n

15 define the point at which allowing instructions to flow
through the pipeline takes an amount of time less than or
equal to the branch penalty. In other cases, the variable
n may reside much earlier in the pipeline (e.g. where the
branch penalty is larger).

20 Additional loop hardware, such as loop registers and
loop buffers, may facilitate fast hardware loops. Loop

hardware as described herein, may provide several

advantages. In some implementations, loop hardware may
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register followwng a termnation if an instruction has not e&tAered the nth
execution stage. Again, the variable n may 15 define the i?h %1 i ch

al | ow ngW‘HQ%’S’U&?i ons to flow through the pipeline takes PaT/estunt630f tinme
| ess than or equal to the branch penalty. In other cases, the variable n
may reside nuch earlier in the pipeline (e.g. where the branch penalty is
| arger). .20 Additional | oop, hardware, such as |oop registers and | oop
buffers, f ???PaPEHPQE%eﬁar dWar adfsbpen. LbBpP Rardware mgydesds bed
herein, may provide several advantages. In sone inplenentations, |oop

har dwar e RRWEX PV rewpyRng7iize peedMAY 2¥¢ePEThEI80ty46663 chisdeubhamech
penalties. In addition, |oop hardware may save power by renoving the need
to accesxamnorgr déRhdefosueheny itacation SRAM flobpeveruritherabiren) of a

| oop. Furthernore, the |oop hardware descri bed bel ow may have very few 5

progr amitige r esépi RhiranareMaeseyebed! BeRoRaREYAREvERY e riefRY,E al i gnment
restrictions that m ght otherwi se exist in programnendry. Referring again

o) e SRR Pk SR B ATUBBLE, LOC 3B, n2haNERNRD PXEELL
| oop unife&%ve alignment restrictions that might otherwise exist in
program memory.

Referring again to FIG. 1, illustrated is a
programmable processor 2 having an execution pipeline 4 and

10 a control unit 6. Control unit 6 may include hardware loop
unit 8.

Hardware loop unit 8 may include one or more'sets of
loop buffers connected in series. In addition, the
hardware loop unit may include one or more single"

15 instruction loop registers. A collection of loop buffers
and/or loop registers may collectively be loop hardware.
This collection may facilitate fast hardware loops.

. Referring again to FIG. 5, illustrated is a block

diagram showing an embodiment of a hardware loop unit 8

20 connected to an instruction fetch unit 50 and a decoder
unit 52 of pipeline 10. Instruction fetch unit 50 may
provide one of a number of inputs to the hardware loop unit

8. Hardware loop unit 8 may comprise a multiplexer 56
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Hardware | oop unit 8 may include one or nore sets of |oop buffers
connected in series. In addition, the hardware |oop unit h&WMAnZude one
or nore worgl3@7a5 i nstruction | oop registers. A collecti aCTodSOlgew3buffers
and/or | oop registers may collectively be | oop hardware. This collection
may facilitate fast hardware | oops. Referring again to FIG 5, illustrated
is a block diagramshowi ng an enbodi nent of a hardware |loop unit 8 20

connect eq dn et ddN %o UG M reteireusist, SQoapdhardeecdersunidy 52 of pipeline
10. Instruction fetch unit 50 may provide one of a number of inputs to the

har dwar e ni t ¥ sC QRJey ShdW ilexer 56 -
25 0 3 I\%&%%%C}S‘SO%\?O |f_@'Z?O PCT/ USON%}EB 68%§%or?nect e/idoi‘tao | oop harI(;IEé(ware 54.

Loop har vvare con o, e 0 r nd/ or one
or nore rree,gé%érs It\b/ﬁoreeoo\(}}él‘r ’ tthe ssgtt% E))? ?‘83 %q#&grgsserrr[gaf i ncl ude a
defi ned nunber of bee{}ers con ect erles ch, set of Ioop buffers
may have s G Ad15H0HY s‘i rbu e&s fz?nlnse gzrﬁﬂhlé} 5 di agr am

illustrating one enbodiment of a hardware |oop unit 8. Again, hardware

| oofF uniBadh ragt mf AR AERE%S ARY Mstieuch &% Satiatamhito®d and 10 a

decoder (not shown). Hardware |loop unit 8 may include a nultiplexer 260
register. '

FIG. 14 is another block diagram illustrating one
embodiment of a hardware loop unit 8. Again, hardware loop
unit 8 may be connected to an instruction fetch unit 50 and

10 a decoder (not shown).

Hardware loop unit 8 may include a multiplexer 260
connected to loop hardware. Loop hardware may include a
set of loop buffers 271, 272, 273 and 274 connected in
series. These buffers may provide input to another

15 multiplexer 280. Multiplexers 260 and 280, in turn, may
provide inputs to multiplexer 290. Output of multiplexer
290 may be connected to a loop register 296, which may be
connected back to the input of multiplexer 260. The output
of hardware loop unit 8 may provide input to a decoder.

20 Multiplexer 260 may have a plurality of inputs. These
may include an input from a register (e.g. an emulator
instruction register) and an input from the fetch unit 50.

In addition, multiplexer 260 may have an input from the
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connected to | oop hardware. Loop hardware may include a | o
buffers 2\2,602%7%0 273 and 274 connected in series. These b ZH&N

provi de input "t'o another 15 nultiplexer 280. Miltiplexers zemn§nuumso, in
turn, may provide inputs to nultiplexer 290. Qutput of multiplexer 290
may be connected to a | oop register 296, which may be connected back to

the input ut put of hardware |oop unit 8 may
provi de |%1[8)% rr!ti(lr)ltsr'glz%‘ecogerQQE(EE%IH| dexe P f URF Rty of

i nputs. ncl ude an i nput froma reglster (e.g. an emul ator
i nstructi 8§ﬁ gggg¥gw‘r§ngoﬁﬁ puat fromthe fetch unit 50. In addition,

mul tipl exer 260 may _have _an |nput fromthe - 26 0 3 MAY 2005 WO 02/37270
PCT/ USO /46063EP<881|Bl|aﬁé/t Ftbri dA Addisitaatan koop Mpndvamen cnep ot sedr e

ot her hardware | oop units. Exenplary FIG 14 illustrates |oop hardware
conpri sedofof 4-degpepesepfofl obpopulfificfrer srahck asixidlH el rddstiaei ban 5
regi ster. However, any nunber of buffers and/or instruction registers

coul 8 be negdsiterat htlowerbedi et Bumble® Ml BferaRs/Hf operation, |oop
buffers are inplemented in two different scenarios. In one scenario, every

i o T L A L
scenario is d'%ﬁ”%%%ﬁﬂlgry modes of operation, loop buffers are
implemented in two different scenarios. 1In one scenario,
every instruction in the loop fits in the loop buffer. 1In
10 another scenario, every instruction in the loop does not
fit in the loop buffer. Each scenario is discussed in
turﬁ.
FIG. 15 is a diagram illustrating one scenario. As
shown, a 4-deep set of loop buffers may be loaded with a
15 three-instruction loop (I2-I4). As such, one of the loop
buffers and the VIop register may not be loaded with any
data. Instructions I2-I4 may be executed again and again,
until the exit condition of the loop is met. As shown, the
exit condition may be checked every.time the I4 instruction
20 is issued from the loop buffer.
FIG. 16 is a flow diagram illustrating one scenario.

As shown, instructions may be issued (300), instructions

may be loaded into a set of loop buffers (302), and the
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turn. FIG 15 is a diagramillustrating one scenario. As ESW a_ 4-deep
set of |oop buffers may be | oaded with a 15 three-instruct Y63195“2-14).
As such, wanex/syb70t he | oop buffers and the VTop regi ster mrgTsdl/esd oaded
with any data. Instructions 12-14 may be executed again and again, until
the exit condition of the loop is met. As shown, the exit condition may be
checked every tinme the 14 instruction 20 is issued fromthe |oop buffer.
FIG 16 irscrofy cledicgrmayibeustadliedg(dde) scebhpldingAthehnamory
instructions may be issued (300), instructions nmay be |oaded into a set of
| oop buf fredyp B0 de apewéhesavidgs Wb 02RE78ID 43shBX(. 2085tBPETLLL SN / 46063
menory device may be stalled (304). Stalling the nmenory nay provide power
savings tod he, SR sysbem iAkbernbogdings bherkpst rgokignehient o the set of
buffers (302), the instructions may be subsequently issued fromthe set of
5 buffers, (3 The i ryct | [ 0 a r@gain until
14800 1085 1 Rabrue lsﬁﬂéeﬁg%{ng%% 05%3@%1 ¥ebnaRfe QUE o

the exit €on ion o0 oop IS G 17 is another flow
di illustrati ari o, h ' . t [ d
(3105 Tt Rets ubPeRs naeoanranehTrRto ays R ar Y Sty epd” | 5%V

over again until the exit condition of the loop is met

(308).
FIG. 17 is another flow diagram illustrating one
scenario. As shown, instructions may be issued (310),
10 instructions may be loaded into a set of loop buffers

(314), a memory device may be stalled (316), and a loop
count may be initialized (312). As long as the exit
condition of the loop is not met -(318), the loop count may
be decremented (320) and the instructions may be issued
15 from a set of loop buffers (322). The memory device may be
stalled until the loop count reaches a defined number X
(316). Moreover, X may be defined such that the next
instruction after the loop may be immediately ready in the
fetch unit when the loop has finished. In this manner, a
20 loop exit penalty may be avoided.
In other embodiments, a loop count is initialized
(312) to zero. Adjustment (320) would then increment the

loop count rather than decrement as shown in FIG 17. still
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(314), a nmenory device may be stalled (316), and a | oop 03@ t naﬁwge
initialiaﬁgog %%%. As long as the exit condition of the | g'¥@Y met
(318), the I'60p count may be decrenented (320) and the inB¢T/HER49063 may be
i ssued 15 froma set of |oop buffers (322). The nenory device nay be
stalled until the |oop count reaches a defined nunber X (316). Mreover, X

be def hat .the .next _jnstruction after the | b
a6y Gady o TR SEAr BISh AP R Yo is HHSHG 1 SHEHS 1 n thi s

manner, a ﬁg Hoop exit penalty may be avoided. In other enbodinents, a | oop
count is % rti’al i zed (312) to zero. Adjustnent (320) would then increnent
the |oop count rather than decrenment as shown in FIG 17. Still - 28 WO
02/ 37270 ,0 3 K&E¢-2065 1speTAiswrass(ed withet lenhadiatdes seéhahbsone
apparent in light of FIGS. 15-17. FIG 18 is a diagramillustrating

anot her sa&enahicon, As shieep, s&t4-aedpaetbuffdeomapifersoaayd bei+ paded
with 5 four instructions of a loop (12-15). In addition, a VIop register

may be | ofided inist il iatdr &5 0f1ddie MEXIs5)i NStrGdpnidh | he $99p. VTop
may be an address register that resides in the pipeline (see FIG™2, 37)
During syBseauet rdenfl AR it P addIld'd s W Kedd MY
instruction in the loop. VTop may be an address register
that resides in the pipeline (see FIG. 2, 37). During
subsequent iterations of the loop, instructions I2-I5 may
10 executed while I6 is being fetched. I6 may then be
immediately ready for execution after I5 has been executed.
The exit condition may be checked during iterations of the
loop.
FIG. 19 is a flow diagram illustrating the scenario of
15 FIG. 18. As shown, a first subset of instructions may be
loaded into a set of buffers (330), as the first subset of
instructions is issued (332). Next, the starting address
of the second subset of instructions may be loaded into a
register (334) and the second subset may be issued (336).
20 During subsequent iterations of the loop (the number of
iterations being defined by the exit condition (338)), the

first subset of instructions may be issued from the set of

-20 -



10 executed while 16 is being fetched. 16 may then be i di ately ready
for execution after 15 has been executed. The exit condit ?%5e

checked \Jgrghashot erations of the Iloop. FIG 19 is a flovwclh/egnasees
illustrating the scenario of 15 FIG 18. As shown, a first subset of
instructions nmay be |oaded into a set of buffers (330), as the first subset
of instructions is issued (332). Next, the starting address of the second
subset ofyifEstisuCt3I4NS WA ebeHepadatbrichtsulssetr eigi stesimg F)chemwd t he second
subset may be issued (336). 20 During subsequent iterations of -the | oop

(the nunhay9f. ifr ald @it bRl wetdnachdy Bde xidd cwli)ti on (338)), the

first subset of instructions nay be issued fromthe set of -29 0 3 AWAY

boi ng 1ot ched (P CTRE CHONT AUbaio ey L hor b ied { S8 - A mode of

operation in accordance with FIG 19 realize several .advant.ages. For
i nst ance re@ldraf tI5HEe e 2 %qﬁ%ﬁe%ubg§¥riﬁn?%%ﬁ%%’f?%ﬁf- €% Soti$uffers,
power may be saved if the nmenmory device is not firing. |In addition,

f et ¢Ghi ng fa rsdc b stibset WTued £ ¥Rt sebset lP‘éfic-%EgeoP%?/r ThiReze 1 oop
penal ties. In one enbodinment, the loop buffer may have a depth that

corr esponrdsrdd iaf tleastendey 1deviedmchs peptl £§ringus, IR had@EhaPRy associ at ed
wi th fetching

fetching a second subset while a first subset is issued may
minimize loop penalties. 1In one embodiment, the loop
buffer may have a depth that corresponds to at least the

10 branch penalty. Thus, the penalty associated with fetching
the second subset may be hidden behind the issuance of the
first subset of instructions. This may increase the speed
of the DSP system. In other embodiments, however, where
.péwer saving is a more important design feature (e.g. for

15 circuits implemented in battery powered devices), deeper
puffers may be more useful.

The first subse£ of instructions may be the number of
instructions that fit in the set of loop buffers. The
second subset of instructions may be the next instruction

20 in the loop following those loaded in the buffers.
Alternatively, the second subset may be a plurality of

instructions that follow those loaded in the buffers.
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the second subset may be hi dden 'behind the issuance of the first subset
of instructions. This may increase the speed of the DSP s-ﬂﬁw 2005 ot her
enbodi mewe p2/bmever, where power saving is a nore inport@ERtyudsskes
feature (e.g. for 15 circuits inplemented in battery powered devices),
deeper buffers may be nore useful. The first subset of instructions may be
the nunber of instructions that fit in the set of |oop buffers. The

second subset gfiginghr yet hors ARy AR e fMext diiRstdarctian, 40,441 the | oop
foll owi ng those | oaded in the bupf ers. Alter nét i%t/eal y,'.L ?hegt'cs%eajcéolﬁlcg]subset

b ' [ [ t | h . din th
Ut fors. o0 os BRSNS 47575 U is08s e T 6 b Hor o
gener al fkom/dia cam.illustrating the scenarios dif%ééged above. As shown,
a first subBS&EUSFOMRsfPYctifons B&%03dER Y Ao PR E&T Hf (A énd (350)

and issued (352),. Lf all_ instructions of the loop fit into the 5 |oop
buf fer (358FUefhddSg) nenddy adevilds trgtionst ol &de (359 frdd e the
i nstructions may be continuously issued from the set of buffers (356)
unti® thelegpt budAeirt i(@h4i)s rden E358morlyf daivliiceheaynstea wtdldrsi of the | oop
do not fit into 10 the |oop buffer (354), then a second subset of
i nstructi ¢855) mapdbe hies dmad ri3fLonsnthatyh®es camnttiing cagdre sis fifed Fassn
the set of buffers (356) until the exit condition is met
(358).
If all the instructions of the'loop do not fit into
10 the loop buffer (354), then a second subset of instructions
may be issued (360) and the starting address of those
instructions may be loaded into a register (362). On
subsequent iterations of the loop (as defined by the exit
condition (364)), the first subset of instructions may be
15 issued from the set of buffers (366) while the second
subset is fetched from memory (368). The second subset may
then be issued (370).
In the scenario of FIG. 18, a request for the address
pointed by VTop may be made every time there is a bottom
20 match. In this manner, a first subset of instructions may

be dispatched while fetching a second subset of

instructions.
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instructions may be | oaded into a register (362). On subsequent iterations
of the loop (as defined by the exit condition (364)), the(f3 MY 2ifset of

i nstructwew/ew be 15 issued fromthe set of buffers (3&B)usérideasst he
second subset is fetched frommenory (368). The second subset may then be
issued (370). In the scenario of FIG 18, a request for the address

poi nted by VTop nay be nmade every tine there is a bottom 20 nmatch. In this
manner, a fir sy sulbsetinof thestiluctd end sty die idisdpatadtishswnin eclfet ching a
second subset of instructions. -31 0 3 MAY 2005 WO 02/37270

PCT/ USOLA4RAS Ty Bdn tdispddendd,r dhes Wastie /aleriorst magt itanse i all tdedy| oop
has been dispatched, the cache/menory may have already been accessed and
an ali gn{ig%brgr% b&ggézgs Eﬁ]&? W th it er&eméumm&f witgt raagd i ons. The

al i gnmen fer rruI t| pI e instructions (depending on the w dth

?Ls??ﬁgti 'c?p%% Lo Il%?%ﬁ’ a?%tjyn r r}g} ?;Ee I nrlt%‘r?g-gtg% gnrrefl]%glL Ibu%sr/er wth

the first instructi on of the second bset bel msi# ctlg EOCI at ed
with a VIS gppsterle 1SRG G Hh Efrtﬁhtr}?er HyuR t??@ t he next
|nstruct|onfollowngthat assomated W|th VTo \/\hllethe Js_tructlon
associ at dnskrwciop) i s B spe cHrRepPnggrubset includes a plurality of

instructions, the plurality may be aligned in the alignment
buffer with the first instruction of the second subset
being an instruction associated with a VTop register.

10 Operation may further include regquesting the next
instruction following that associated with VTop while the
instruction associated with VTop is dispatched. For
example, in one mode of operation, the instruction
associated with VTop is a 64-bit instruction. As that 64-

15 bit instruction is dispatched, the next 64-bit instruction
(as defined by alignment in memory) may be fetched. By
repeating this over and over again, a DSP system may
dispatch instructions in a fast and efficient manner.

Prior art programmable processor systems that

20 implement hardware loops may require many restrictions in
the operating code. However, it is highly desirable to
provide for hardware loops that have very few programming

restrictions. 1In one embodiment, a system in accordance
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exanple, in one node of operation, the instruction associ tﬁ'ﬁﬁ" VTop is
a 64-bit _instruction. As that 64 15 bit instruction is disga , 1t he next
64-bit i N4 PEET%n (as defined by alignment in nenory) neRCHUESFl&s0dled. By
repeating this over and over again, a DSP system may dispatch instructions
in a fast and efficient manner. Prior art progranmmabl e processor systens
that 20 inplenqpt har dwar e, | oops, nay require many restrictions in the

oper at i nd' iU HRRRRFDE | YR oI Ha Mel? YahPa Lo ongr ewiodieatevi rigar dwar e

| oops that have very few progranmng restrictions. In one enbodinent, a
syst em i refdgorddmie. - JPhe OsBngly PO9ErigNDi 68/ 8iAY7 BePEHAUS@Ne46063 Wi th
the present invention may have only one programming restriction. The

singl e reststient icmmaly levé hatbtdech syst en.eapnbbthavwe a branch on a | oop
bottom Fast hardware | oops may have situations where a loop 5 buffer

calls for Invatddiali orandheseosps uahy OngvE! ShtuakaehiddG diald daddon wher e

a |l oop buffer has been populated w i

h a conditional branch. Thus,” in one
d f i ers be.inval.idated if one of the
mode; of QpEFAll ka2 86t fﬁ\é%ff&a‘gfglfx. THBY 081 R TR Gl ol On® OF Th

first ninstructions inalo 1S condi ti onal

may define the,depth pof .the set. of |00 buf fers Anot her situation where a
|ng bu;f%ﬁc%ﬁier{hﬂﬁiégatf%n where a foopu u%fer has eeA ﬁépulated

with a conditional branch. Thus, in one mode of operation,
a set of loop buffers may be invalidated if one of the
first n instructions in a loop is a conditional branch.
10 The variable n may define the depth of the set of loop
buffers
Another situation where a loop buffer may require
invalidation is when an event is received while a loop
buffer is being loaded. 1In addition, a loop buffer may
15 require invalidation following a C_SYNC for self-modifying
code. Thus, other modes of operation involve invalidating
a loop buffer when either of these two situations arise.
Zero offset loops may introduce additional challenges.
Offsets may refer to the distance between the loop setup
20 instruction and the first or last instruction in the loop.
In prior art systems, offsets are necessary to facilitate
setup of hardware loops or to account for programming

exceptions in the system. Facilitating zero offset loops,
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invalidation is when an event is received while a loop buffer is being

| oaded. In addition, a |oop buffer may 15 require invalidaﬂﬁoMRﬁgmﬁomﬁng a
C _SYNC fywp 03g8hf7onodi fyi ng code. Thus, other nodes of oparcwusm/4s6ss0l ve
invalidating a |oop buffer when either of these two situations arise. Zero
of fset | oops may introduce additional challenges. Ofsets may refer to the
di stance between the | oop setup 20 instruction and the first or | ast

i nstruct hewdvert,hdd ddpghlyl rdwardraggdus ysiasse dftf setys medugwecessary to
facilitate setup of hardware | oops or to account for progranmm ng

exceptioggadgggmh§y§hgnl Facilitating zero offset |loops, - 33 0 3 MAY
2005 WD'02/37270 PCT/USO / 46063 however, is highly advantageous because it

may reduce prEQFe‘?Siirggaf ]Eéé{EgcerdEth{hﬂ M R SRd 8 L1k § P SIBRE Ss etd Y

regi sters and 1 oop zero offset | oops may raise challenges. For 5
i nstance, in the stem descri be ove, the i y registers
are writ &Py eb‘bfge}%sd B¢ ?#és% ?%)Opsl ns%/¥ uc Ji%énna(;?égf?gs%bff‘g% | oop
may already be in AC. Thus, sinc the,be&iggin f the I£0£ exits DEC even
bef Gre BIRREanee E5ot [ THTRIBeTRELRRE CERY Y Hry P41 FRSt FUBP 4D " mi 55" a

top match. Special nodes of operation and circuit arrangenents have been
desi gned adar Heteegistrirdeate WEht¥@Ro(®fgsetin Ex 1) the first

instruction of a zero offset loop may already be in AC.
Thus, since the beginning of the loop exits DEC even before
Etop and Ebot get written, the circuit may effectively

10 “miss” a top match.

Special modes of operation and circuit arrangements
have been designed to detect and deal with zero offset
loops. In one mode of operation the start offset (S-
offset) in a loop setup instruction is compared to a known

15 value to detect zero offset. In this manner, early
detection of a zero offset loop is facilitated. 1In a
particular embodiment, the S-offset is compared to 4, where
4 refers to the four bytes of a 32 bit instruction. Once
detected, a zero offset loop may be set up even before the

20 early registers get written.

FIG. 21 is a flow diagram that illustrates a que of
operation for detecting a zero offset loop. As shown, a

loop setup instruction may be decoded (380). The s-offset
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| oops. In one node of operation the start offset (S offset) hR a | oop
setup in%{)td%jngP is conpared to a known 15 value to detec 3, MR M set. In
this manner, “early detection of a zero offset |oop is fackGWUSREE63 n a
particul ar enbodi nent, the S-offset is conpared to 4, where 4 refers to
the four bytes of a 32 bit instruction. Once detected, a zero offset |oop
may be set_up,_even, before thg 20 earléﬂgggisters get witten. FIG 21 is a

flow di adtan that PPl GSFPared Bonddge pBEEPRSN (B8R ) ddtthet ded imeckr o

of fset | oop. As shown, a |oop setup instruction nay be decoded (380). The
s- of f set DUmMZer \gPpregperdiny3tpAYhR005dtRCFEUSBE/ 46063 semypt hen be
conpared to a defined nunber (382) (the defined nunber corresponding to
the widt Him$tthetioop.sefupthiasmanakiconk. zbhot BifFsaBNNBbp Maiei Of f set

| oop may be detected even before the early registers get wiften. if 5

zero of f seétéoppdi sveat Beksde(884) cakNg PEYL sRerBSLEUCLLORS i N the | oop
may be issued and | oaded into a | oop buffer (386) "as descrlgéd above. FIG

22 15, [hovecbasegm vhay Ll ushihen 3a9c, She duetal) oplar dSisel g

and dealing with the special case _ $ing I'nstruc
| 00p. AS 0Pl £obBORaGeHEP: LIEELShCT TR LSNP0 29T 38 el Z8rO

of fset is
' (386) as described above.
FIG. 22 is a flow diagram that illustrates a mode of
operation for detecting and dealing with the special case
10 of a single instruction zero offset loop. As shown, a loop
setup instruction may be decoded (388). 1If zero offset is
detected (390), and the Start Offset equals the End Offset
(392), then a single instruction loop may be immediately
performed (394). Zero offset may be detected when the s-
15 offset equals the width of the loop setup instruction. A
single instruction loop may be detected when the s-offset
and e-offset are the same.
Special hardware may facilitate setting up and
executing a single instruction loop as quickly as possible.
20 Referring again to FIG. 14, the loop register 296 may be
used for this special case. Thus, step (394) may be
performed by loading loop hardware (such as loop register

296) with the single instruction, and repeatedly issuing
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detected (390), and the Start O fset equals the End O fse ség%% then a
single instruction | oop may be immedi ately perforned (39?)3. r 05offset
may be dgbapizeshowhen the s 15 of fset equals the wi dth of rRd¢BUS@oPBIGet Up
instruction. A single instruction | oop nay be detected when the s-offset
and e-offset are the same. Special hardware may facilitate setting up and
executing a single instruction | oop as quickly as possible. 20 Referring

again to .G 1+ e 1 00Poketbstiir ARG dmbdie weed § aint i stispeskat case.
Thus, step (394) may be perfornmed by | oading |oop hardware (such as | oop

SN 2005 5 0] P APURLT | 76068 T | Rt ot | b but of hardware

|l oop unit 8 until,the exit, _copdition of th [ I nst t] | oop is
ot A'singl o f iEHIUEE | DR FEBRCREY BMdRetce Soetehed S4S HEm a7,

hol ding the instruction in decode in a special, 5 Ioog ipnstruction iegister
296 (see mxEomugd by nhaddingohhe R R etPR et nd§CRAdE bR ActRESEd and
everything upstream nmay be stalled to save power. Moreover, since the
sing e insépuctsonutobpnnaggbetessE beee of IF oopd) nst FRcRABAtiPBgi st er
296, the instruction fetch unit 50 may be free to to fetch the next

i nstructigenéey odetioasamagcher beTausesskénandhevsipghéngnspsbgeaon | oop

has finished execution the next

may be stalled to save power. Moreover, since the single
instruction loop may be issued out of loop instruction
register 296, the instruction fetch unit 50 may be free to

10 fetch the next instruction (e.g. from a cache). Thus, when
the single instruction loop has finished execution the next
instruction may already be in the instruction fetch unit
50, resulting in zero penalty loop exit.

In summary, zero offset hardware loops may be broken

15 into three cases. In the first case, a zero offset single
instruction loop may be immediately issued out of decode
via a loop instruction register. In the second case, a
sero offset n-instruction loop may be immediately detected
and loaded completely into an n~deep set of loop buffers.

20 And in the third case, a zero offset loop may be
immediately detected and the first n-instructions of that

loop loaded into an n-deep set of loop buffers. The next

instruction may then be associated with a VTop register.
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instruction may already be in the instruction fetch unit q@ gwﬁgah%ing in
zero penq&%x)bogﬁ exit. In summary, zero offset hardware | o B e
broken 1%9%%e&¢Phree cases. In the first case, a zero of f BET/USD1Ig063
instruction |oop may be i medi ately issued out of decode via a |oop
instruction register. In the second case, a zero offset n-instruction |oop

may be |1 medi atel y _detecte and l.oaded coppletely into an n-deep set of
| oop buffers. E%lﬁﬁfiﬁéaﬂﬁiqﬁﬁqﬂj%ﬁﬂﬁa HMNGE FY seesFebbednpebein,

imedi ately detected and the first n-instructions of that [|oop |oaded into
an n- deep™ét b6 Ydismentest $n Bheoinreding nstTthict itvmy ey mheh herassoci at ed
with a VIop register. - 36 0 3 MAY 2005 WD 02/ 37270 PCT/ US01/ 46063 I n one
enbodi menedviagds demudnwdihe nas mpdsorarigeichéneifers nay dHecaspkenented in a

pi peline. This may be nmuch nore advantageous than inplenenting buffers in

a cache. In ondnmuae ahd@peﬁattﬁﬁaﬂihﬁ;iﬂgﬁgtﬁﬁég&@cﬂggngemag gkored in
| oop hardware such that the instructions are aligned to an 1 hstruction

boundary. stiredman heopharadwantagaous, ihamali 'P@cﬁféﬁéuﬁfﬁeons to an
address boundary. Once aligned to an instruction boundary in [oop

har dwar e, i i,nst | e cessar 10 when they are
subsequenf@§4?%§ﬂgg;?%b%%?ﬁgﬁvﬁggﬁt3$§ﬁg%é§p To *Td%ayng?rﬁefﬁons to an

i nstructiqn,_boundary, N .
advaﬂ{age s %han aligning instructions to an address

- boundary. Once aligned to an instruction boundary in loop
hardware, no alignment of instructions may be necessary
10 when they are subsequently issued from the loop hardware,
To align instructions to an instruction boundary, a
set of instructions may be loaded in an order of execution
into the loop hardware and the address of the next
instruction may be stored in an address register. 1In
15 addition, a second set of instructions may be loaded in
order of execution into a memory device. Loading
instructions in an order of execution into loop hardware
may comprise loading n sequential instructions into n
buffers, where n is a positive integer. Moreover, the n
20 sequential instructions may be any sequential instructions
including the first n instructions of a loop or the last n

instructions of a loop.
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set of instructions may be | oaded in an order of executi o& i%o?l#?e | oop
har dware and the address of the next instruction may be gr an

address (REiISHSf | n 15 addition, a second set of instrucpepmgoindycioe
| oaded in or&er of execution into a nmenory device. Loading instructions

in an order of execution into |oop hardware may conprise | oading n
sequential instructions into n buffers, where nis a positive integer.

Mor eover, the f 2 tgggus&m%& méfiSd T HEd | HSwABYn bR @EY SeguUensse|, a
instructions ‘including the first n instructions of a loop or the last n

p
instructionsg of a_loop. - 37, 1 3 Y. §g? %y) CHY?§%1/46063 In
ot her enﬁﬁﬁﬁﬁﬁﬁt%f(gggéﬂ%ﬁﬁ TR S a? 5 nggéégéﬁg%gi of  har dwar e | oop
units may be inplenented. The output of anﬁ of tre nunbe£ of ha%dmare | oop
uni ts mayPWePueorfieRBdOf ot R RN WRRpECRH VREFHBAES of OBRe B tioPRY oPRer 5
hardware | oop units. In this manner, a second hardware Ioog unit may be
| oaded viconihecoatpht bhearespeethue dhwaPet PSopRANPE. MAFE ATNERI s may
provi de power savings insofar as a nenory device is not fired up to | oad
t he seconghhawsmnar tobpopnimst. 1O thisomenvasesa aepbudahhrgwate| oop units
may be used to service nested |oops (or coincident |oops). An inner
hardware {199p wRit ARY Bel doepedoriaDtRei batputt bdna thatt hardware
loop unit. Again, this may provide power savings insofar
as a memory device is not fired up to load the second
hardware loop unit.
10 In some cases, a plurality of loop units may be used
to service nested loops (or coincident loops). An inner
hardware loop unit may hold one or more instructions that
are aligned in an outer hardware loop unit. Moreover, the
inner hardware loop unit may be loaded by sending the
15 aligned instructions from the outer hardware loop unit to
the input of the inner hardware loop unit.
Tn still other embodiments, an independent plurality
of hardware loop units may be implemented. However, - if two
or more independent hardware loop units are used in the
20 .same DSP system, a restriction may be used. For instance,

when both loops have the same bottom instruction, one of

the loops may be defined as the outer loop. Without this
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are aligned in an outer hardware | oop unit. Mreover, the _inner hardware

| oop unit may be | oaded by sending the 15 aligned instructpénﬁﬁﬁﬂﬁﬁ1the

out er haﬁﬁQﬁ%@”V%op unit to the input of the inner hardwar@/Usap6essit. |n
still other enbodi ments, an independent plurality of hardware |oop units
may be inplenented. However, if two or nore independent hardware | oop
units are used in the 20 sane DSP system a restriction may be used. For

i nst ance, TeRREACHSHPR LHEpSiFaNd tt e cddmensounda rgta boititom neteclods t he

| oops nmay be defined as the outer loop. Wthout this - 38 0 3 MAY 2005 WO
02/ 37270 PO/ WSO ka6@6Fhriedt minet iten dde-emiendui t m ght encounter two bottom
mat ches and not know which one to decrenent. Yet another node of operation

i nvol ves power Yetnaagehemt mefdcharfd\wiyes ataeps i ke dagiwade | oops are 5
enabl ed, an ETop register may be conpared to the PC to account for each

top mat chmahbkemkae, o&n hEBekva@II1YRs MyHke %@Bﬁ%&?étfb%$§é§%%to account

for each bottom match. However, whén hardware | oops are d, any

swit ghi ng_j e r.at i i rely .a wast f, power. 10
Ther?éf or e,ehlg%)l%rgf/ ggngg,\? mg;e@ceiostr}(sélyt %%Q{T?aéblt&gx@%t eo%t%;,@he ePacgatqDop mat ch
conpar at or _ci rcgi s _when.a hardware | oqp,is, disabled. By choosing inputs
to a conpaf&PBRtt 6°4i §36te T ar s e BRGNS B 3 top hay

di sabl ed, . power
be compared to the PC to account for each bottom match.

However, when hardware loops are disabled, any switching in
the comparator circuits may be merely a waste of power.

10 Therefore, it may be advantageous to disable bottom match
and top match comparator circuits when a hardware loop is
disabled. By choosing inputs to a comparator to disable
the comparator when the hardware loop is disabled, power
may be conserved.

15 FIG. 24 is an exemplary embodiment showing power
saving circuitry. ETop register 400 and EBot register 402
respectively provide one of a number of inputs to
multiplexers 404 and 406. The output of multiplexers 404
and 406 may be inputs to comparators 408 and 410. The

20 other input to comparators 408 and 410 may come from the
output of multiplexer 412. The inputs of multiplexer 412
may come from the program counter 414 and a loop disable

signal 416 from a control unit. Multiplexers 404, 406 and
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may be conserved. 15 FIG 24 is an exenplary enbodi nent ;qubé
saving circuitry. ETop register 400 and EBot register 40 ng |ver
provi de w22 nunber of inputs to multiplexers 404 aneCHOSM/HE0E out put
of multiplexers 404 and 406 nmay be inputs to conparators 408 and 410. The
20 other input to conparators 408 and 410 nmay conme fromthe output of

mul tiplexer 412. The inputs of nultiplexer 412 nmay cone fromthe program

count er 414 amdy ¢ copratiged| suckigmalt when (ot OIS 1B .
Mul ti pl exers 404, 406 and - 39 WD 02/37270 A 3 MAY 2005 PCT/USO1 /46063

412 may b sppswedcssichuthat shetu el sieer | dpsi sircdi £ £ st efiromhe out put
of multiplexer 412 is different from the output of multiplexers 404 and

406. Thig yo YEeortRai e DO1SYEEENE0Y HELULSE | N TP an@y 0s8sdB8 or 410
when t he re Ioops are disabled. In one enbodi nent, the sane | oop

dlsable %F%Q?l g%gg ﬁasggﬁréOlH“&%h?éf§€5§s49§8 6964ﬁ0dwﬁé3 thgvever,

i nver y Invert before nultiplexer 412 receives

the S|gnal ? nanner a Eégut of 10 nmultipl exer 412 may be
di f fer ent? %%%%afﬁa °8?sn%F %f% 404 and 406 when a | oop disable signa

is sent to the circui
In one embodlment the same loop disable signal 416

may be sent to multiplexers 404, 406 and 412. However, an
inverter (not shown) may invert a bit before multiplexer
412 receives the signal. In this manner, the output of
10 multiplexer 412 may be different than that of multiplexers
404 and 406 when a loop disable signal is sent to the
circuit.
FIG. 24 also illustrates an exemplary circuit for
incrementing an ECnt register 418. On each pass of the
15 loop, multiplexer 420 may decrement the ECnt register.
However, if adjustment ié necessary, the adjustments signal
(e.g. the clobber count 422) may adjust the ECnt
accordingly. Once the loop has finished its last
iteration, comparator 424 may send a signal 425 so
20 indicating.
FIG. 24 also illustrates how bottom matches and top
matches may be detected. When comparator 410 detects that

the program counter 412 and ETop register have the same
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FIG 24 also illustrates an exenplary circuit for increnmenting an ECnt
regi ster 418. On each pass of the 15 loop, nultiplexer 420 3nax @or ement

t he ECnt wegi/sesr. However, if adjustnment is necessary, g @@iNsisieNnts
signal (e.g. the cl obber count 422) nmay adjust the ECnt accordingly. Once
the loop has finished its last iteration, conparator 424 nmay send a signal
425 so 20 indicating. FIG 24 also illustrates how bottom natches and top

mat ches neyle, detEsh edatMesi gopad 28 oha ¢ 19 deéret S fhak cbﬁﬁa%%&am
counter 412 and ETop regi ster have the sane - 40 WO 02/ 37270 0 3 MAY 2005

PCT/ USO 14 d gt 6G63 v@d Uena @ di0P M ﬁ' 86@111% Hay:Re £88L- r Teeed P at or

408 detects that the program counter and t E%ot regi ster the sane

I F FI G 4 |
YR et ae oA al SO 5% @%%ﬁﬁﬁ%ea@ﬁgi {3 BeMPile Dend ddscr i bed,
h VT dd st hol d t he add f t
BRI LTS STl il (ST (£ BRI MR o R AN Fie

hardware (not shown). Various enbodi nents of the invention have been 10
descy i bedimiFbemeEapl 80 pupEPOLEN ®ar diar @eFespbedehhegass, Nive been
described for inplenentation within a processor.

be an address register holding the address of a next

instruction following a plurality of instructions loaded
into loop hardware (not shown).
' Various embodiments of the invention have been

10 described. For example, numerous hardware loop techniques
have been described for implementation 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

15 assistants (PDA’s) and cellular phones. In this context,
the hardware loops discussed above may be readily used to
increase processing speed without significantly increasing
power consumption. In such a system, the processor may be
coupled to a memory device, such as a FLASH memory device

20 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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The processor may be inplenented in a variety of systens including general
pur pose conputing systens, digital processing systens, |aptop conputers,
personal digital 15 assistants (PDA's) and cellul ar phones.ahg this
context, the hardware |oops di scussed above nay be readily: \f,

i ncrease processing speed without significantly increasing power
consunption. In such a system the processor may be coupled to a nenory
device, such as a FLASH nenory device 20 or a static random access nenory
( SRAM t hat& an operating system and ot her software applications.
These and ot her enbodi nents are within the scope of the follow ng clains.
-41 .0 3 MAY 2005 cliamg:had gomeitkpnEonpri si ng: | oadi ng | oop conditions,
whi ch define entry and exit conditions for a |loop, fromregisters in a

pi peline into a l&adatg cfospecendittivens egitsiter slefimk exeony iand eexdop in a
processor based on the loop conditions after said | oading said | oop

condi ti on. chndieionet el as 1oowe] af o, rédies et haich fargiesl iconpit Siang
detecting the | oop conditions fromthe 10 specul ative regi sters before the
| oop condi tddsoBrspeildt Bre t i SEdroHf afchitectural registers. 3. The

method as in claim2, the nethod further

executing a loop in a processor based on the loop
conditions after said loading said loop condition.

2. The method as in claim 1, the method further
comprising detecting the loop conditions from the

10 speculative registers before the loop conditions are
written to a set of architectural registers.

3. The method as in claim 2, the method further
comprising setting up a hardware loop using the loop
conditions loaded in the speculative registers.

15 4. The method as in claim 2, the method further
comprising terminating the loop early based on information
contained in the speculative registers.

5. The method as in claim 2, wherein the processor
includes a multi-stage execution pipeline, the method

20 further comprising adjusting the value of at least one of
the speculative registers following a termination of an

instruction in the pipeline.
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conprising setting up a hardware | oop using the loop <conditions |oaded in
the specul ative registers. 15 4. The nethod as in claim2, the nethod
further conprising termnating the |oop early based on inf orqrgt%qnms
contained in the speculative registers. 5. The nethod as in &l ai'm 25
wherein the processor includes a nulti-stage execution pipeline, the

met hod 20 further conprising adjusting the value of at |east one of the
specul ative regi&ter follomjng a termnation of an instruction in the

pi peline. -42 18°3 BR0E°S. CH Ut $ tonpri si ng: | oadi ng | oop condi ti ons
of a loop into a set, of _speculatijve registers, executing a loop in a
processor whi ch 19r3iRREsIPP seorflitiensigel ek ekRP obn 't pl $9e ®hsed on the
| oop conditions, detecting the | oop conditions fromthe specul ative

regi sters bxforelathieve oopoborelisi ons are witten to a set of architectura
regi sters, 10 adjusting the value of at |east one of the speculative
regi sters foll ovtxeratirey m nebopninfa anrddst sarctwloich niddeades pel i ne, and
wherein the set of speculative registers includes an early top register
and thessetmoft Fgtidecd @bt 1@giSi®EBine based on the loop

conditions,

detecting the loop conditions from the speculative

registers before the loop conditions are written to a set

of architectural registers,

10 adjusting the value of at least one of the speculative
registers following a termination of an instruction in the
pipeline, and

wherein the set of speculative registers includes an
early top register and the set of architectural registers

15 includes an architectural top register, and the method
further comprising adjusting the early top register with
data contained in the architectural top register following
a termination of at least one instruction in the pipeline.

7. A method comprising:

20 loading loop conditions of a loop into a set of

speculative registers,
executing a loop in a processor based on the loop

conditions, wherein the processor includes a multi-stage

execution pipeline,
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15 includes an architectural top register, and the nethod further
conprising adjusting the early top register with data contained in the
architectural top register followng a term nation of at Iegia Qe
instruction in the pipeline. 7. A method conprising: 20 | oa g‘%o@g‘
conditions of a loop into a set of speculative registers, executing a | oop
in a processor based on the |loop conditions, wherein the processor

includes a nmulti-stage, executjon pigeline, -43 3 MAY 2UO detecting the

| oop conditions 9507t HA spe ut AR Ve Eigt ter S PR idie IRRCT b EdNndi ti ons
are witten to a set of architectural registers, adjusting the value of at
| east one ofedhEcapedRBERTTetn® keop sterdli PN iR W ileken e ionset an
instruction in the pipeline, and wherein the set of speculative registers
i ncl udes arpf eardlyitbattwomnat egesisremand the set of architectural registers
i ncludes an architectural bottomregister, 10 the nethod further conprising

adj usting the eaidyusbDid othe eghBi@roMi 4 Dd St Cond abNethed Nspdulative
architectural bottomregister following a termnation of at |east one

iOPSt ructi on-ddy dther Pi 811 Neind- a TermBldotbRso# Mokl BldR Sucheh eip the set
pipeline, and
wherein the set of speculative registers includes an
early bottom register and the set of architectural
registers includes an architectural bottom register,

10 the method further comprising adjusting the early
bottom register with data contained in the architectural
bottom register following a termination of at least one
instruction in the pipeline.

8. The method as in claim 5, wherein the set of

15 speculative registers includes an early count register, the
method further comprising adjusting the early count
register following a termination of at least one
instruction in the pipeline.

9. An apparatus comprising:

20 a control unit,

an execution pipeline,

a set of early registers; and
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15 specul ative registers includes an early count register, the nethod
further conprising adjusting the early count register following a
termnation of at |least one instruction in the pipeline. 9. @g@p ?tus
conprising: 20 a control unit, an execution pipeline, a set r?@
registers; and -44 0 3 MAY 2005 a set of architectural registers, each
architectural register being associated respectively with an early

regi ster, wherein the control. unit is adapted to |oad the | po 5
conditions of a ot f9 b e EREtHt A b S pol 7 | TAGH t HECh SRPCHRT by | y

registers, and to use the |l oop conditions |oaded into the set of early
regi sters teE&eitem Rehrd deFeciderp. rasreahvapparbilustasedhl ¥l aim 9,
wherein the control 10 unit is adapted to detect the | oop conditions from
the set of eewistergi sters before the |l oop conditions are witten to a set
of architectural registers. 11. The apparatus as in claim9, wherein the
early registerswhacdirdetlan eantyol opntegi stadapthad poi sdttha 1ddpt op
instruction of a |loop. 12. The apparatus as in claim9, wherein the early
5 conditions of a loop from the execution pipeline into the
set of early registers, and to use the loop conditions
loaded into the set of early registers to set up a hardware
loop.
10. The apparatus as in claim 9, wherein the control
10 unit is adapted to detect the loop conditions from the set
of early registers before the loop conditions are written
to a set of architectural registers.
11. The apparatus as in claim 9, wherein the early
registers include an early top register that points to a
15 top instruction of a loop.
12. The apparatus as in claim 9, wherein the early
registers include an early bottom register that points to a
bottom instruction of a loop.
13. The apparatus as in claim 9, wherein the early
20 registers include an early count register that specifies a
number of iterations of a loop.
14. The apparatus as in claim 9, wherein the control

unit is adapted to terminate the loop early based on

information contained in the set of early registers.
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regi sters include an early bottomregister that points to a bottom
instruction of a |loop. 13. The apparatus as in claim9, wherein the early
20 registers include an early count register that specifies 3qwgb?@%of
iterations of a |oop. 14. The apparatus as in claim?9, wherein%t trol
unit is adapted to termnate the | oop early based on information contained
in the set of early registers. -45 0 3 MAY 2005 15. The apparatus as in

claim?9, mhereinlghe ontrol unit is adapfed tiTaq%ust,the val ue of _ at

| east one of the Eaff@er%ﬁﬁ%¥%ﬁ%sf?ﬁliﬂw H0 ¢ 2y WIS Oh. TR, St Bpbar at us
conprising: 5 a control unit, a set of early registers; a set of

ar chi t ect urdlt et st¢aRtedakeh 2 EHFE ceh@rwdlie ff stlerlersthgere soki Bied
respectively with an early register; 10 wherein the control unit is
adapt ed t o ¢aaly theglvoprs combiewing afterhioptiono the set of early

regi sters; wherein the control unit is adapted to adjust the value of at

| east one of thel&ar|anregpstetss fobhomd fignd: term nation; and 15 the
apparatus including an execution pipeline, wherein the set of early

regi stess includescamcear lyniop register

a set of early registers;

a set of architectural registers, each architectural
register being associated respectively with an early
reglister;

10 wherein the control unit is adapted to load the loop
conditions of a loop into the set of early registers;

wherein the control unit is adapted to adjust the

value of at least one of the early registers following a
termination; and

15 the apparatus including an execution pipeline, wherein
the set of early registers includes an early top register
and the set of architectural registers includes an
architectural top register, the control unit being adapted
to adjust the early top register with data contained in the

20 architectural top register following a termination of at
least one instruction in the pipeline.

17. An apparatus comprising:

a control unit,

a set of early registers;
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and the set of architectural registers includes an architectural top
register, the control unit being adapted to adjust the early top register
with data contained in the 20 architectural top register fowé)vvi ng_a
termnation of at least one instruction in the pipeline. 189 MYafBaratus
conprising: a control unit, a set of early registers; -46 0 3 MAY 2005 a
set of architectural registers, each architectural register being

associ ated respectively.-with an earl regi ster; wherein the contro|l unit
is adapted to | O%GS?EeXF o%ﬁgh%t%%ﬁﬂ?%/} oﬁ%‘gjo?t%r$bo%a?}ht%rT}ﬁbt%%YuB?iearI y
registers; wherein the control unit is adapted to adjust the value of at

| east one ofeIhetRarPSireRestRriated | boPPRCal Ve BY nfhEk i & caRbY t he
apparatus including an execution pipeline, wherein 10 the set of early
regi sters irRd@iesran early bottom register and the set of architectural
regi sters includes an architectural bottomregister, the control unit
bei ng adapted twhed¢irstthdecenartyl bohtonisegispesdwd hldad atheondapned in
the architectural bottomregister followng a 15 term nation of at |east

one i Nstrucd i t ok Heopi pelbds. indS. tbes@ppar asasl psrédi st &gy 15, the
appar at us
wherein the control unit is adapted to adjust the
value of at least one of the early registers following a
termination; and
the apparatus including an execution pipeline, wherein
10 the set of early registers includes an early bottom
register and the set of architectural registers includes an
architectural bottom register, the control unit being
adapted to adjust the early bottom register with data
contained in the architectural bottom register following a
15 termination of at least one instruction in the pipeline.
18. The apparatus as in claim 15, the apparatus
including an execution pipeline, wherein the set of early
registers includes an early count register, the control
unit being adapted to adjust the early count register
20 following a termination of at least one instruction in the
pipeline.
19. A system comprising:

an SRAM memory device;

a set of early registers; and

- 47 -



i ncluding an execution pipeline, wherein the set of early registers

i ncludes an early count register, the control unit being adapted to adjust
the early count register 20 following a term nation of at |east one
instruction in the pipeline. 19. A systemconprising: an SFO\MAYelly y
device; a set of early registers; and -47 8 3 MAY 2005 a processor coupl ed
to the nenory device, wherein the processor includes an execution pipeline
and a control wunit adagted to | pad | oo condltlon of alo fromthe
execution pi pel i MEPTATSS TR SEEPLFT oif | b1T BFRPEY IeBL 00, TRErSiRt BRF of
claim19, further conprising a set of architectural registers, wherein the
control uniRrPSesaREpteel #8C et RceX e RRL I QPP LRAHI R 0PRA f 2 0RPRBECLaRN YL

regi sters before the | oop conditions are witten to the set of

archi t ect uradlapegd sters0ad0lodp Jhedsysors of 2| hoow 10romhehrei n the contro
unit is adapted to adjust the value of at |east one of the early

regi sters fexéowt hgnapipebinationoothats¢east eaelynségilstens.in the

pi peline. 22. The systemof claim 19, wherein the set of early 15

registers includges, antearkyston 6£0t3heh 1Dt FRBENES EOmpHEsih§Pa set
instruction of a | oop.
of architectural registers, wherein the control unit is
adapted to detect the loop conditions from the early
registers before the loop conditions are written to the set
of architectural registers.

10 21. The system of claim 19, wherein the control unit
is adapted to adjust the value of at least one of the early
registers following a termination of at least one
instruction in the pipeline.

22. The system of claim 19, wherein the set of early

15 registers includes an early top register that points to the
top instruction of a loop.

23. The system of claim 19, wherein the set of early
registers includes an early bottom register that points to
the last instruction of a loop.

20 24. The system of claim 19, wherein the set of early
registers includes an early count register that specifies a

number of iterations of a loop.

25. A method comprising:
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23. The systemof claim 19, wherein the set of early registers includes an
early bottomregister that points to the last instruction of a |oop. 20
24. The system of claim 19, wherein the set of early registers includes an
early count register that specifies a nunber of iterations  3asdvomps 25.
A nmet hod conprising: -48 8 3 MAY 2005 | oading | oop conditions of a | oop
into a first set of registers froma pipeline; and detecting the | oop
condi ti ons fron1£he firsi%set of fore.the instructio

, i b h
commi tted to thelerdind o8 e EiME ok a dTh i Tavt BEERC WP TE SR to a

second set of registers. 26. The pmethod as in claim25, the method further
conpri si ng BRFLSEEHY PR VAIREPREIRE/ | @3St one register in the first set

of registers following a termnation of an 10 instruction in the Eipeline.
detecting the loop conditions from the first set o

registers before the instruction has committed to the
5 pipeline and the loop conditions have been written to a
second set of registers.
26. The method as in claim 25, the method further
comprising adjusting the value of at least one register in
the first set of registers following a termination of an

10 instruction in the pipeline.
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