WD 2008/ 067277 PCT/ US2007/ 085574 1 METHODS AND
APPARATUS FOR RECOGNI ZI NG A SUBROUTI NE CALL Field of

wo b@sherzent i on [ 0001] The present invention rePEL/ES2007/085574

generally to the field of pipélined processors and,

in particular, to a nethod of recognizing subroutine
call in order to reduce power and increase

utilizatj f th i pelined c r r

Loooz2; ShEdains dSub SPRA RS R SO RECIACHELIN G o
a wide variety of apSUBRQOUEINEI@GAddked processor
performance is al nost always desirable, to allow for

faster operation and/or increased functionality
Flreidofthedafémitone changes. | n nmany enbedded

applications, .such as portable el ect i ¢ .devi ces,
E’g ﬁ]s] eﬁs? AGS P mentien Qléggﬁ geperally to ﬁlgrf{e?g %fg@pel;qqﬁ processors and,

processor design and inplenentation. [0003] Many nodem
priveegdyr © aempﬂ%ogz ofrospgaring subrapint eadldn grder tayedpec power and
sequential instructions are overlapped in execution
tnordapcutd amatovethalpipepnetpesessot hr oughput . Mai nt ai ni ng
snoot h execution through the pipeline hel ps achieve
Bhakyre@ind or nence.  Most nodem processors also utilize

a hierarchical nenory, wth fast, on-chip cache o
8P r Mieroprogessary Nesioam cospueasiond! tagksdntel Widgoweasyeaf applications.
data and instructions. [0004] Real -world prograns

Imgioucte prowtissozcperbioranate iinstlmostt aloveys ddsealdet valallow for faster
branchi ng behavior of which is not known until the

bPrhtidHCArdnst ih&reael Wahdtion 8 thidt gl seBedte icRaddd€. In many embedded
execution pipeline. Mdst nobdem processors enpl oy sone

%@ﬂf&t‘?&nspgﬁﬂfdﬁ é)gftfﬂqb %Léc&gniﬁ d\ébféése Qan‘erﬁnQ P@\Q&hﬂsg 0. an dirnportant

avi or’ o Irect branch instructionsis predicte
earl.y in the i pel.i.ne; such as during a fetch or
Hl ot e elgand ipPlerBRg©R br anch predi ct i on
technk%ue, the processor speculatively fetches the .
{ngfﬂet Y PREinnAiocesPrspeaplen @ pipelined architecture, where sequential

instructions are overlapped in execution to increase overall processor throughput.
Maintaining smooth execution through the pipeline helps achieve high performance.
Most modern processors also utilize a hierarchical memory, with fast, on-chip cache
memories storing local copies of recently accessed data and instructions.

[0004] Real-world programs include indirect branch instructions, the actual branching
behavior of which is not known until the instruction is actually evaluated deep in the
execution pipeline. Most modern processors employ some form of branch prediction,
whereby the branching behavior of indirect branch instructions is predicted early in the
pipeline, such as during a fetch or decode pipe stage. Utilizing a branch prediction
technique, the processor speculatively fetches the target of the indirect branch
instruction and redirects the pipeline to begin processing the speculatively fetched

instructions. When the actual branch target is determined in a later pipe stage such as



instruction and redirects the pipeline to begin

processing the specul atively fetched instructions.
wOB@R/0612e7 act ual branch target is determ ned i PCHUB2D®085574
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an execution pipe stage, if the branch was

m spredi cted, the tively fetched . inpstruction

I SECBEOR | B SHEFr Zfﬁﬁ}ehéraa% B nl@lespffﬁfp Hbufhe spect ey fotched
instructions fetched fromthe correct target address.
Peereioanintigt badtushed fremsthe pipdigporlenevy inptruetionsnistshied from the
branch target prediction adversely inpacts processor
pardco rtargetc eddaerd. pBueetcldog Suntpictions. i 88P&]se Qoearexanpdoas branch
of indirect branch instructions includes branch

tansdt hEeeidtion adudrkdly Z8pactd ot @bstPerorAMAR a8l PoRYE ¢dhBumption.
For exanple, a return call froma subroutine may

é]u e@xa 1813¢ ﬂldnrég‘ttﬁr%ct 19§}rd’<‘5{ﬁ8ﬁ§mrcﬁﬁ1%§ B‘raﬁ&fjﬁlgt?&ctfoﬁs utilized
|ne by the contents of a register
@FE? defines the next tru tion io be fetch lud
8 L HhY Btfihe O 8?%%11% aeasl“e URg Ogbﬁﬁ’bﬁ{?k}m}eﬁ%ay neiude a
instruction after a branch instryctjon from which the
bigBehy ipstyetion ydoss reéliuﬁaqqdyes(% as |d§@neq\/hyl>;he contents of a register. A
hi gh- performance architectures designate a particul ar
pduraredtireps dpfowe theyéxd tiestructen trsbe fatched mftsu thenmibroutine completes
returns, conmonly referred to as a link register.
QD B6Jontrasnig ahy afstracticd, afferrebranch aatrlictivayframswhibk the subroutine
referred to as a branch return instruction. In order

Gvag oalgmaggecsama PMVRAY | NEhherfiiinhdnic& earaﬁ@eﬁtbspaﬁsﬂgn‘atel @particular
for a branch return 1 nstruction, conventi onal

g&fe%w? ghdsg %%é"ggls I;qu{lsg)il? Is ]Z?IJO{IU upe[ilﬁﬂg '&%rﬁ(ﬂ@r réf{éﬁlé'd % as a link

instr PONn 10 Tecor retu
address into the link register. Many high perfornance
[Sp'®ment ations include a |ink stack structure at the
decode stage of processing the branch and |ink
1086l Hext copveniongk # deyFh cglgm@s aloeby yefsead dat#s @ Hhranch return
stack, in order to allow for accurate branch
pseddteni dm owlee ot b @ravessoe ppehde ng utibzbboeoth peslictenuona branch
Conventional link stack structures contain a |ist of
fe@iirt liAstARE 6@ S®BFentionalo§ddBYaré thchuRPAhtexPlidit kubréutine call such as a

subroutine calls flowing through a pipeline and to

54RBPAAd link instruction to record the return address into the link register. Many high
performance implementations include a link stack structure at the decode stage of
processing the branch and link instruction. Link return values are pushed onto this
stack, in order to allow for accurate branch prediction when the corresponding
subroutines return. Conventional link stack structures contain a list of return addresses
in order to support multiple subroutine calls flowing through a pipeline and to support
the nesting of multiple levels of subroutine calls. Subsequently, when the branch return
instruction within the subroutine is being decoded, the return address is read from the

link stack structure to be utilized in branch prediction to predict the target address if

other branch prediction hardware dictates that the processor should redirect the pipeline.



the nesting of nultiple |evels of subroutine calls.
Subsequent |y, when the branch return instruction
WowRaBRie720'he subroutine i s bei ng decoded, the rRET/D007/085574
address is read fromthe 1linR stack structure to be
utilized in branch prediction to predict the target

ress .if  other branch prediction hard I ctates
ffdfgl Rrprdicted geadis Brdicaies P dedisest e PRCHRS: ptr"%éﬁlﬁ’ei@ ¢ bgyns fetching
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mesugtions fgncthe sefunnddeath thae was prad piopethicdiak staghs structure.
pi pel i ne begins fetching instructions fromthe return
pdaTieBswehat thassexigachafy oompihas hndlegstyaadde sthricicdainet. generate or
[0007] However, there exists nmany conpilers and | egacy

fRe/owt (‘d@)nd@htféﬁﬁl GRMeR adRl Gihk inBEQHIdAL abken calling a subroutine.
conventional branch and link instructions when calllng

?h%ﬁ?@ Uhi t16se m‘ﬂﬁﬁ&%f & ink r&tatcﬁ%t%ctzﬁré Eﬁaﬁ+toﬁ}ﬁlzea I}@sullltmg in the

I'nk st’ack structure’is not utilized resulting

nte f . the. link, st structure t

bRt i gfe k&m%% S hE R éﬁalexarsglspﬁ%gwswnﬂoml
a return address fromthe |jink stack structure na
BT Bt &rAnRdrese ARG fiRk SRG ST BHURRT BRIl ORI Bd f@&he return
t he popping of the return address in the first place.
Dyuctwihf which sfimalateshihc poppied dfi thk reftmcdddsess ue the Brst place. One
i ncl udes increased mspredictions on return
tfiisdt b e compromikad linkestank @ructufie tndhgles Bictdasdd mizpradigiogs an return
subroutine call is not recognized in a program

fRE0&Ms. FORhAHRRL, eMilcie %Rﬁ%ﬁfbﬂ@ dadrde W%ltﬁrc%ﬂ%‘ not recognized
predi ction hardware may not be utilized to popul ate

}nhipllogf%h gé@&%ﬁlt S[Lé gfzotb\%gang 15041{1)1%%21%%&1’?& #é gr?c%%h&l@t%nehardware
ik "oh bag R fo °°”uiaaﬁ3%ﬁ A 650 S B BB g otnizable
LDR LR, 0x00899818 Ox0089980C ADD 0x00899810 SUB

gboogogsels BRYXED 94 0vawplic xefor oo dipsfoflysTRafable containing a code

segment which would run on an ARM Ltd. compatible processor:

0x00899808 LDR LR, 0x00899818
0x0089980C ADD

0x00899810 SUB

0x00899814 BR 0x00990000
0x00899818 INSTRA

0x0089981C INSTRg

0x00990000 ADD
0x00990004 SUB
0x00990008 MOV

0x0099000C BX LR




0x0089981C | NSTRB 0x00990000 ADD 0x00990004 SUB
0x00990008 MOV OxOMP¥9000C BX LR WD 2008/ 067277
wWEQNBS2007/ 085574 4 Table 1 Code Segnent. [PODB$2001e85574
program fl ow of the code segnént in Table 1 includes
processing the instructions in sequential order
g&gr@ing gg aqgress 0x00899808 and t hrough to address
RIDEHEEL 2°9M  addr ess 0x00899814, a branch
[n06]]r Whe¢ progranh doged thdhedpsogmamid Tekle tmctudas plokbessingxhe
instruction processed is |ocated at address
IXREQRROADsequBRiab btfet st@fting at §&H¥é@@x00§)98b9_@1@c91hr{1% tE I%ddress
i.e. :

conmbi nation of setting the link register (

GXRIR899B1 83 kst h)@OOS@P@ﬂE B b hrlﬁk‘fltu'c@&béﬂang%s ttﬁg%léo gram flow

prepare the processor for a subsequent bran

suproutine.. I.n t.his exanpl t he .act ual ine to
P RESdmfhcligh RugS R ineh dfn G eI 0L B ol ot a
and ends at address 0x0099000C. The LDR LR, 0x00899818
PUPERHISt | on i ndi cates that address 0x00899818 shoul d

be copied into a link register (LR) resulting in

B00%1i ihhe cdrabinatiam of sadidgaks|inlagises $i.QXAUBHBSAB)080AE 1) and the
the link register. At the end of the subroutine, the

behch msagdioasse.iBR Y @t pdre echrdcoasorifhiea $ubbéquecridbraticito a
More specifically, the return address is retrieved

WhRsutE%e G Hi NGk B14. e 4061 RIBRDGI BtMifh thi REf fahdObbgins at
O her code segnents which inply a subroutine cal

AL DO 8 LA o MR TR B bt
lg]g%ﬁ(‘réguogltllg 1g%stﬁ%/t%/‘b%ﬁ'm§§ ﬁég@&bg\l 8 %ﬁi(ﬁlﬂ% (;‘A\%éelds in%ohaelink register (LR)
resulting in storing the return address, address 0x00899818, into the link register. At
the end of the subroutine, the return address is retrieved from the link register. More
specifically, the return address is retrieved when executing BX LR, the branch return
instruction. Other code segments which imply a subroutine call exist and include
instructions which modify the link register such as the sequential combination of
instructions MOV LR, PC BR [A] where [A] is the address of the beginning of a

subroutine.

SUMMARY

[0010] The present disclosure recognizes the pervasiveness of such legacy software,
compilers that produce code segments having two or more instructions which
correspond to a subroutine call, and the cost involved in re-writing legacy software to
utilize conventional branch and link instructions when calling a subroutine.
Furthermore the present disclosure recognizes a need for microprocessors developed

today to recognize instruction sequences which imply a subroutine call in order to



SUMVARY [0010] The present disclosure recognizes the
pervasi veness of such | egacy software, conpilers that
wee@diecr7tode segnments having two or nore instPCOUR9AT085574
whi ch correspond to a subroubine call, and the cost
involved in re-witing |l egacy software to wutilize
conventional branch and_link instructions en callin
Yiilizey gtk ok strughyrg ﬂ‘@r%&C@V%}ﬁ Erqdic Sherretugh adqrgsrhen a brénch
recogni zes a need for mcroprocessors devel oped today
feurnaRYyAio i nstructi on sequences which inply a
subroutine call in order to WD 2008/ 067277
T US200din@86 bidélemboditrichi, 2 encdhdd aflkcegtgacdngsd subcowtine call is
and effectively predict the return address when a

proaied. Thehkibd insihddicdetcRfing b ABA-bEquUAREAICHAME ihPrélien flow,
enbodi nent, a nethod of recognizing a subroutine cal

%e%riex@ﬁ%é( hg&ge?u-ggﬁalrﬁtah&ggafit&(ﬂlléw&éct?ogﬁcﬁlq§éqﬂ&1tﬁll change }:ln program

non- sequenti a ange In programflow, Tretrievin

ext sequent.i al, address after the detected .
ﬂSWz CHEFRE Tk %eqi“ﬁl?tbaﬁ Bddram W’?‘? ﬁwwg‘ﬁats OO AP TR
t he next sequential address with the contents of a
felginaipevheer hemapnaientipehprge it AsubigHUR lent i al

change is a subroutine call. [0012] Another enbodi nent
H@12dt dsothor embehmantatlatesftonn pgrogns tor negpognigingragybiauéine call.
call. The apparatus includes a circuit having three
Thpapmratihi@clutdesd ciroupiiaving theofinygiy. EChet first ihpetehs venfigured to
contents of a register. The second input is configured

FRcivE eEh¥Ss Bf B RYist&C AMRRELARN iFHANISNTBuRUIY FRRIVElaQWn-
third input 7s configured to receive the next

The
%e:?@g ] gh%c@@}n&%% {r@%an?%%f T ‘%hiP&’ngfiﬁg 3?@%@& &ﬂ%@&%e {hd next

circurt s ¢ O conpa
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change in programflow is a subroutine call. 0013].
pediguERdifg comPyistthe Pkt hetueatit gdilieanind thpeeHents abiharegisier to
is disclosed. The apparatus conprises a processor
etpahinewheiber the oorssquegtialimbhngeciniporgamithbvaisei subrautine call.

[0013] According to yet another embodiment, another apparatus is disclosed. The
apparatus comprises a processor pipeline for processing instructions and a circuit
coupled thereto. The circuit is configured to receive contents of a register, an indication
of a non-sequential change in program flow, and the next sequential address after the
indication of the non-sequential change in program flow. The circuit is also configured
to compare the contents of the link register with the next sequential address to determine
whether the indication of a non-sequential change in program flow is a subroutine call.
[0014] It is understood that other embodiments of the present invention will become
readily apparent to those skilled in the art from the following detailed description,
wherein various embodiments of the invention are shown and described by way of

illustration. As will be realized, the invention is capable of other and different



coupl ed thereto. The circuit is configured to receive
contents of a register, an indication of a

wmews®entent i al change in programflow, and theCHES1007/085574
sequential address after the 6indication of the
non- sequenti al change in programflow The circuit is

al so_.confi e the contents of t.he |ink,
E?dgméptsm%ﬁ] T s t&@a (it FAROIS Rl gg%hff GligRtiay Yaripys other

mhether the indication of a non-sequential change in

et wishout slepargug fiont theepresent invepiggn 4ceardingly, the drawings

under st ood that other enbodi nents of the present

amivéatdilednlewdriptiob @cotodbe regadid as iHpp@atienin dadurthod @ot as restrictive.

skilled in the art fromthe follow ng detail ed

description, wherein various enbodinents of t he

i nvention are shown and descri bed b

il ugt r at i on. BREERDESGRIFEKIN LG T E}BRA}WéNﬁson is
t 067277
' Uggﬁnggggﬁ%fgg%ﬂ&%HL éﬂﬁ%ﬂ?@ﬁ%g§ s severa
t ai bl f di f t h
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i nvention, Accordingly, the draw ngs and detail ed

theaughi the pipaling dustetebingadded as illustrative in
nature and not as restrictive. BRIEF DESCRI PTI ON OF
[DIE7 | DREVWWINGSN [e0@ A hryioBiolof sbmnfhutacget addxbsstmladek(BTAC).
di agram of a processor. [0016] FIG 2 is a timng

fodg)r BIGMACIN B (coMEctiaBlyaX emp) %»xémFmeodlments of the IsCall
Instructions through the pipeline illustrated in FIG

ﬁrui89$ﬁ]lﬁi&%xﬁnFﬁGaﬂ exenpl ary portion of a branch
§rget a ress cache (BTAC). [0018] FIGs. 4A and 4B

B8y RO 355 o 44111?#%%&%?&?%“%%5 PR e T} g

FIG 5 is a flow chart |IIustrat a nmet hod of
recogni zi ng a subr oETHAILEY DES Ayﬁﬁﬁ DESCRI PTI ON

Lor@g@ gigls(g Irlcéleé)%ctéja@ mn%{l%ﬁgfsdgg g:ia{gfgfﬁ‘lof ?hfeb%gsrsgié Z%T AQBEh Espects of
gﬁ%?%%{ﬁﬂxﬁ%ﬁ rnayebrg)e o gyged Tlthe PERSHI8H 1nc?udes 05 1nus(f~I Ction
cache (I-cache) 110 for caching recently processed instructions and a memory interface
136 for accessing memory 138 when an instruction is not found in I-cache 110.
Memory 138 may be located on or off the processor 100 and may comprise a layer 2
(L2) memory component.

[0021] The processor 100 also includes an instruction pipeline 105 for processing
instructions and a branch prediction circuit 132 for predicting a target address for an
indirect branch instruction and predicting whether to redirect instruction pipeline 105 to
process the target address. If the branch prediction circuit 132 predicts to redirect the

instruction pipeline 105, the indirect branch instruction is said to have been “predicted

taken.” If the indirect branch instruction has been “predicted taken,” the branch



cache (1-cache) 110 for caching recently processed

instructions and a nenory interface 136 for accessing
woreeesi§721838 when an instruction is not found i PCT/AUSHOTIERS574

110. Menory 138 nay be | ocated on or off the processor
100 and may conprise a Iayer 2 (L2) nenory conponent.
0Q21 The [geessor 100 al o i n¢ludes an instruction

éﬁ B@P%’ﬁ gragb! T ademe hddresn of Isdditsins e HoBpeRBind
prediction circuit 132 for predicting a target address

fqdrre%tﬁ thejipgirycden pirchne h03 tedregincieictmganyrysted & thaigraet address.

whet her to redirect instruction pipeline 105 to

[022je$he ploecdsar Dt prackdsassstrucfiotsia abrsstaktigr pigeliid KD
circuit 132 predicts to redirect the instruction

RRRlihG® bl bR dirditNEL! ISARCMbIYSMEMS,Lth®PipbBnd B)Tmay be a
to have been "predicted taken." If the indirect

?{SC a*v%é%?“‘%%‘%%@%%ﬁ? BuaBETTbAkES 4 15 ¥helint 16y ngludes

Bl nner e B i i FRUEL AR fd Pl b iadt f’{PrC?f)tstage

Bgfellne 105 to be&bn fetching instructions at th
gainsyyahisqueuc (BYZ2$9ec HHE. et seres1 0t pFo %&%b@ and an
instructions in an instruction pipeline 105 according
execuoon stage (EOTH)c120i e sire ¢pbodimgnts onpipe agel imap mraress hengle
pi peline 105 nmay be a superscal ar desi gn having two
otro@ion dpartiald. dh apbthed énieslimditea pipp8taga enal@onéurtdntgd @socess
vari ous pipe stages: an instruction fetch unit (IFU)

81 28EmdR4nstAucl8£CH@ tRCO) sfhAPBe ndid® tha@ﬁl(p'e @%%E%hy B8 added to

gueue (1 Q stage 108, a register access stage

S'Ig'%lb Q&gd ?Jarn qu)(aﬁl%tellogsmﬁ{oﬁgﬁm tﬁél':t)le g'go%e ok ﬂle Qg%nt disclosure.

iﬁiéég%ér"&%m inghilry G%ﬁ‘a herﬁ%ﬁ%ﬁﬁb et PlePShicn

instructions at a tinme. It should be noted that e
chidesroginjerpthah deredsh micregrchitastraloageitionndtp .amqswh by pipe
105 without Iimting the scope of the present

sthgas| ld8wneé 120he processor 100 al so i ncludes a Genera

Pur pose Register (GPR) file 118 which includes

[08g3|St erEheting@tuctibh FttY Bnif(IE1 D) &tagbi102 Gttbihpds t6 @VieVs arDihstruction

are accessi bl e by pipe

from in I-cache 110. If an instruction address is not found in I-cache 110, the
instruction fetch unit (IFU) stage 102 initiates a request to retrieve the corresponding
instruction from memory 138. The decode stage 106 fully decodes an instruction.
Furthermore, in addition to conventional functions performed at a decode stage, decode
stage 106 recognizes conventional subroutine call instructions such as ARM Inc.’s
branch and link instruction and writes a return address into a link stack structure 134.
The link stack structure 134 may be a set of registers managed as a circular buffer. The

return address is an address of an instruction to which pipeline 105 is to be redirected at

the completion of a subroutine. On an indirect branch instruction, the decode stage 106



stages 112 and 120. [0023] The instruction fetch unit
(IFU) stage 102 attenpts to retrieve an instruction

WO e@a061271 - cache 110. If an instructi on addr esBCT/ES2001/085574
found in I|-cache 110, the inStruction fetch unit
(IFU) stage 102 initiates a request to retrieve the

corr.espon struction fr menory 138. The code
e@ag@%éﬂ &r%rng?h U SR SEs (b Pidsh o ﬁr:tarnrlﬁe rﬂt?fler to begin
in addition to conventional functions perforned at a
fpé@m@ggmgm’g‘g@ns thepipeline 195 efggn gggequ@él(yg target ©f the branch instruction.
conventional subroutine call instructions such as ARM

[0024]' $he hsanctonajudud stage 108shuftect om@roranale wisttueSors in order to
return address into a link stack structure 134. The

hlldWK sisdcallivs FeteHah gHoecohBAud @M ind&tAlsSi€lan P fof HROx@E@Ich pipeline.
managed as a circular buffer. The return address is

@He ﬁeg%"té? 2o&f s@fe lf@fegrﬁé%&é fk ﬁﬁrornéi‘f'%'o%@ R PRbINe %&%rdl%urpose

|recte conpl et on a supbroutl ne

direct bra i nstruct.i on CO

G185 BR6es 35 acy SRt Er @qwﬁm&gg Tyglgles
branch prediction circuit 132 in order to determn
sy heempiicpisgreh as atthmetiglogitsinits @il Bisdikedn prdsetq fﬁ@cute
105 from a specul ative target of the branch
inssuetions. Ghe resflpoRafiucEddranmexacutstsitage 1§0eewsttay® thoGPR file
buffers one or nore instructions in order to allow
$ e clDlddd sxechite tsedat 190t tuabbilahciuselutibmgiksd platesto defermine if
any, of the execution pipeline. The register access

Blaf8ep r%al%tlﬁﬁ WAl ¥BSn PMR08E stARE B0PRLBARIS If the T thi®ranch
genera purpose register 118 as may be needed by an

fegg‘l'il{lbl& Ei R frgrﬁqﬁéjﬁr%disé%eﬁ%tstgm% algrgmél{]% sbﬁ‘a%' h%%kegé)&‘]\élﬂk e

onen S such as  arl 0gl C Uhl £ and
gﬁger to execute instructions. The results
8- r om execut e stage 120 are witten to the GPR
f|Ie 118. During execute stage 120, actual branch

10833 The @Wcﬂ‘@w%eé%@@otlw%tﬂ@r]ﬁpﬁ]é lqgic cigguitnldt to determine if a

predi ction made during decode stage 106 is correct. |If
baechaosuradtiopreanesponde®adnutipbinit dutfrbetise datlo fiheAgCall logic circuit
predicted destination, a branch is said to have been

M SReceMs eli®ebsult in the branch prediction (BP) circuit 132 in order for subsequent
execution of the branch instruction to be interpreted as an implicit subroutine call during
an earlier pipe stage such as DCD 106 or IFU 102. In one embodiment, the recorded
result is a flag which is stored in the BP circuit 132 and is associated with the branch
instruction. If the branch instruction is an implicit subroutine call, the IsCall logic
circuit 114 updates the link stack structure 134 with the address of the instruction
following the branch instruction. The IsCall logic circuit 114 will be described in more
detail in connection with the discussion of FIG. 4.

[0026] Although FIG. 1 depicts the execute stage (EXE) 120 coupling to the IsCall

logic circuit 114, the IsCall logic circuit 114 may alternatively be coupled to an earlier

stage in the pipeline 105. In an alternative embodiment the decode stage (DCD) 106



[ 0025] The execute stage 120 al so invoke the |sCal
logic circuit 114 to determne if a branch
WO p@BH6M2rT on corresponds to an inplicit subrouk¢TES2007/085574
call. The IsCall logic circui® 114 records this
result in the branch prediction (BP) circuit 132 in

order for subs ent .exe ion of the. branch

PR¥ CPYRIE 1% 65%5 OBISCHF ir%dﬁ]a@lséimqoﬁﬂ?‘fn& ¢ decode stage (DCD)
subroutine call during an earlier pipe stage such as
BEpnyoleesdhe IsCill igpac cirenibhieh anep didictasmines piRR mstrvetiachas been
result is a flag which is stored in the BP circuit 132
dewdded associated with the branch instruction. If the
branch instruction is an inplicit subroutine call, the

[098A! ThdRWIfekillGh figcdrt wil Lébcodad @8t dudgerbiyNartiagdof the processor
structure 134 with the address of the instruction
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coupling to the IsCall logic circuit 114, the |sCal
PogEsoc Gy ba amittegyirom g pattighlay gmbodimeat (Jihepfumgtinpl blocks
earlier stage in the pipeline 105. In an alternative
thabody nesrite it e precwse Y0ageh @DEDrnd a0 RGOR/ edlep Tata cache,
PCT/ US2007/ 085574 9 may couple to the IsCall logic

and theilike dddnot kernidii So e dbediptiembf tht pecsdedodativoh age arc omitted
(DCD) 106 invokes the IsCall logic circuit 114 once

idr cHgfrer m nes a BR instruction has been decoded.

[0027]" Those of skill in the art will recognize that

ar i at | f 0 :
PZE BHE 2R Pl ReBim 2ITBITERAEY » 155 R Fructons drogeh the
BiReTes gl Betehd 1B Fof it BERB e duds bpged th iming
processor 100 may be omitted froma particul ar
eiesal Pl thagade segroend ep dhwtratel srkable f har fgyurrasesef the

in the processor 100, such as a translation | ookaside

pugbdng disclbatra, thacdra, “imahcit suteoltincecallt ecfersto g eombmetidroofwo or
description of the present invention, and are omtted

foFe @kt@idtio}s whose combined function is to set registers preparing for a subroutine
call and to call a subroutine. For example, referring to Table 1, the two instructions,
LDR LR, 0x0089908 and BR 0x00990000, define an implicit subroutine call. In this
case, the LDR instruction defines the beginning of the implicit subroutine call and the
BR instruction defines the end of the implicit subroutine call.

[0029] Columns 210A-210E of timing diagram 200 correspond to the stages of pipeline
105. Rows 1-11 correspond to sequential timing cycles. For explanation purposes, each
pipe stage processes one instruction per cycle. However, it should be recognized by one

skilled in the art that the teachings of the present disclosure apply to both multiple cycle

pipe stages and to pipe stages that are able to process multiple instructions per cycle.



[0028] FIG 2 is a timng diagram 200 which follows a
flow of instructions through the pipeline 105

wo Rtog®enated in FIG 1. In particular, the fl oRCDS2007/085574
instructions traced in timngl0diagram 200 is the code
segnent as illustrated in Table 1. For the purposes of

the presen osur the term"i i cit subrouti

[odF” CP@F@%@%? ARBk gionas a0 qurqsagf%rto thggogtents of a Hag named
i nstructi ons whose conbined function is to set . .
Is€giElag maigly imgaich gyheher an mdbedsbringd ingaictionraguitsoin@guproutine
a subroutine. For exanple, referring to Table 1, the

talb Colstin2d 0GaosiesponRiotRe cOXOD8BOM8 lmkaedRRer (LR). Column 210H
0x00990000, define an inplicit subroutine call. In

b &potR S8 thel ddatch iR flan ikl stekis@ctdRf Jubess tilesth@aithidtR@134 as a
of tﬁe inplicit subroutine call and the BR

kg *59?%g§ﬂ?ﬂ%%bqg§uﬁg@%end of the inplicit subroutine

ums A-210E of timng dlagran1200

C
ST B 1 8L 2 R ks

Ianatlon ur poses, eac pi pe st age processes one
f= PEECY I E‘é?ycé%/ Eithe Lﬂ&k%e(?x00899851%dmﬂaw%n is in the IFU stage
recognlzed by one skilled in the art that the

2 b(b%;hlnﬁgscttms D Y @8 eBR, atidsgehorwimstragiipny INSI Rvotte sequentially
mul tiple cycle pipe stages and to pi pe stages that
astehedlfitogn TRU pipecrgs 2MUA L Ipteld fisdt poimt inoirac Pe3, deyedesstage 210B
WD 2008/ 067277 PCT/ US2007/ 085574 10 [0030] Col um

aéegﬁesotfhe BRInSGudHoAha 'iﬂx%@@s %ﬁé“%ﬁl‘@@l@g&l SR hlalBrdeR b?é@ﬁc‘%lon
a flag naned |sca | Fl ag whi i ndi cat es whet her an

i e gy YA BT AP S o
K L Col 0 d t .h

s esifd 1 B Nrctie PR B s as SEROAE PR P SeADD,

structure 134 as a result of the IsCall logic circuit,

SWB, MQWaayd BX. dJeasetaputinetopimiises dhdic dptiaetionsdegmping with the

stage 210A and propagate to the next stage in the

ASD instrodten and cogiokevith, the BX inBR1dtiRn a0 xHO8988I&ble 1. Before
instruction is in the IFU stage 210A. Instructions

RAectiidBhe Fiﬁeliﬁm DY ENSTRE id Migshed &bohohe plp¥BARLYS She: it was
sequentially fetched froml|FU pi pe stage 210A. In

FY Q8 prior A bR YrediBtidd. e dkmk JEE P RwihaaR BRBtruction depicts
the position of the INSTR, instruction in the pipeline 105 would have taken if it had not
been flushed.

[0032] From cycles 1-5, the LDR instruction propagates through pipe stages 210B-
210E. In cycle 5, at point in time 205, the execute stage 210E executes the LDR
instruction to load the return address 0x00899818 into the link register (LR). At point
in time 220, the return address (RA) 0x00899818 is available in the link register. The
return address refers to INSTR4 in Table 1 meaning that at the end of executing the

subroutine beginning at address 0x00990000, the flow of instruction execution should

return to address 0x00899818.



decodes the BR instruction and i nvokes branch

predi ction such as branch prediction circuit 132.
w@e@Ro672pT edi cti on predicts that t he BR i nst r up€T/082007/085574

will be taken and, thus, thelhipeline 105 is

redirected to sequentially fetch the subroutine

i nstruyctions A The su utin

183 £ BRinGIn (IR, A SEEF BiHES gé@ RFRCHES M dhiICtigsp The

instruction and ending with the BX instruction as

e¥rss stagc PABE efalldat@éwlaﬂﬂeer theBRriggrictgn shealdphqysibieprtaken. The

105, INSTRA is flushed fromthe pipeline 105 since it

s utcfsetee 2@ 0E plsb onvakes theds(Cdll ogrdiictiit dh4 tolteednlinsivhether the

cycle following the BR instruction depicts the

BRSih§thRfoRls 4 andHNS BRAbIJuShE UThé glﬁtaéeﬁ ‘YrithRb ReLHroetiddSs also
woul d have taken if it had not een flushed. [0032]

E{g&{%d% G §SutroRtind O E@E Ikd;aﬁf %ﬁ&t diRit Fi"l@ Bﬂﬁ%s‘%ﬁe next address

rough pipe sta es 2 I'n cycle b5, poi n

210
[fhob e i e TR g S B o §’?%”t6§%’9%1g&%1 Bﬁ%%RA was
the link register, (LR). At point in ti
previously shahekizonmhg pipliegdds ﬁaneéh%mrﬁ%ﬁ i éhq I}?Xf Wétructlon

link register. The return address refers to INSTRA in
Jalalsethd revemarsiddrpss $tatcdan theHmkengistof (Idke thetlsig! toges circuit 114 sets
subrouti ne begi nning at address 0x00990000, the fl ow

e 1$@Q IR 4 lI0Prassoceaed wih tisd BRI lithtrut @drian starcaddvithsthic address of
0x00899818. WD 2008/ 067277 PCT/ US2007/ 085574 11

{hQQﬁ@lnsﬁ‘hctEH?ﬂ iRlthd BrahdBrediéRon Elpc%ltePSQC Wifeghidley $idikh predlctlon

executes the BR instruction. execute stage 210

%’tg{(agg A nmﬁ Qee 5 s&qﬁ dEiﬁ coﬁi&%&gﬁ wlt(ﬂq:léih qu IA % EngeIF@ %aﬁglc

execu al'so |nvokes

e S %61%%53 SRS e tiFSR L0 it in ime

"branch to a subroutine" is also referred to as a

routine call. The IsCall logic circuit 114 utilizes
the next address following the BR instruction which
[0934]hEheatdzlesgruofion dSTRAulEvemd, BX ghddchSIRA opels 10, point in time
previously flushed fromthe pipeline 105. Since the
Br s doktaphe 1 0B xcoppmisy tHE BXOMstruction as a return call and, thus, branch
prediction 132 predicts the program flow by popping the return address (RA) off of the
link status structure 210H. Decode stage 210B redirects the pipeline 105 to begin
fetching from INSTR A whose address is the same as the return address(RA). See
reference point 240. Also, in cycle 11, since the RA was popped (i.e. read and removed
from the link status structure), the link status structure 210H no longer contains return
address. Utilizing the processor of FIG. 1 as illustrated in timing diagram 200, the
implicit subroutine call defined by the combined LDR and BR instructions allowed for
the link status structure to store the return address.

[0035] The next time a BR instruction is processed by the pipeline 105, branch

prediction circuit 132 may utilize the set IsCallFlag associated with the address of the



equal s the return address stored in the link register
(LR), the IsCall logic circuit 114 sets the

WO 2@8l0bBrag 210F associ ated with the BR instr uRCT/0820aT1085574
stores it with the address of12the BR instruction in
the branch prediction circuit 132. An exenplary branch

Bt BR s ecihpe oaonapicghe [EFuEar e BaAdIe tha the first

circuit 114 copies the return address to the link
gmgthsBRingyactipewas pigcassepby poeline e 230. [ 0034]

The final instruction of the subroutine, BX is
e3edadclionk cydt 8, thO sarpoBRtinstructipmente®3be pipelod ) s4tdBE stage
210B recogni zes the BX instruction as a return cal

angh. Abdisck Byadshl, INSQEUA%te@ﬂhé3ﬁU@fa%AI2¢OA ahf ehcBR Gisfittion is
f|OM/by poppi ng the return address (RA) off of the

lliebEDD ShEcEgH Mt B0 SRS ?et 8 R Hdneh prediction
ga%vﬁ?& P urdhe 3%%%5@?&%@ Rﬁ%ﬁq‘ﬁlf? e %@ttﬁat-lhhwcl o

since the RA wa re ad and renm
qu&wp?%ng ISH@llEkaatSdsln@Wmﬂtbatéﬁle BRyigstrychipn é aawgoutme call.
structure 210H no | onger contains return address.
Opndeiquéntly, thedd @ otags 260B pfistiek the mexhaddreds uht pddresk fonINSTRA on
timng diagram 200, the inplicit subroutine cal
thethe hiak stayustshracta@ioned shbn anctf@BhderXstsr uct i ons
allowed for the link status structure to store the

[0884" PG A0S %ﬁ %Xe ﬁ@%@orﬂ-&?op@%tanéﬁ ﬁ?ge@a&ﬁeds%&ﬁé? (f;]@b 300.

IS processed e 'pi peline 105, branch predic

a
S YA Y esasb*%%ﬁlbﬁi W Bk RB HAASR IS TR BT
/ US2007/ 08 2 BRinstr 0 fo e
SOt AR fesr e ooy cabRr oo Sl fafs @ﬁ EBlnn $104
first tinme the BR |nstruct|on was processed b
prpans addrasyss offlyoml)ingguctprse KCdyand 1AB cppfaing &’ﬁﬁélCBF@rget
instruction enters the pipeline 105 at | FU stage
2dddéssesithedhsekdieycioevinet thelcNSTRandmizdranch estiuBtibs bragehed.
210A and the BR instruction is decoded by DCD stage
2bluhh 3 10N tdtgaihd e Pelle SF agasCAiBag t Tiee RTaNEAg, when set, indicates

predi ction

that the associated branch instruction corresponds to a subroutine call. Row 305
corresponds to the BR instruction in Table 1, where its address is 0x00899814, its
target address is 0x00990000 corresponding to the ADD instruction, and its IsCallFlag
is set.

[0038] FIGs. 4A and 4B illustrate various embodiments of an IsCall logic circuit.

These embodiments may be coupled to the execute pipe stage 120 as shown in FIG. 1 or
any pipe earlier pipe stage. FIG. 4A is an exemplary embodiment of the IsCall logic
circuit 400 which may be suitably employed in FIG. 1. The IsCall logic circuit 400

includes a comparator 440, a two port OR gate 445, and a two port AND gate 450. The

comparator 440 receives two inputs; an input containing the value of the link register



circuit 132 | ooks up the address of the BR instruction
and finds that it has a corresponding IsCallFlag set

W0 p@Bo62rhg that the BR instruction is a subroRE€T/H82007/085574
call. Consequently, the DCD k8l age 210B pushes the
next address, the address for INSTRA on to the link

t at structure 21 OH as sho ef e gnce
ap(l@N 1Pyt SORRINUEIAP PGy %F%‘”B)n A7 SERRIIG. 2 the next

target address cache (BTAC) 300. The BTAC 300 is

addresabs the aep asideass psAueriealbyrfgished pes@iBR instruetiane ufhe output of
132. The BTAC 300 includes at |east three col ums,
carhperaer 24Mi8,coBl0Bto anmechadt dfIhE tv@oparR3dHAd4 L oﬂteacbthsr port is
addresses of branch instructions. Colum 310B contains

nota%ﬁdgﬁt 4 PSR RE GRS whither tha Stirré dis@®istidinhé pipetshige

correspon ng branch instruction branched. Colum

f:

R C oAk SR ACHRYia PR L I Plrud R, The O w445
br anch truction corresponds, to tlne .
RS0 P61 R oS L POR 8RR i PSR o %ﬁlsami manner

where its address is 0x00899814, |ts target addr

PSINgXigB98TenNEorhe SpMEPhge R gHe 4ADIS QOHgkemP%Wﬂ of the two
and its IsCallFlag is set. [0038] FIGs. 4A and 4B

port AND gete 42ar Tbeisthermpatiisreenplsd ¢f amis This@Branchsignel 420
circuit. These enbodi nents nay be coupled to the

gxredtEbpbaacts predetidi2 Oirast E3IP0Whel biarfch@redictiun ci@nit 18D generates
earlier pipe stage. FIG 4A is an exenplary enbodi nment

Bl i TikehBlabh 51%1%9'490 ot GEIBR ﬂﬁ@umnql}‘hleﬁﬁlvgﬁecﬁﬂﬁb abliMogic
enpl oyed in Fl 1. The IsCall logic circuit 40

LRSS &%Eﬂgéﬁ%ﬁa%ﬁ%?ﬂ&e‘%ﬁﬁﬁ% - %%%écazfes@@%w
%g“%raéf”ﬂaﬁt S0 B s R s puaasrs o1 E?a&l Ggygecireui
and_ an input cont aj n| ng the next address 410

dseriusetdiciontprf 425 B3 utiliged teeset the aadiElag i dho bfém‘rhep{@dlctlon

address sequentially fetched after a BR i nstruction.
diharitolB2put] te topycthapetnat aidredg O tioshe bulpstetds stouaure. ok recognized
of the two port OR gate 445. The other port is

by those skilled in the art, that other logic circuits may be utilized in the IsCall logic
circuit 400 to control whether to indicate that an indirect branch instruction corresponds
to a subroutine call and, if so, to update the link status structure with the next address.
[0039] FIG. 4B is a second embodiment of the IsCall logic circuit 401 which may be
suitably employed in FIG. 1. The comparator 440 and its inputs and the output of the
IsCall logic circuit 401 are the same as those depicted in FIG. 4A. The output of
comparator 440 feeds, as input, to AND gate 455. AND gate 455 also receives as input
isBranch signal 430. The isBranch signal 430 is active when the current instruction
being processed by the pipe stage coupled to the IsCall logic circuit 401 is a branch

instruction. In operation, if the current instruction is a branch instruction and the next

address after the branch instruction equals the address contained in the link register,



coupled to a signal 415 indicating whether the current
instruction in the pipe stage coupled to the IsCal

WO o@BO62rTcuit 400 is a branch and |ink instruRCT/082007/085574
The OR gate 445 is optional ®hd is used in order
support branch and link instructions in the same

glgggtesr' ?2%_% AR otsaggqrﬁ%agé Iﬁ]gfsifag;{hg? W%Httl@étbre%feh %nlgmlon in the
gate 425. The other port is coupled to an

ek pisBCE e hirelight) andabe hgleﬁewétse@lctw 18f aneplated with the next
prediction circuit 132. The branch prediction circuit
ARReyedbisascesnd drlimdirndialednBs drecivarsihgma |link 20stfucton tohee

BR i nstruction which invoked the IsCall logic circuit

BRQessbdlinta ARIRTHRAEUNBh Y SuBTHRAFIINERCall 1diec Exduitsdoage
120 may alternatively generate the isTakenBranch

0%] ak1é 250i8 Sm%cﬂa%llﬁﬁﬁa%ﬂg a‘]?géh&g ?2(% rEéo%ﬁFﬂm 9 %b(foutine. At

ircult I's true I's uti

t i sCal n the branch red crrcu
figsk 52‘3 atn&ncssrsk}en?%gdrasemrfg%fa%% W B e efbIe. & branch
status structure, is recognized by those skill ed
instragiong Moretsa%rtlﬁ@tlher braggl wstpetion; t%l%,t lrra‘g/t fganghy 3nd s
inthe IsCall logic circuit 400 to control whether to
inmdigwngs tétattednSuahdletastion barabecperforgied by tknown decoding
corresponds to a subroutine call and, if so, to
tephaitgest e blookks 151 tht usctisdd 300X dete@minds W Helteer fieXdetected non-
address. [0039] FIG 4B is a second enbodi nent of the

éeﬁl@@ﬂltial LRGoE i€ jél\ro%%ﬂrﬁ 160 0RIr &y RYn BRlica®ld ds@u¥routine call. By
enpl oyed in FI . The conparator 440 and its inputs

PR gl ggrogéaang@grsgrze b B g
Tataflat: grr%f) b SEim g B Rigicuon cBPan IR Boliaine ﬂegthe
The i sBranch si naI 430 is active when the current

pliréftmlmr@f@ﬁsedﬁérm@ IpTisEEes bap hopn inficatequ naarkerbascotibraine

to the IsCall logic circuit 401 is a branch
talk tIf itdias,ahe micthod 560 dits processéd thienmusaqesrttial plsnge ot program flow
is a branch instruction and the next address after

béterdunantiins,ipredcedictol Ibckespoal s t he address contained in
the link register, W 2008/ 067277 PCT/ US2007/ 085574

?ﬂééﬁ UFEF% dét\bmcggfhorf" géluglftgaﬁ glﬁalﬂlgﬁ E‘?P‘t"%{?’g ﬁl@?z:’llﬁg Robten previously
indicated as a subroutine call, the method 500 proceeds to block 520. At block 520, the
next sequential address after the detected non-sequential change in program flow is
retrieved. For example, the next address after the branch instruction. The next address
may be provided by various means including a preceding pipe stage, a next program
counter (PC) generation circuit in the IFU stage 102, or the like. At block 530, the next
sequential address is compared with the contents of a link register. As discussed above
in connection with FIG. 2, the link register (LR) is assigned the return address in

anticipation of a subroutine call. At block 540, the detected non-sequential change in

program flow is indicated as a subroutine call. For example, a flag associated with a



branch prediction circuit 132 and the |ink status
structure 134 is updated with the next address. This

W@ ewena2enbodi nent al l ows the branch and | i nk PCT/US2007/085574
instruction to be processed 1 a conventional nmanner
outside of the IsCall logic circuit 401. [0040] FIG 5

eyt ST an syt sh oA T et gTtcten circuit 132. The
non- sequenti al change in programflow is detected. For
EﬁﬁwﬁﬁgpﬂﬁmHKQﬁ@ﬁS“i @@?%ﬁkion. More specifically, a
branch instruction that is not a branch and |ink

[0042]r Acblook 558, thet@utmdof tBa dink detieatis pnshedonbea link stack
performed by known decoding techniques. At bl ock 515,
ithetre! Fedexagpid eieh AivpathWhehlbasn ishecdriesatiadstR@nt in FIG. 2,
sequential change in programflow has already been

seq P | e
’%hﬁgin%?éﬁgtﬁﬁ% Bprd ks gy QR shruct wagfnﬂgzétggg%ﬁggaﬂemlal

instruction has already been pro

| peline .10 n i sCal | Fl woul.d b et .in
Bl chtterne et Pielon g 4 B s S5t i At mot
presently processed branch instrucgtion has been .
haireisd.abe B0 MR SBaNEe S BROSTAT fle™ GHie & spproufingfache
t he met hod 500 has processed this non-sequentia
piegerged by thermoppliam At dblock5é0 ohe metiwd J00wsits focstws cald
bl ock 550. [0041] If the detected non-sequentia
ldévageg the dpd of flersubloavwnha®nawd rdogarapienétansieyd, the method 500
i ndicated as a subroutine call, the nethod 500

ProRES&R 45 bloek BT @ GMher2fe ndlt sB}1RAKa124Bresd 116m tAEKAK stack structure is
sequenti al address after the detected non-sequentia

el fl [ ' [ ey the. .
A0S BRRIIBE b ofel B ] RUL GV o PR TR Rt Wobein
address . may, be. provi ded by various neans including a
Boctaar b’ prpec il g it o B Gimt Lount o (PO
%ﬁneration circuit in the IFU stage 102, or the like.

43| Bbegmstind S0R@roreqds to gedfudaek A0 whigh swis foy thongrdmnerr
wth the contents of a |link register. As discussed
stooeial chango mm pioigiaem floivt 1OMEE Gie 1®xt hore séquaktial earpeen program
(LR) is assigned the return address in anticipation

flbwarsuRieupigeeing ahd metNod 300 pkod24dd, to bk dah@ad &ttn to block 515.
non-sequential change in programflow is indicated as

TGRSR Bt TP 8 L RemRS A b

non-sequential change in program flow will have been already indicate, thus, block 515
will proceed to block 550.

[0044] The various illustrative logical blocks, modules, circuits, elements, and/or
components described in connection with the embodiments disclosed herein may be
implemented or performed with a general purpose processor, a digital signal processor
(DSP), an application specific integrated circuit (ASIC), a field programmable gate
array (FPGA) or other programmable logic component, discrete gate or transistor logic,
discrete hardware components, or any combination thereof designed to perform the

functions described herein. A general-purpose processor may be a microprocessor, but



15 branch instruction nmay be set and stored in the
branch prediction circuit 132. The nethod 500 then
wWEe@seens7t o bl ock 550. [0042] At bl ock 550, tP@I/US2007/085574
contents of the link registerl@s pushed on to a Iink
stack structure. For exanple, when a branch
I nstr ﬁctlon I S executed %% illustrated in FIG t he
TGS IS RO SRS AR EONYHKoR PEQeestor: LF@PHP%“
EqU|vaIentIy, t he next sequential address may be
aliereeqyaiof 19t Py stpigshredingn 4 procgrsol max alse e knplemgated gea
Al t hough not illustrated, the non-sequential change
bmﬂbnagnaﬂkthMMngumn@n&n&ubgoambnéhmﬁobefaDﬁ@@ﬂdﬁed
by the pipeline. At block 560, the nethod 500 waits
@drofrob&kor, B &ﬁﬁlhlhty off RfiérepiocBBoisNnceattn® nib®processors in

subrouti ne. ce a return call 1s recognized, the
Ddon Wh PHF LS of MyRURGK % hhe next
aﬁguenfﬁa 5§gress f?on#qL uﬁi structure is

C ows a proce s e :
1988 hs Rors 18R FenfestbBg 5?@@8@}6& firesds2F hercin
instructions at the address of the return call. [0043]
R brsmvedicd doeghoaderivare NispiHREIROBBOSESHIEA bitainracessor,
for the next non- sequential change in programflow
Onine: condiresion ofi gre- tseg We snftvadre ofvalntpemisnrepido gr BAM fepvory, flash
arrives in a pipeline, the nethod 500 proceeds to
bleaoky, RDManembéye ABPROM headord IEEPROM hb@oRexdgisters, hard disk, a
non- sequenti al change in program flow has been

Wa@l‘é%lls)k Q@IﬁRYﬁ@ orta'ﬁg ot P PorB LS EShb A cGNANGR W N the art. A
progran1f ow wi || have been al ready |nd|cate, t hus,

lé n?e%iﬁﬂl W{a Ibe %B@égﬁ? % fhQ gFAc%? EL?C% the[tg Ilocérslggr can read

var OUS rati ogl C

circuits ele nd/ gnent s escr

B B e R e PSSt edep R alyaive, e
be inplenented or performed with a general purpose

peree sudium gagibgiintggrakioghaprosesseessor  (DSP), an
application specific integrated circuit (ASIC), a

f004¢]d Wirilsghamveition igdiselosat inale ¢(drRGAPf embaodilents, it will be
programmabl e | ogi ¢ conponent, discrete gate or

tdcansi&l 1@ht 4 WRicGariclioF ¢ plethcharidamey 660 6MPIRTBA By péisons of
any conbi nation thereof designed to performthe

ordinary skill in the art consistent with the above discussion and the claims which

follow below.



functions descri bed herein. A general-purpose
processor may be a m croprocessor, but WO 2008/ 067277
wWEQNBB2007/ 085574 16 in the alternative, thePCT/US2007/085574
processor may be any conventibhal processor,
controller, mcrocontroller, or state machine. A
processor may al so be inpl%ﬂggﬁﬁgbas a conbi nation of
computi ng conponents, e.g., i nation of a DSP and
a mcroprocessor, a plurality of m croprocessors, one
WHADNS CHACVIEPIIOLEeSSOors in  conjunction with a DSP
core, or any other such configuration. [0045] The
met hods de cri?e i.n connection wi.th the enbodi nents
di scl osed %‘é}‘%t 11 O%@ﬁo%’éz%%éwl?réﬂmbﬁ tYYPIIHNE:
hardware, in a software nodul e executed by a

Proceg&iting «Hont qﬁetﬁﬁpy{aﬂ i og[fa f Iwo. A software
nodul e may reside I n RAM nenory, flas menory, ROM

menory, EPROM nenory, EEPROM nenory, registers, hard

di sk, rearieviegrouenslsequitngdd,addreSDaiiROhe dateced/nai-$egnerftat ohange in
of storage nediumknown in the art. A storage nedi um
prygrdhefleatpled to the processor such that the

processor can read information from and wite
information to, the storage nmedium In the )

al t er RIEPAFEIE thiyeext segicatd addgbunithilie atanth dgrrggisicpto

the processor. [0046] Wiile the invention is disclosed
detennec ednthexthe abn-sedediiaihtsge i b swhiohitifiecallr ecogni zed

that a wide variety of inplenentations nmay be enpl oyed

by persons_of rdi na kill in the art consi stent

with {Z-he ajggQ,gleﬁqog@[f}g[g?(rgﬁ, whgeip l&qna?%ﬁe%?&li‘?ngf’&ﬂr&ﬁfam
bel ow. WD 2008/ 067277 PCT/ US2007/ 085574 17 CLAI M5

TS ¢ BragelnimgERrtios: 1. A met hod of recognizing a

subroutine call, conprising:
3. The method of claim 1 wherein the register is a link register.
4. The method of claim 1 further comprising;:

pushing the next sequential address after the non-sequential change in program

flow on to a link stack structure.
5. The method of claim 1 further comprising;:
indicating that the non-sequential change in program flow is a subroutine call.

6. The method of claim 5 wherein indicating that the non-sequential change

in program flow is a subroutine call comprises:

storing a flag in a branch prediction circuit associated with the non-sequential

change in program flow.
7. An apparatus in a processor for recognizing a subroutine call comprising:

a circuit comprising;:



detecting a non-sequential change in programflow,

retrieving a next sequential address after the
w@l2a08062d non- sequent i al change in program f | RET/USI0A7/085574

conparing the next sequentiall@&ddress with the

contents of a register to determ ne whether the

non-sequential. change is a suproutine call. 2. The

net hoty l5¥t H%Hué?f%rice\m%g EQHeRtp L i8IS quent i al  change in

program flowis a branch instruction. 3. The nethod

of cl ai ' j :

3 The ot R R ing FRbe b Ruch T bR B o

the next sequential address after the non-sequentia

change thinl ippadgbareceiiingwhonext sequehiialkaddteackftes thaspingseguential

5. The nmethod of claim1 further conprising:

tHhicE 8t prograhhBOw tWiRrdif theSRRUR N ¢drlfigGRANG SornPard tIROKeXMequential
flowis a subroutine call. 6. The nmethod of claim5s

YBESIAd 'tﬁ%ddo‘ﬁ?etn'tsrkq tﬁ(gl%glsw? % H&erﬁ‘lﬁg WEBhE Afhe HBA! @Qﬁeﬁfg@l change

progran1f om1|s utine call conprises:

ag, | nlﬁb :ar brlﬁgplcﬁlon CIrCUIt associated wth
FH) AN séﬁd%n?i gﬁange in programflow. 7. An
apparatus in a processor for recognizing a subroutine

cal | gonpr Tht fparatas &ff dl&it 1 wBORFRT ths inBE-scd¥ohZ8QBAML 42 Hrogram
PCT/ US2007/ 085574 18 a first input for receiving

ﬁg@h@ggﬁmgﬁngFﬁ&Egster a second input for receiving a

non- sequenti a nge in programflow, a third input
for receiving the next sequential address after the
non- sequentThahppactenefeclaim pwhgreantht repistevhie p dink r¢diger.
circuit is configured to conpare the next sequentia

10. The apparatus of claim 7 further comprising:

a link stack structure wherein the apparatus is configured to push the next
sequential address after the non-sequential change in program flow on to the link stack

structure.
11. The apparatus of claim 7 further comprising:

a branch prediction circuit configured to store an indication that the non-

sequential change in program flow is a subroutine call.
12.  An apparatus for recognizing a subroutine call comprising:
means for detecting a non-sequential change in program flow;

means for retrieving a next sequential address after the detected non-sequential

change in program flow; and

means for comparing the next sequential address with the contents of a register

to determine whether the non-sequential change is a subroutine call.



address and the contents of the register to determ ne
whet her the non-sequential change in programflowis
w@2@eenadt i ne call. 8. The apparatus of clai mFCTHKg2007/085574
t he non-sequential change in ¥ ogram flowis a branch
instruction. 9. The apparatus of claim7 wherein the
register is, a link register. 10, The apparatys, of .
ooy ui“mmp%m 'Cé‘?lﬂ’g{z WhATPIRNS o R iR Clfiige in program
wherein the apparatus is configured to push the next
Heywuenbiaarh gypettnn. af t er the non-sequential change in
program flow on to the link stack structure. 11. The
appar aj us claim7 r.th onpr.ising. a. br.apch.
o e o4+ on 1o FRlblel UL REEReb S ke erh RIRE R
that the non- sequential change in programflowis a
subr ous.i neTﬁ@h]]&paralas ofAaiaPIAfuathiScdn@iristiRg 0gni zi ng a
subroutine call conprising: mneans for detecting a
non- sequenti al change in program flow, neans for .
Fet ri BPRHGORPWEKE e aeerequentialcdidecss akigrithe nerecquential change in
det ected non-sequential change in programflow, and
pwarmn flow angopdmksgpcksguctesct sequenti al address with
the contents of a register to determ ne whether the

non-sequentjal change.i s a subtroutine.call. WD
2008/ 3@727%@@%@%@%}%}5@7 ﬂ'ilifgc%@m*f% appar at us of

clai m 12 wherein the non-sequential change in program

flow h3am faF ﬁi&?d&nh% Hak H&Fﬂoﬁ%eq&&tiaﬂaﬁn Hrébiid Bw is a
claim 12 wherein the register is a link register. 15.

%ﬁgogﬁg%gﬁtus of claim 12 further conprising: neans
or pushing the next sequential address after the

non- sequenti al change in
The apparatus of claim 12 wherein the means for indicating that the non-

sequential change in program flow is a subroutine call comprises:

means for storing a flag in a branch prediction circuit associated with the non-

sequential change in program flow.
18.  An apparatus for recognizing a subroutine call, comprising:
a processor pipeline for processing instructions; and

a circuit coupled to the processor pipeline, the circuit configured to receive
contents of a register, an indication of a non-sequential change in program flow, and the
next sequential address after the indication of the non-sequential change in program
flow, the circuit configured to compare the contents of the link register with the next
sequential address to determine whether the indication of a non-sequential change in

program flow is a subroutine call.

19. The apparatus of claim 18 further comprising:



programflow on to a |ink stack structure. 16. The
apparatus of claim 12 further conprising: nmeans for

W0 p@Bo62rhg t hat the non-sequential change i n PCDYSWAT/085574
flowis a subroutine call. 12 apparatus of claim 12
wherein the nmeans for indicating that the non-

sequent.i al change in programflow is_a suybroutipe cal

conpr f inf el S tyre Bt hegirguif Fsacgmﬁﬁufgﬁm BREHAE cortents o the
Eredigtion circuit associated with the non- sequentia
paragestironge diprliv ftackwirugi@re. An appar at us for

recogni zing a subroutine call, conprising: a

processor pipeline f I o skng instructions; and a

o roufl colfy S A L ECREAbAHEIRE, Che circui t
configured to receive contents of a register, an

i ndi cabia@bh pfedictidN BirSEe WeRtdiRtheChROB S donfiRuRd&Blofd 4,
and the next sequential address after the indication
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register wwth the next sequential address to
deternmi ne whether the indication of a non-sequentia
change in programflowis a subroutine call. 19. The
apparatus of claim 18 further conprising: WO

2008/ 067277 PCT/ US2007/ 085574 20 a link stack
structure wherein the circuit is configured to push
the contents of the link register on to the link
stack structure. 20. The apparatus of claim 18 further
conprising: a branch prediction circuit, wherein the
circuit is configured to store an indication that the
non- sequenti al change in programflow is a subroutine
cal | .



