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I nvention 5 The present inventi data processi ng systens, and\ér
nore par waed@stg, to systens having,a, geftware interpret BETAURGHSOTTI enent
execution of data processing |nstruct|ons Background of the Invention 10

The Java programm ng | anguage is I ented high | evel progranm ng
| anguage devel oped by Sun M cros EM\ ﬂlmwnd designed to be portable

enough to be executed on a w de onput ers ranglng from snal
personal conputers up to superconputeP@“”tbnputeklﬁ rans. mmltten in Java

(and other 15 | ampATgePR 8SORANR METHOD nstructions
for execution by a Java Virtual Machine (JVM. In general, the Java virtual

-machine is an interpreter that decodes and executes the virtual machine
instructions. The virtual machine instructions for the Java virtual nachine
are 20 bytecodes, meaning they Figldaidhedavention e bytes. The bytecodes are
stored in a particular file format called a "class file." In addition to

t he bytecodes, the class file includes a synbol table as well as other

S‘r”c'nl)'rs‘é‘;%s' i %g‘;;‘:)%ﬁn%ﬁ;g ehiiop il f&ﬁi"ﬁ%ﬁ%?béﬁgaﬁﬁ%@ﬁé é&gﬁfn my be
SE?SEEEmm‘%%DpéEﬁq@aﬁ tq?%}s&ﬁ#éﬁ{/@g isdrfudie kB Matoni ne. e
J " P 1 .
o'y ofpiiients elsa it bt EBE B eRbRlg afrefiRL Savavivioa

machine to be platformindependent. 5 The Java virtual machine is comonly
i npl emented as a software interpreter. Conventional interpreters decode and

execute the virtual machine gaskavstihaWt Ble MVdnticet preted program one

instruction at a time duri g—Exegggrcﬁ"‘tbﬁﬁ“T§T§_‘bn t he ot her hand,

t ransf(?r m Vi rt yglg 3?98 sp]@tg'rﬁﬁ’imm ianguageds zat obfemtagheneed igh levebns
0 execution

pri or hat decoding iS not performed on virtual machine

hgigagcéggﬁég%ﬁmmgrﬁ@lﬁa@@ deRasloped IypSurmMicresysteres gnet and repeat edl y
designed to be portable enough to be executed on a wide range of
computers ranging from small personal computers up 1o
supercomputers. Computer programs written in Java (and other

15 languages) may be compiled into virtual machine instructions for
execution by a Java Virtual Machine (JVM). In general, the Java virtual
machine is an interpreter that decodes and executes the virtual machine
instructions.

The virtual machine instructions for the Java virtual machine are

20 bytecodes, meaning they include one or more bytes. The bytecodes are
stored in a particular file format called a “class file.” In addition to the
bytecodes, the class file includes a symbol table as well as other
ancillary information.

A computer program embodied as Java bytecodes in one or more

25 class files is platform independent. The computer program may be
executed, unmodified, on any computer that is able to run an
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instruction before it is executed each tinme the instruction is encountered,
execution of interpreted prograns is typically quite slower than conpiled
pr ogr anms WO smesst#ae nati ve machine instructions of conpil eBCPUSYAA® 15 can
be executed on the native machine or conputer systemdirectly. As a
software interpreter nust be executing in order to decode and execute an

I nterpreted program the software interpreter consunes resources (e.qg.
menory) that will no | onger be available to the interpreted program This
is in contrast to conpiled prograns that 20 execute as native maching

i nstruct i implarentationof the Javasirtyabmaschise. ohnentavavyadak 18 1&nd
therefore generally require feywer respurces than i.nterpreted prograns.

. Accor di ngBysOltware arBULRIRE & & LGEREUE: oM Wats WHEN TR BRI0RARERY IN

execution eed of computer prograns. thaj are. pbeing interpr .

Addi ti ona&ﬁSWl'ﬂgé}@nPg'?%f ﬁé@&rarﬁsﬁpmaef% ¥Vﬁ+ﬂt’g\a§r}"ﬁgﬁogﬁé%@,&$@nent in
“terms of thﬁ resauries they require. 2 WD 02/06527G PCT/ US01150776 Many
enbedded Reddgh becom ng Java enabl ed due to the platformindependent

%Eghfbn% ot e bR e R e AR PR AR o %@ﬂ%dé‘é}i‘kt
| _ R _ _
deai cat odHRTE Eb e SO I e o M eparat o

co- pr OCeSﬁ?é%hiré HatAl B brertimerseied ?e'@%'gm omNirstELdtitn AYM tmd

executing a Java programis through the u a software interpreter. The

I nt er pr et @1"ufri' bRBBOtIBNG Sohphers, \ 1 o othér hapihdemssforimvirudlhe sense

that it perforfrs the standard functions of instruction fetch, decode, and
execut e oinadkirierstructics imst native enashirmainstibetions @riprdoeexegptionl |y is

i mpl emented as a program |l oop that iterates the fetch, decode, and execute
st eps10 As sdalrmtidecoding ismsol perfecoas pnavisuad roashine instruetiens stusing
execution. Because conventional interpreters repeatedly decode each
instruction before it is executed each time the instruction is encountered,
execution of interpreted programs is typically quite slower than compiled
programs since the native machine instructions of compiled programs
15 can be executed on the native machine or computer system directly.
As a software interpreter must be executing in order to decode
and execute an interpreted program, the software interpreter consumes
| resources (e.g., memory) that will no fonger be available to the
interpreted program. This is in contrast to compiled programs that
20 execute as native machine instructions so they may be directly executed
on the target computer and therefore generally require fewer resources
than interpreted programs.
Accordingly, there is a need for new techniques for increasing the
execution speed of computer programs that are being interpreted.
25  Additionally, there is a need to provide interpreters that are efficient in

terms of the resources they require.
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15 maintains a virtual programcounter (the Java PC), and the decodi ng of
each interpreted Java instruction is perforned by a | arge case statenent
{switch sw@imesais) Wi th clauses corresponding to each bi nacy/usewsdiang of

t he bytecode. Code within each clause perfornms the actual operation defined
by the bytecode. 20 There is overhead associated with processing each

byt ecode since the bytecode nust be fetched and decoded. The overhead
associated with the fetch and decode portions of the sequence can be a

| arge percentage of overall execution tjinme, sjince many Java, instructions
(byt ecodes) pe%fﬁ:l’l)ﬁﬁﬁmhﬁddeﬁbd@#ﬂe@rﬁfe becgmm jﬂ@M@r@ﬂU@ﬁﬁéﬁ@
supports the notion of | tipl hreads of execuyt.ion, an,addition
function @fatfwmilﬂa@p@fﬁl@t £@§F§hgu€gusg‘la’t%%§w§y@ | P@ﬁ&%@gwe

Cui toh SnaeVelGment ohata gl Sedhie bHBRIneat by MRRy RWERREL «ne

execut o0, SBIDRAUSPrRySonds AT Bl ent e Ry proCilsig Ridei as

i nt t I , ' Wt gt ) Al h
it or pt ot &nd YRR ARREY R SR BRPIIRal of 4 AR Spfarifthaeuatmor e
¢ . ¢ : e f i ¢
over hoad ST EEHE He R i B o RS e e . N et ency of
h fo P : L : H :
G 1 i o B et o braceosi by yerem
1l ustrat g@ogfa,ﬁ i@tfﬂ‘ob@hﬁﬁ@@% cldsofvam adespmteng execution fl ow when
ar

a Java pr mis executed; Illustrated in FIG 3 is a known di agram of
i nterpreter ovdheehrteasmater arplemiaritstansofiwvareversiam ekaqrocessor il G 2;
20 Illustrated in FIG 4 is a Java. program and correspondi ng ?rrul ation
code t@bl ¢hetssnsanthat iiparfotmasdkecsiaadard fanctionsnekinattucion Igicks ent

nvent! on;decode, and execute of the interpreted instruction stream. The
interpreter typically is implemented as a program loop that iterates the
fetch, decode, and execute steps.
As Java instructions (bytecodes) are fetched, the interpreter

15 maintains a virtual program counter (the Java PC), and the decoding of
each interpreted Java instruction is performed by a large case statement
(switch statement) with clauses corresponding to each binary encoding
of the bytecode. Code within each clause performs the actual operation
defined by the bytecode.

20 There is overhead associated with processing each bytecode
since the bytecode must be fetched and decoded. The overhead
associated with the fetch and decode portions of the sequence can be a
large percentage of overall execution time, since many Java instructions
(bytecodes) perform simple operations.

25 Since the Java environment supports the notion of multiple

threads of execution, an additional function of the interpreter loop is io
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ITlustrated in FIG 5 is an exanple in accordance with the present

I nvention of Java program execution which requires nore enul ati on 25 code
than a gwoom/esszes permits; -4 WO 02/ 065276 PCT/ USO 1/ 50PC®/UShI/508T6¢ at ed in
FIG 6 is an exenplary enul ation code table show ng one allocation of

I nstruction slots in accordance with the present invention; Illustrated in
FIG 7 is a Java interpreter instruction explanation for 5 swtching
instruction flowin a Java program in accordance with the present

i nvention; Illustrated in ramform on.of the
data pr océ@@lﬂ{alﬂ‘ atCFféU@SGé’ttEﬁ\?ﬁ u,s,eg mlgegﬁrmw&@m% *Hﬁ?éf g‘?ﬁt ution
in accordancF h a esent invention; and |0 IIIustrated in FIG 9 is
«an exenpl W) Ahsheuld e e tabl e show ng another allocation of instruction

E’l; TW quggai‘sﬂir?&pigsaﬁblﬁg‘iﬁgfa@?ﬁo %;x?%? X ﬁ‘gﬁ%@jﬁg&%f ¢"and not
idg;j;ic?t eagi Eﬁh‘#‘gg?g@%@ ﬁr% 'Pﬁe's éﬁ%w p&%zg;{;@gﬂr’l@@&mfg?us ;geem fic
\;I)M_r Io?/i gg OWﬁorough@% gs?%'ﬁﬂ Fwﬁe pr esent |nvent|ocn Iﬁ*oewever) It
be. pract: dLprelet. b ué’ﬁé‘“;%*ef%?%%@38?‘3??2“9“2?%?%258‘1’?@?2255“’???08.”t s
have the interpreter implements the thread switch logic as well. Maintaining

the counter and determining when to threadswitch also creates

significant overhead. This overhead significantly limits the operating

10 efficiency of the software interpreter.

Brief Description of the Drawings

Nlustrated in FIG. 1 in block diagram form is an illustrative data

15 processing system;

Nustrated in FIG. 2 is a known code sequence showing execution
flow when a Java program is executed;

lustrated in FIG. 3 is a known diagram of interpreter overhead
associated with the Java program execution of FIG. 2;

20 llustrated in FIG. 4 is a Java. program and corresponding
emulation code table when the program is executed in accordance with
the present invention; |

INustrated in FIG. 5 is an example in accordance with the present
invention of Java program execution which requires more emulation

25 code than a group size permits;



been shown in block diagramformin order not to obscure the present

I nvention in unnecessary detail. For the nost part, details concerning 25
timng cwoodsszei ons and the |i ke have been onitted i nasPOL/S@EES03T6CH
details are not necessary to obtain a conplete understanding of the -5 WO
02/ 065276 PCT/ US01/50776 present invention and are within the skills of
persons of ordinary skill in the relevant art. The term "bus" will be used
torefer to a plurality of signals or conductors that nay be used to
transfer one or nore vari ypes of 5 informatjiqn, such data, .

addr esses, conlilustrated iﬂtét](gsé lgr?é\ ﬁéeﬁwlaﬂﬂnplﬁ%&}mmﬁ’@g&he shOWiNg used
when referring to the renderi of si gnal . ,st at us., bi or simlar

appar at usOngt |QQ%tlcPr@)&fda§tWCﬂaUeSIQfs %%PEQW@“‘F%W%“&%‘QH%’,G pectively.

If the logically true state is a logic |level one, the logically false state
will be allV&liOMevel zero. And if the logically true 1O state is |ogic

ol ow ng tesclvstREIYFIC, 71s3 Jafa hlerarRict rifhfotshY Beriition 100 o

o o dbor ANTLEFGISELEIBNAWN Joa ograllin aemotAatte Hith gL T Coa0n s

enbodi nmen ﬁlﬂkﬁ’\ processi ng system 10 and i ncludes a processor 12, a
co-proces?&géqqt, a C(}ij{%‘}’ocessor 16, a nmenory 18, other nodul es 20 and

external bus L\pk@tf&’@t@@ RPFIGI efindbleckidiabradi foren igmaportionoitheahtey way

of a bus 28. ternate enbodi nents of the present invention may have only
one co pr E@@éé@eiorléf thasystent of B$Gorsfot4npiénignting pregrant exegutioociessor s
20 {not shown). External "bus interface 22 is bi-directionally coupled to
ext ernal begsoPdahgewsithdhei prtespritinventionpend ermi nal s 35. Menory 24 s
bi-directionally coupled to external bus 26. Processor 12 may optionally be
coupl Hll exter anlustratéatm biGc 8dsi any exgsnplary empylaiign odentaleshewing cui t
termnals 31. Co-processor_ 14 may, optjionally be coupled 25 extern to data
pr ocessi n@nojbeeallocatipn.al instrudtian slats dn @geardancs withaine preseRhory 18

may optionally be coupled external to data -6 WO 02/ 06527G
invention.

Detailed Description of the Drawings

15
The present invention is illustrated by way of example and not by

limitation in the accompanying figures, in which like references indicate
similar elements. In the following description, numerous specific details
are set forth such as specific word or byte lengths, etc. to provide a

20 thorough understanding of the present invention. However, it will be
obvious to those skilled in the art that the present invention may be
practiced without such specific details. In other instances, circuits have
been shown in block diagram form in order not to obscure the present
invention in unnecessary detail. For the most part, details concerning

25  timing considerations and the like have been omitted inasmuch as such
details are not necessary to obtain a complete understanding of the
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PCT/ USOL/ 50776 processing system 10 by way of integrated circuit term nals
33. O her nodules 20 may optionally be coupled external to data processing
system lvg2/ow8y760f integrated circuit termnals 34. ProcREBUROIINTT6s
bidirectionally coupled to both co-processor 14 and co-processor 16 by 5
way of co-processor interface 30. The specific operation of processor 12
within data processing system 10 will be referenced below in the context of
Java code execution. Referring to FIGs. 2 and 3, an exanple will be given

of - a conventional execution flow. of instructiqgns in a Java,program.An 10
i mpor t ant PrRSen; vierdians ane are %ﬁ\é’ﬂé“evﬁ‘il Slgicﬂ)ﬁfspﬂtse@ P@'ﬁ%g@m H: fact
that a si nifi@zﬁnt ar}gunt of tinme is spent by the software in changing
sinstructi relevaidriéxecut i ng the interpreter overhead routine between

ST L R T 0 LOPTETIOR D ORI
sLep, o SheRRuRNGd JFAUER BRI S andlot 81 OF e VaRBRso o 1 L e
LT ! ioPHERTC R Bkt Ay Bontaer s gt oo o5

FIG 2 butagnogr SRAMAGAIOWGIIKBE USchitian hoferACR Hesrenteringnoha of

time and s war e requl to performthe interpreter overhead routine

conpar ed kpyridie sterRehitaopeimilaf apparatus! inef tsdogicallyuruedrlogioabut e the

enul ati on code for various functions such as a, f and c. The interpreter

over head $gisbvatate] redpeetivélyt dhtmg logieatlyi inpestdtelis pdogic ievel dnea
bytecode. Dispatching is the step 25 perfornmed to junp to the enylation
code cor r éspdogicadlyt false state wilkbesalagieyleyed zeronArdihtie ﬂmcgﬂyért@ et er

Count 5. f staie iniagic dever e, doedpaiaaivriRe RV R BrHoME Nl diercur
Note that the interpreter oyerhead .softwarge al so includes,.a vir
br ogr am cdnberollowingcieseHoNaT el dingiATe, frtadeenab Botantn (Salsdth
enl at 1 on febaenta yRLues By Prs-paiisingahg, vafie BB B THISYIC RARRE 08 15°
or ogr am s esheas P £ OEMRa YETE 88e T ha | s exocutad by processor 12
re 56 CompaneFiE HLEHPLR SLEMTIRIIE Aop o ddrhonteparae o
15 processing system 10 and includes a processor 12, a co-processor 14,
a co-processor 16, a memory 18, other modules 20 and external bus -
interface 22 which are all bi-directionally connected by way of a bus 28.
Alternate embodiments of the present invention may have only one co-
processor 14, two co-processors 14 and 16 or even more Co-processors
20  (not shown). External bus interface 22 is bi-directionally coupled to
external bus 26 by way of integrated circuit terminals 35. Memory 24 is
bi-directionally coupled to external bus 26. Processor 12 may optionally
be coupled external to data processing system 10 by way of integrated
circuit terminals 31. Co-processor 14 may optionally be coupled
25 external to data processing system 10 by way of integrated circuit
terminals 32. Memory 18 may optionally be coupled external to data
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function (a, f, c,), and the second conponent is a software routine that
returns execution of the enulation code to the interpreter overhead 54

sof t war ewgefi@ss1ieng to FIG 3 note that the interpreter opeTNsadsIsl tware,
illustrated with a bold Iine, may be a very significant portion of 15 the
software that is required to execute a Java bytecode. As a result, | am
herein teaching a system and nethod that efficiently reduces the anount of
software and tinme required to execute the interpreter overhead portion of
the enul ation code. It should be noted fromF G 2 that . the I {ion code
equi red PEOGESBING:SHSIET MY WAY(6! Infegeatecaircdt taRmingls 341 IGMRies vary

contt LLf?‘%@ie%ébéﬁf%Sph?e% ke Salpled pidemd R ¢ %F&é%%iné?ﬁﬁrt o
Java byt cSHBEMRAD DY Ny BbitesrRie SircUeraTald i POt lo i ¢ of
EJZ%/Z&?@%?%”% 2cBlPIdd to BUh TR PRk B8aGE 4T N BrOeRESer 16 Yon: o
orogr atn o E.Br 59 BIGETReh T TiGralR.B0r ik spRtity dhferaliehfof plcessdr?
Java byt eqodgipds fat 0%¢o;tu%ﬁ?§ggs@éﬁwoumntbé refdicHdad betow ihablee 62. In

a generic Sense, eac rrelated to a predeterm ned opcode of a 5

program @%n&gﬁ gf gacal cofEsRacUtidrs. not linited to use only with Java
prograns. Bytecode execution of bytecodes a, f, ¢ .., occurs by retrieval

In emul ation cepsferangetctRl@6. 2ated 3) arhexarmiple will beegiveh, o2aand 3 as

illustrated. In the particular enbodi nent of the invention illustrated in
FIG 4, egonvartioraicxedcutiondloywnafdnstructiods inabUavapragrames iAled by 10 a
Java bytecode hexadeci mal val ue such as 0x0, Ox1, etc,, contains sixteen of
the pt@cedmporiant perfionmangs issieimgeperabitreknowasirgrogegicss isthal ue

t hat provides enough instruction slgts tg enul ate npst Java byt ecodes,

wi t hout c&aett’rgatea@eg@ifua@njramgun%pgtt&”nEdS&@%telaé#ﬂe seiaR i byt ecodes

will take | ess t hans?i xteenggroce sor 1 instructipns to exe(ﬁute.and

s;me will Qr@(@dlﬁﬂr'@. 'M-‘;:[QFL W @nd; &X& illQ?.tB@‘ PreTRIePLeUIRA ﬁgpime

bt oceasor DBIWaRY B SmUATRE RN hulat et At IRSHAEM FIEEZ B! °or oups
v S54RSS o el | oL
code. 1ne WRfLRSARER! Stops ankiroiH oofon HIFIC, 2 1BHUIeS FEHARASDT &

has been j I rafPdf H38 brict &ACbNY ermdreasoftwdrabel ed
"Over head fmgﬁﬁei\% v . Ngfdgot@h%t the " Q(;)erhead pl us JAVASW bl ock of code

i's now  routines such as interpreter overhead 54 must be repetitively jumped to

»

and this creates additional interpreter overhead. FIG. 3 shows the same
software routine as FIG. 2 but more clearly shows the relationship

20 between the amount of time and software required to perform the
interpreter overhead routine compared to the lesser amount of time and
software required to execute the emulation code for various functions
such as a, f and ¢. The interpreter overhead software includes fetching,
decoding and dispatching a Java bytecode. Dispatching is the step

25  performed to jump to the emulation code corresponding to an emulated
Java bytecode. Note that the interpreter overhead also includes
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25 distributed throughout the enul ati on code executed by processor 12. Note

that the software flowillustrated in FIG 4 and the emul ation code -9 WO
02/ 06527wdElesB®1/ 50776 tabl e has fewer change of flow sPEpESUAIPHr ed to
the prior art illustrated in FIG 2. It should be understood that a change

of flowis one formof a change of control and that rather than

i npl ementing a junp instruction, the operation that may be perfornmed nay be
anot her operation where a 5 change of control is inplenented, such as
transferri ng bet ween user and su%grvi sqr nodes, The r{sduc.tion i n. the change

011: fI?w s8@ Wafﬁgﬁi ld@ﬂclolﬁm areo éHﬂct|ﬁﬂéﬁt¢@ehrst&/@ﬁ %[n%‘n&nwn_elt%nt armugt

st ruct i SAIYAIEAIER | | pter e the'y: i

Java byt CRESFHE that ALt BRKES: BbUiaed! 996td 1 PFG: o 1 @Ehgaﬁ}@cglt ner

hanfj some nﬁ{,ﬂh@éﬁﬁ@g ﬁ%qhéﬁte Pe ghan S|§<"fééen hstruction slots in the
. Thi . . . 4 15

11 uett ar pORETp afév BEGERR By tdcghRahE EFBVlaTioR cdrle fabfe HiTS 12 0r

FIG 1. 'Peegggphgt?ggﬁjég@ge%@bp(eg% str 12 of FIG:. HArferiérip hundred

ps al I'ocat'e

fifty-six for the enulation of each Java

byt ecode gzt SRkt e/ syteteromiensisd syethdyavaiproegant NoteTihat t he

enul ation code table illustrated in FIC&‘;l 4 provides a 20 much nore

cont i guouforf bashwzva bylesederihat isrekecuted iyeprdgessarct?stie codeTtiiad nor e
conti guous flow reduces the anount of software overhead required for the
si gni i caig requived tof perfogmaenulationreingclavachyiecad®yequirestwd art (see
FIG.2). Referring nowto FIG 5, FIG 5 illustrates how the %esent 25

i nvent onconyporents:d The fitssteampepenidacads to actdally exeesite 18Rul at i on

51 G650 6 function (@ f.¢.5 and the setond Componentis a aoftwars routine tHat
returns execution of the emulation code to the interpreter overhead 54
software. Referring to FIG. 3 note that the interpreter overhead
software, illustrated with a bold line, may be a very significant portion of

15 the software that is required to execute a Java bytecode. As a result, |
am herein teaching a system and method that efficiently reduces the
amount of software and time required to execute the interpreter
overhead portion of the emulation code. It should be noted from FIG. 2
that the emulation code required to execute each function (a, f, c,) can

20 and typically does vary significantly in size and is often a relatively small
amount of code. In contrast, the interpreter overhead 54 software is a
significant amouht of code as compared to the emulation code required
to execute a particular Java bytecode.

Referring now to FIG. 4, there is illustrated one example of a Java

25 program 60 and its corresponding emulation code table 62 that may be

executed by processor 12 of FIG. 1 in accordance with one embodiment

-8-



PCT/ US01/ 50776 Illustrated in FIG 5 is an enulation code table 63. For the
illustration shown in FIG 5 assune that the initial portion of the

enmul at i oweodwssbwgi ns at address 0x67 indicated by an arrPOT/HS0KI0E 1. Step
2 indicates that all sixteen instruction slots have been used and yet the 5
correspondi ng bytecode requires additional emnulation code. Thus, step 2

I ndi cates that the enul ation software fl ow nust nove to a new and avail abl e
bl ock of code in order to finish execution of the Java bytecode. In the

O € ot iR aseriay e Slot o el L bR XA 21 Pr oo

oo SR AR OSRl 0 L Sbr bo "Cla

T b SSLOR T YoB RO SRR P,

Exeout ed, SEHER Rt BrodRdt T Ruated 383 BIOAERAMIRRY GpraBecdd 0 address

may bes w HabgrampRdHe prbssfit pafidPidnbbipesd RTie ehiypddiregaea whi ch
anva tota raEge of m i t hi '

Is less t sses wthin the data processing system

or the selpshpamsuB &6 eXERUtioh of byteleodés ), pr.edeteurs byd range of
es

20 addres or storage anywhere avail abl e resources exist. Step 3 shows

that once rgfriowiluhasmetationcdde tablet62oftdods i thienordey odsigpshib2 and
finished, the enmulation code can junp back into any of the groups within
the two h@gdsdlustrated.sin tihe paricalan embaedimenrinofvie invertiomillusisated| us
JAVASW software begins. Thus, the extra software 25 re uired(&%ﬁ%h end of

the enul aim G ctiecachlcodesgroupiinites emelation codettle Bduast &Y not
need to include the "Qverhead p| us -1&i V[)OZ/&& 276 PCT/ DSO1/ 50776
JAVASY) sé damadytespslechexadestkngl valie sHch a0 Qxde &6 1GRNEHIR head

Sava byt cobGeiLAhgIe BEOEABRAr 42 BSHETENS, SHE BHBUE: SNRERIRF a1 on code
table 63. » RURLHS 294106 tht plovides"hol8n iREtILHBH sils t8Brhiifddson s!ots
most Java bytecodes, without causing excessive unused slots to be
present. Some Java bytecodes will take less than sixteen processor 12
15 instructions to execute and some will take more. As a result, it should
be well understood that alternate embodiments of the present invention
may use any humber of processor 12 instruction slots for each group.
Also, the number of groups may vary according to the number of
bytecodes required by the higher-level language. Note also that the
20 interpreter overhead software is no longer required as a separate
routine that must be jumped to by the emulation code. The interpreter
overhead required by the prior art as shown in FIG. 2 has been replaced
by a block of code used in each group that is labeled “Overhead plus
JAVASW”. Note that the “Overhead plus JAVASW" block of code is now
25 distributed throughout the emulation code executed by processor 12.
Note that the software flow illustrated in FIG. 4 and the emulation code
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all ocated to each group is a significant issue. The selection usually

I nvol ves a tradeoff between the total size of the enul ation code table and
t he nunbero @fosdeaéa byt ecodes that overfl ow beyond the grop@r/gsmeso?7l t hough
the enmbodinent illustrated in FIG 6 uses sixteen instruction |0 slots per
group, alternate enbodi nents of the present invention may optim ze the
group size to a different nunber of instruction slots. Note that having a
group size that is fixed greatly sinplifies the address cal cul ation used to

PO R P o % eGP S e SEE PO e M
ool A b AR AT B af
S B ELEEE P h F EUBE,

2t P OCRsS CRrAEh A el bE IR SRE R BESeiqter bhon ahpregssor

is just o erat or e used. Referring to

FIG & agnhiidd 6f BpANRI i@ dfbleniErioa, Baphbestransfentinglisstween weerays in

or der e enul atrron code anges baséd on the presence or

absence o r aTige redinetiontindeie eddnge diflow sieps ty is
sel ect ed %y@mg?/bgwgggmlégégnﬂﬁégapﬁel | eft of theg?I ADD" Rgllﬁ ne of FIG

6 is a sobrugided byttheepissamipinventioresaves & significant amoanbot soéiware
PCT/ US01h0776 by pfrocessor 12 when a hardware accelerator is not present.
The code @¥ephehlbe Mtiigimpadrtast ianete thabiing aroms diusiigte irebethd@.by
processor 12 when a hardware accelerator (e.g. Cco-processor 11&, i
present. Boardtf&. 4requireiaddiicnalaaftwate in@ydes taLarry ®Wer QTrQrﬁ?@t

et Mo ailgoUgh saoh JavaRESCROR RES bean AllCal AL NS &0
beoxcout G018 MG S58RaTneNG LIS BE e 16 et soBte WAHCH Ve e
Egcfm’ht:Lf&iﬁextéiégﬂégﬂyuﬁeﬂ”fééw‘?ﬁéF%%%%ﬁﬂe#@%ﬂhhf‘ﬁb&é’-ﬁ&_2\5!tnégvfﬁﬁ?ﬁﬁéﬁﬁ orm
enul ati on Stogﬁ?é%s\wb&gl%‘?@a?ﬁ %ﬂ@&@ rthr?n nﬂe%ﬁ:%%geéﬁzlﬁggr‘gtfﬁgg%rmgﬁéecond
enul ati on dARRic !’ Thid eXahisle A BEWiSEASSBANA FITIEES FRugy PG d0s.

Not e t hat Ware accel erator a e processor nust 15 have sone type

of i ngsrf ﬁété?éﬁﬁﬁ!@*ﬁ%d;@éhéﬁh@l@ 62 tvraiedan becorpuntediby protessord Dat e

executron of a Java bytecode. Referring to G 1, processor 12 and
co- processfrEIG41. 16 theniftusteded foymyaodd enwilptioretatile 62tas twwe 30. Note

t hat the conmuni cati ons between

hundred fifty-six equal sized groups allocated for the emulation of each
Java bytecode as identified by hexadecimal addresses 0x0 through
OxFF. Thus the emulation code table illustrated in FIG. 4 provides a

20 much more contiguous flow when a Java program is executed by
processor 12. This more contiguous flow reduces the amount of
software overhead required for the significant number of program flow
changes required by the prior art (see FIG. 2).

Referring now to FIG. 5, FIG. 5 illustrates how the present
25 invention may be used for a Java bytecode which requires more

emulation code than the group size allows in emulation code table 63.
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processor 12 and co-processors 14, 16 may be conplicated by the fact 20
that thread switching may occur in the Java program During execution of a
Java progie/@s27keast a portion of the software nust periBaI/@&8#Vsp7heck to
determine if it is necessary to switch tasks and all ow anot her task to have
a portion of the processor 12 execution time. This sw tching or changing
bet ween software tasks in Java is called thread 25 ~ switching. Referring
to FIG 1, processor 12 conditionally signals to co processors 14, 16

pCT Uso1 IBBataB N Elsed isn chnuaih GPaRdeBIa e o ENHSNALRR: occur
conai 1 onanoWoin FIE- B:gpsbit HA Hhe Hiudlpolfor OV R sithattin i ca, ' °
S'r223522?b§§’$é8§%§@§§§%ﬁﬁ€%@?§ ?dé{:éaaaﬁéﬁﬁa%%ﬁ 2 TSR coh s to
‘beper for e dieydavay bxk@eninaiciioreide isieBen kel Aagyeptneut ed

remalns u Il t e curren IS restarte

s t
Ul g@%sggggrg%duﬁggo%dwe Pég@xrb@‘édtﬂﬁo%b@mulmtmn bodedC'ﬁhuSss’g;m s to

co-processors 14, 16 to have visibility 10 into the
software Dl mmd%geeqm rther erdilatiohsoftware flofo mustkeridves td af pneweandn
o

regardi ng one any known processor to co-processor interfaces that may be
utilized gihllabhebivels obtcdde fmorder to éihisteexecudionbef thaidava hytscoris. ent
5,983,338 that is herein incorporated by reference. 15 Note that emulation
code tabl fn #Re g@xafhple Hlustcatatbin FHG. ﬁumpa tiustsates:a sadirestiani@f gr oups
(0x0 through. Oxff), vvhere each &Houp is allocated to a corr ndi ng Java
byt ecode. progiamdexecetion indhediasne of gejush afthereasdation GQﬁié) t the

of | ke r uiReaios Pas: The ea mfgﬁ“@{é‘hb%%r%%%ﬁ@%% Bodg Bt o2 Buldesss, ™
v abaswhlesh 95 SR Rl v aa 6 bl sé5?989ﬁbhac§®%§@ﬂé.en2ﬂutct“.eon
éhﬁgéimkﬁ'yﬁe"é‘ﬁ@?’a %@8t@ﬁtéﬁé?ﬁﬁzﬁéﬁﬁxﬁéﬁméﬁﬂk EREBY oLt ne
I(8) . ogﬂlgg tsﬂ‘?ri‘ %%C}H)r%ltegal oc%@dfcskﬁ)al e no er a%fbréav h?ﬁ%?ﬁtf%telrgn
that requiglRidmPiheré &lailddie réé%&%é@%@éﬁt@ﬁ@rm&ﬁ%@@of the

15 remaining Java bytecode emulation code to be executed. Therefore it
should be understood that the selected jump address may be within a
predetermined range (0x0 through OxFF) of addresses which is less
than a total range of addresses within the data processing system or the
selected jump address may be outside of the predetermined range of

20 addresses for storage anywhere available resources exist. Step 3
shows that once the emulation code for that particular Java bytecode
has finished, the emulation code can jump back into any of the groups
within the two hundred fifty-six groups at the location where the
“Overhead plus JAVASW” software begins. Thus, the exira software

25  required at the end of the emulation code table 63 to finish the Java
bytecode emulation does not need to include the “Overhead plus
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exanple, only four instruction slots, there are twelve unused instruction
slots remaining to store at least a portion of the software routine for
perform ap évesed switching. Note that if the thread sw t poOT/m§owAI6 Nne does
not fit within the allocated slots, a junp nmay be nmade to a | ocation 5 past
the end of enulation code table 72 as was described in FIG 5 for enulation
code table 63. Alternate enbodi nents of the present invention may | ocate
the software for performng thread switching in other l|ocations within

emul ati on code table 72. Nofe.that in his first gro i he emul ati on
code tlabl JAYABYVT sefiwarnene Nig @9@"5&5558‘1#@?%{:&{@'35%?‘4’3&9&%5:q?f t he |

R M W e g A N e s N A
e et e aeehd y el BBl Bah ot BE el s8lnd My 658, o
| ' lttSSgﬁﬁéﬁﬁtﬁi@b@dﬁ@éﬁﬁ%t 13 (see FIG 1) Fo Further
pr ocesgs/or 12 fﬁsﬁfé&bqﬁ li@lsG'T ﬁr§%@é‘fﬁ\ﬂ)ﬁ%@W?éﬁp&lﬁ%ﬁﬁlﬁ:ﬁph§9§)ed in FIG
5S_an | aRbpueld 18 &8 BGUpYsE sigHificant isudleTpeseRbtmPuBDallgput | or

20 receiving a processor nstruction frominstruction register 116 by

way of coflpsi/RESa tadsem brtivesbri thatoelisize ofthersmulationcodwtaller 116,

and an out put connected to an input of a control circuitry 105. Control

ci rcui t ry gRpte prIMbeeiof eavat bytecodes thaiBoveflow depend deetgronp sizecut ed.

An output of control circuitry 105 is connected to a control 25 input of a

mul ti pl ex@ltHddigh thecembadimentibastrated ip it Co b peesteixieenlinsisucheqi st er s

107 having a program counter 108 and other r gjnsters 109, -15 WO

02/ 063076 SkilE pSOKreap7 altesnaie enphedisaenta of Bieprasest IAYERHOR KFARY ¢ | ogic

l{Q:_:Lt " QLE’)@p?ijigiz; Qﬁ%@%ﬁ&éﬁ?%@%%ﬁ@ﬁﬁ% é)fgm%iwacé‘&fr%%téﬁ'rﬁé e to

. . . no111 i A

Addr ess 1488} bayinGmgrown S8 ShabRoied @ééﬁa?ﬁﬁb@ﬁfa%ﬁ%%@&feﬁééf‘é 11

A Ex : 190 i . .

| ggi CCi?E',c%EtaGYdalifo%}s G B8 30355 Pifaflah fdde 18P YorllofifREE i ° d
fo a 111t DYRGRHE: Thisimay B84 Sighicant gl of CompRtate te 100N er  or am
10 Co i i i ;

"nor efent RIBEESER 72 for SRCHIAATEUGAaRA RapSITMicHNtly ifpactanb everal
an inpUt/ﬁ%{%ﬁafmhﬁb@ &RHad p?b@gggm oysticen @8 for communi cation to and

from cont circurtry 105. "Junp Address 121, Exception Address 122 and

Branch Address SffiBreferripgold BE@. By notetthat onier ouimose hasdwate 15 Mix and
conbi ner 106 has an input for receiving a Constant 0x8100, an input having

a val ue empdeleraf®ts maywae wsdchas pasyiof datanaragessipg Qystemdd (Beech is
| eft-shifted by one) 101, an input having a value equal tqQq R45 (a value in
regi ster FEIGI 1y egiragassmys Ithi t6) !%OF@E&lmpé@Vﬁagﬁ% O'ir@ﬂn%%oént ry
count 80 valai progsssipacStened iy b Haieve N bR AR shE! BI@Ral i nput
o eCe N kessor isjlist Bne ¥y pe 6P RARINar8'dtfcelérdfdt thht Ay Ve (BER.
Referring to FIG. 6, an IADD (integer add) routine has been illustrated in
two ways in order to show how the emulation code table changes based
on the presence or absence of a hardware accelerator. The integer add
25 functionality is selected by way of example only. On the left of the

~ “IADD” Routine of FIG. 6 is a software routine 80 that may be executed
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Referring to FIG 7, the operation of one enbodi nent. of the JAVASW
instruction is described in the formof "quasi-C code. In one 25

enbodi nemtQ 02088278 AVASW i nstruction causes a junp to a byt BCO@SEI0GTGEt | on
sequence. An equation 92 illustrates the manner in which the -16 WO

021 065276 PCT/USA /5077G address of this bytecode emul ati on sequence is
cal cul ated. The portion of equation 92 contained within brackets indicates
the junp address that is | oaded into programcounter 108 (PC) of registers

value aft B Gl upeiiCilBuncos rbRIMER BRE A MR TAR L, .
'of proceségrwﬁ‘?,n %k@fﬁﬁﬁi’% é&égﬁigﬁ@ﬁ]bt goﬁé@a%éga b_ﬁ%ﬁ‘%@*ﬁ%ﬁh&;s val ue.
count or RGBT TS Hrrdidie RREBEIAOHARY B2 uded 0 paaRL T EeM .
ef Pect of PR o R S A B0 008, R R P PP o e

forced t Origh fbloalbﬁ ot edds i FlGo addiseapparent to beettheitfd significant ucti on

slot of t I'rst bytecode i1nstruction group in enulation code table 72

{see FIG nambékbt |bddtand storeinsthadiorshich previouslydrad tomnti on a

| ogi cal AND may not be required. Instead, the low order thirteen bits of
the val uegRgtatadbyprocesser 38, aré nolongern requiredivleens hardwarécat ed, it

may be logically ed 20 with the Java bytecode val ue stored in Register R4
that is omaecelenator is eisedi0As willi be eesgribed imburbet glata o c@NnLation ne
group size. This described operation effectively indexes the new,progr.am
countH) awditeE4G. @, & uwr&ﬁtemnabl@a@%trosmstgn |§rﬂﬂ0é{t|$%q I Qﬂ%f&f“ t hat
ot F ot 87 GRUAPLIBWRIEH DRVATIS,E SYSUEM Haer 1o SEeBLoLHEr &by pr ocessor
12. An alter nake TR sl icl e b SrddtePHiALE c oGk izé Hrblipinlds or a
second emulation table structure of differing predetermined code size
groupings. Note that the hardware accelerator and the processor must
15 have some type of interface or handshake mechanism in order to
communicate and coordinate execution of a Java bytecode. Referring
to FIG. 1, processor 12 and co-processors 14, 16 communicate by way
of co-processor interface 30. Note that the comfnunications between
processor 12 and co-processors 14, 16 may be complicéted by the fact
20 that thread switching may occur in the Java program. During execution
of a Java program at least a portion of the software must periodically
check to determine if it is necessary to switch tasks and allow another
task to have a portion of the processor 12 execution time. This
switching or changing between software tasks in Java is called thread
25 - switching. Referring to FIG. 1, processor 12 conditionally signals to co-

processors 14, 16 whether a valid Java bytecode'is to be executed or

13-



WO 02/ 065276 PCT/ USOL/ 50776 sinply concatenate the high order eighteen bits
of PC+2 with the Java bytecode value stored in Register R4 and then pad the
resul t wawdoXoeszies of zeros to forma 32-bit address. Not BCT/&1/30A® | unp
address may be formed in a wide variety of ways. However, regardl ess of the
various 5 techni ques or conbinations used to formthe junp address, the
result is always an address that points to the beginning of the correct
instruction group within emulation code table 72 (see FIG 6) that

Egééetjg"(?%%&ﬁﬁ%iéﬁééﬁe” qggi‘%r?eﬁ’ tof?ﬁfeeﬁcégﬁvti&m?ﬁﬁhgAé“&écﬁﬂﬂ%ﬁﬂr??n;f
te that thread s %gﬁﬁ u |B:S'M§- true.

- St at ement S!ﬂ”@'&“ sﬂﬂ\ﬁ bg) % ?@W?@ﬁ J&Mn (W;&}hr eg?l%l d (the
b ocessi ngoRgliBHP yBOrRRFAT (hEE SRR SWRE ISR pBMorRal ",

‘anot her ng@@m%ﬁ?ggbgw%ﬁbma *ﬂﬁfteé@&ne% Wgte%déum@s@res a

conpari so a value, such as a count value for exanple,

i th asPr EEBEELPAG IKRLID ekBeufitiithl BroddIrandalideral tweddswitch deent

91 is ereis afirst resu and’ if statement 91 is not true there

i's a-second Hepdriornigdetns Javh syiacotmridhivould normnallyt have deerel se”

statenment 93 results in an equation 94 being used to 20 calculate the junp
addr ess whixgrltedstamains onexeguiedamtiitthe dmsentithreadhis resiar@d Hipdeat i on
in equation 94 may be the sane AND operation as descri bed abqve i

connect i ohat co-processor imﬁme@@mayﬁsmelw%sno@pmgﬁﬁyﬂa&aﬁ is
used to index into a portion of enulation code tabl$ 9

us no t hat con'r_a.'bﬂst t he

e e Tvigt v i Pt or |

e oy o i HErdbearbo 80 B3 ST TSRS ncor cnt o

constan ‘SHThALoGEUAEINg 3@9@{1&4«3%@(? nrﬁg%ﬁééﬁ'iﬁfgﬁtiﬁ e

'E)Pa; S{)s\gr‘ﬂéﬁ'&‘éﬁ%éé@ﬂ@%@@ @#'?’f‘ﬁéwpﬂﬁ #15@ us% :!iln tlp'; c?un;ge:ml (r;ts'hgiid
R RAEE: %0, SR PaERPS!I8/0H 1A MERAH iftbhpdtdtad by

manner, s a-timer S a specific tine ore a switch
i's encount@kefhnsbthough the enbodiment illustrated in FIG 7 selects the
junp addressés in a very specific manner, alternate enbodi nents of the 10

preseRt i nventiqptaatiemiation codatable 72of FiGeBentcledes tworisundrecd 94

and statenment 93. Although the illustrated enbodi mrent of the present

i nventi on fifpseix beitiraseabimerotips (Autrttwerghshiit),fwherepasiugrowpds 92 and
94 to junp to bytecode enul ation sequences, alternate enbodi meg; s of the
present i refiodated tep corespoadings/aya bgtesatea i is desirablaiiq ingatedheunp
to other desired addresses. Although v s s .
emulation code to implementthe Java thread switching in the emulation
code table. Due to the fixed number of instruction slots in each group,
20 there is no unallocated memory location in the emulation code table 72
that is available to use for the thread switching software. Thus, it is
necessary to use unused instruction siots within one or more groups to
locate the thread switching code. In one embodiment of the present
invention, the thread switching software routine is located in the first
25 group that corresponds to Java bytecode zero (0). Since this group is

. allocated to the no-operation (NOP) instruction that requires, by way of
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t he enbodi nent of the present invention illustrated in FIG 7 describes a
processor 12 instruction used to junp to a bytecode enul ati on sequence,

al t er nat woeodmesii7eent s of the present invention nay use anPCHEBINMOTI6ON Of
this type to junp to one of a plurality of junp destination 20 addresses
for a variety of different purposes. The present invention is thus not
limted to a junp to a Java bytecode enul ati on sequence, but is applicable
to other types of junps. In addition, statenents 91 and 93 may be any type

dest  nat | owaaie oy Tout TaslloBh stof dhefo Byt Giolib lpusSRiart Colbih
' ' . ' | 3 ; 21 065276
e Usod) stpaelRSIG PR eiElst & AR hfere SOt o

| ; | ' 90 i
net o 11 RerfimifaFEGRLovRCh DREERY) Ml buftadig ety © 1S
Crer 1o dtsThf IPWIRTH AGRLIFERE Mo R Hap e Ao s ety 1
| U 9per BRI of ARLIANGTR dole tdel T2 abYeGMeselibudindTIGH Sdgr

occursT T I's not optional or conditional, but always occurs to one

of a Pl ur gmblatRin byl (116168 MiteAgde ernbedients dfthetrsefS [ ndi cates

that a predeterm ne , Inthis 10 case the bytecode value, is |eft

shi fted bynjéngoRirhaytietate the scftwapsiéor perforniggstheeadiswitohinigein |
enbodi nent of the présent invention illustrated in FI.G 7, each instruction
i s si xt eepthit focatibrs gvithint éamilationadey tabley72s Notethatysing\diis firght a
left shift of five bits is equal to a nultiplication by gf bytes, or

si xt een i mroupcini thesenfaladion egdedabias’ 260 tedhedirend awitehiNG ode val ue

| nto el eafiwars abovsiie hadwaredor inpletening e TASHLNSTLHAT on
O oD e oL LB R AR 07 o B Farl e B el o2 L0 e
A R T
Egﬁ;ikgsog@ﬁ;ggigsiifn”%ﬂﬁ%%%R?ﬂééeﬁ?ﬂﬁﬁggﬂﬂ?onJt&2“%2%Ag6§|nstruction -
a single | cti %ﬁeﬁ% s"qiﬂ's]és%@vllj\j}npé l‘lﬁ?}n y@éﬁogﬂ%? g?lgrérggtg'ggh ? r'?zﬁj rr})s

gf\{,j\gwd dibRifliidritof e presénEmaitiTs the SAVIEVINIstrutton isart he

instruction that is executed by processor 12 (see FIG. 1). For further
clarity of the execution of the JAVASW instruction, a detailed portion of
processor 12 from FIG. 1 is further provided in FIG. 8. lllustrated in FIG.
8 is an instruction register 116. Instruction decode 104 has an input for

20 receiving a processor 12 instruction from instruction register 116 by way
of conductors 117 connected to an output of instruction register 116,
and an output connected to an input of a control circuitry 105. Control
circuitry 105 also receives at an input 118 a Java bytecode to be
executed. An output of control circuitry 105 is connected to a control

25  input of a multiplexer (Mux) and combiner 108, to input/output terminals
of registers 107 having a program counter 108 and other registers 109,
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- 20 WO 02/ OG-276 PCT/USA /50776 instruction a change of instruction flow
i s always taken, which is not the case for a conditional branch

i nstruct wane2/ddstm that the junp performed in response to POBUSHASW
instruction is to one of two addresses, both of which are within a
predeterm ned table (see emulation code table 62 5 in FIG 4).

Addi tionally, in one enmbodi ment of the present invention the JAVASW
Ln;fruptlon_perf?rns a tab}ebjunp operation where the destination of the
able junp is a function of both the Java bytecode val n coupt er

val ue. | ntomm mputdduiput terminal of aparithmetedogie YA (m gf]avﬁ %Qray be

10 et ) ko s 08 111 GnBBAORIE -
GO kel 2 b AL RIS
e e S UL B RctbRS 128 AR B B
Lo 1oL B L SRS T, Mgy
A Lornat e SRR SS TNERAS B3R PR Or ARG SoRDRIE 1A o0 1

of the Pc%@pgﬁf%aeﬁg@m&%dm i@rsié@edofo adeativinii ofaddrssair s when

no thread 0 occur. Wien thread switching'is to occur, the

nor mal t atééfeggtedrgicm nt AeouesaProf Mux aadegontdiner 9986 is connestet] 1o @st ead,

it is over-ri with the entry point defined by equation 94, as a

t hr eadswi tiffth sowl of addrdss pelécrlogic 1drdfariproviding aehAYA&M Brogramzs

Java bytecode that would normally have been emul ated is no | gnger entered.
-21 100 R60AETAJEIFBSSSI Y 5 CoredUtiors ABGare eanmesteshipabunBes Oin
instruction that conditionally signals a hardware accel erator (e.qg.

co- pr ocessnceerment micuitry k1 Batwianametpiit @faddiess: 5@'@‘33091%&$gség'd to
interface 30) when a non-over ridden table eptr int is used, .Thi
handshake am gnput/autpuiktarpainal of program counter 1 O§ Yor comminication to

and from control circuitry 105. Jump Address 121, Exception Address
122 and Branch Address 123 are provided by control circuitry 105. The
15 Mux and combiner 106 has an input for receiving a Constant 0x8 100,

an input having a value equal to R4<<1 (a value in a register R4 of
registers 109 which is left-shifted by one) 101, an input having a value
equal to R4<<5 (a value in register R4 of registers 109 which is left-
shifted by five) 102, an Entry Point Outside of Table 103, and an input
20  for receiving the program counter value plus 2 (PC+2). Control circuitry
105 has an additional input for receiving a Switch Thread Threshold
value by way of one or more conductors 134.
Referring to FIG. 7, the operation of one embodiment of the
JAVASW instruction is described in the form of ‘quasi-C’ code. In one
75  embodiment, the JAVASW instruction causes a jump to a bytecode
emulation sequence. An equation 92 illustrates the manner in which the
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5 hardware accel erator to determ ne whether processor 12 is executing
equation 92 in FIG 7 (in which case the bytecode is to be enul ated by
pr ocessowdl®@/@briet he hardware accel erator) or whet her proP€BRES#1/D276 S
thread switching by executing equation 94 in FIG 7 (in which case the
har dwar e accel erator must not perform enul ation of the current 10

bytecode). Additionally, the JAVASWIinstruction may provide a dispatch
mechanismthat allows the normal table structure shown in FIG 6 to be

ltt %EHg%éﬁ%Eﬁéviﬁ?é.ocﬁ’é@%h.@gfhdn?séab‘éﬁﬁeﬁé%@ﬁiﬁ%'q‘fblﬁ%ﬂe@ﬂﬁﬁ‘z‘;”' ’
. glrJ '?\s/: ggdo%?gﬁlqimg? ‘?%i{ajkggé&ﬁi%bt%tgilgwgﬁp%d%gﬁﬁo%%wgg his
é?gaagghe@o@}%%ﬁhgﬁbﬁg 041% ﬁéﬁ@ﬁ@réﬁfd@?gp |rrppqugrre(§t such a
Sel oot od XPCRRORERL e AP SVT IR ollont TS daife I Frevidef Chagand
instructi gy th FH16.848) ad@reds seleet 18 v of @apicdhitodd6 in

nﬁgiﬂgfmq@ gt 1 01
FIG 8 described bel ow along with a corresponding control” to allow the
emul at | on1padeTheryalie RELL i bdaaton a2t program tountémeaitieon

outside of the enulation code table. Note 25 that tThis decode circuitry my

be i npl enafterdbragrainm coumtep 08 hasibesn icrenfieptad bysincremery ¢iscultrycr i bed
bel ow in connection with FIG 8. -22 WO 02/ 065276 PCT/DSOL/ 5077G As not ed
earlier, RFH@. TBhis incremeertinguacaurs asmeonatwral step iméheaxaciiomporti on of
processor 12 of FIG 1. To reiterate, the instructions used o enulate a

,lava byt pipeiineic processen 12, and thug is conyestait to e 282 R8&ef rom

el 410 on OEBRG IR 1AM RASTTIRIT G o JEP Y NS R NOEE  cu t ry
i A b O
DA ORI 0,
and conbi WWNW%%%@%% rr%trlﬁ}rg oagﬁge pr esentf | nl\l/@n I on nmay use
and combi SRS ot Bl O O e 2 T D ovi ded

as anjknpybshftid agdress poiatstd thedirst inktruchith skt ofelhefirdidyytecdtie al so
e instruction group in emulation code table 72 (see FIG. 6). Note that in
some embodiments of the present invention a logical AND may not be
required. Instead, the low order thirteen bits of the value PC+2 may be
truncated. If this pointer value is not truncated, it may be logically ORed
20 with the Java bytecode value stored in Register R4 that is one of
registers 109, shifted by an amount corresponding to the group size.
This described operation effectively indexes the new program counter
address into the correct location within emulation table 72 so that the
program counter register now points to the beginning of the correct
25  instruction group for the Java bytecode that is to be emulated by

processor 12. An alternate method of forming the pointer value is to
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branch address 123, exception address 122, and junp address 121 as inputs.
In addition, the output of address select logic 111 may be increnented by

i ncremenw@oya@sliory 112 and then fed back in as an input pOT/&Serie3® sel ect
l ogic 111 by way of conductors 120. In the illustrated 20 enbodi ment of the
present invention, increment circuitry 112 increnments the address by two
bytes, which is equivalent to one instruction. Alternate enbodi nents of the
present invention nmay use increnent circuitry 112 to increnent the address
by various anpbunts. The address output by address select logic 111 is

provi ded é@ngﬁp@oﬂ@amteathé_mg%rded dighieert bits of PO42 withitite davaay of
conductors 133. Control circuitry 105 is used to generate junp address 121,
-except i onbytsrads vakie stored 23 RegistarRdeanddhearpaddnesestdt withnd itidr ess
123. Control circuitry 105 receives one or nore switch thread threshold

si gnal s bgf meyosto doaToa 3xbit addmess.oNotezhat Abedusp iaskiressdvay begi sters

~107 are bi-directionally connecfed to arithnmetic logjic unji 110 by way of
conduct or formzed in @ wideavarety ef WaytsheﬂIOIWQi\é% deear (ﬂﬁﬂ 0{ ﬁ'&e V@lrpi@s i nput s

br ocess | niGIRMRSION CORBRAIENS USREHOJRTL INGIWEP addresS b teauftle ' ®

SAVASW pf’%v?g%?'@?sﬁ acdresBRal D555 B e bagiaBie of 118 Sortett RS 'binﬁ‘éﬁt s
constant SRaledn L BouiStiotEhaf PR A2, PTG Hist Féﬁ%#ﬁ:@#%@é JAVASW
e that | 016 s TR A BRLE: B0 BydifTHRRS eiiciian 09 igdisating ZouT e
FIG 6. TEhﬁ:fqlEYé Hﬁégﬁf@q SRINTESS iﬁ%w%wbhirbg is'pRd ckzuring. t Retd hr ead

Swi tching sortware | uirred. Input 101 to Mix and conbi nei 106 indicates

that Iqe goat Birbadoswiteding dod¥nat ecter if &'Sthtarmemt® Wisgiruel oSttesneand
S

t hat ift s equivalent to multiplying by two. Input 101 is used to form

the new podgdisamezmuNieg widditrsrsa ewittrrcount (SWICOUN) thresbodd (tie e 72
contains a single instruction to store a junp 20 address past the end of
t he enul apoim whén aathange ofiprograne tasks shioetd belimptemepiteednt thee
correspondi ng bytecode is located. This functionality wi|l be, further
i 11 ust r at eataprocessiagaystest) s brest crassedin prget ta getesming ikad
Which i ehanga hanainarmaa firpas,shouldécdye. | Enraare: sirtpmet s o
e D IR SR b ABR et Bt b VL S AR sbiint Ualue
for example, with a predetermined value, the switch count threshold
value. If statement 91 is true, there is a first result, and if statement 91
is not true there is a second result. However, if statement 91 is not true,
then an “else” statement 93 results in an equation 94 being used to
20 calculate the jump address which is stored in program counter 108.
Note that the AND operation in equatioﬁ 94 may be the same AND
operation as described above in connection with equation 92. However,
the OR operation of equation 94 is used to index into a portion of
emulation code table 92 that contains the thread switching software.
25  Again, note that if a truncation operation is used instead of an AND

operation in equation 94, then the result of that truncation operation may
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PCT/ US01/ 50776 adjust that is perfornmed to generate a new program counter
address when processor 12 is finishing execution of a previous Java

byt ecodewanek/dsszmesferring to executi on of a next Java byt rcDgsor/dommut 103
to Mux and conbiner 106 allows the normal table structure to be overridden
for 5 a small set of bytecode values. In other words, an address outside of
enmul ati on code table 72 may be forced to a predeterm ned val ue by way of
the Entry Point Qutside OF Table 103 signal input to the Mix and conbi ner
106. Note that alternate enbodi ments of the present invention may have

ot her i nphesconcienated opcbmizinetofitmthehoffset te Hietthraad avdiehingi f f er ent
new program counter addresses based on the needs of data processjng system
.10. Not e sbfiwareewhipinis a conatandOx& ofvstatement fayingicatesdhed thary t he

group sizes within emulation code table 72, Al though the i|lustrated

enbodi ment ANAASHdnstmelienihan greremneniartteduighHownt Vallg nate
loral ity (SWGGUBE s Eshauitieh regdivensaiad that aieraatt estberlnents °

er of data

T SO e hrerieh Bl TaB A R SR A B BB o
V211 0US D 0055 BBl R4 LTRRHARE S e B R et GER 8, o
cote 20 Sl WL Allalgh DAETER RS DURCHS Ureatprorts, s

correspongy i I 0o :H i i i s than the
group si zglm@wdg@b h%@r eﬁlljuglgégésc&mteéfabﬁagttg% Jghgi?ld 3inFIG 5
may possi 5P & ety dpfedi | aefinste erbvdimentssolting i guous
sequence. %@tﬁgﬁgéts @ta;\"c?r?g tslpeeqﬂzﬁg n@gﬁv\%é%z?goeesg%tes PCT/ USOL/ 50776 Java

bytecpde gpesahhiventibaragynsse ethaneqabtioyissicomaplemenhequatipns®20 to
Oxff require nore instruction slots than are provided with a grou;t)m?i ze of

si xt een slapick 94aand! staterment 9811 Althougivtiee ilhusteaier] emisodimentay
desirable. Accordingly, FIG 9 shows enulation code table 83 as a 5 storage
devi ce whipreseobinventionaiescribed uses speciicsadderasasspesiiedbyup per

byt ecode) in which the first one hungred aq?d ni n&'iti/-two entries ( 3/4 of
the entri @guations 9a6dPP4iteduaP 9 RYIRGOIAAMUETRH SEAMENCSant ri es

Zﬁii?:?"??&n{égmta‘t’ﬁb nBaciestsnl JBeigas '6veation SRy HREGUATS B ot
&'fi _bft 15c i Baa mopliael bl i BB oY dpSPeHAeRe" bR DE
the act uatnB-aHodEEEEr s PR PVERI ILSRRUBUINEEICIT, deshings e0g 1
al | ows thzarb%‘%'sﬁotrolb?ﬁwé’t?@@ﬁ@ﬁ%%dibF.irﬁ&to’v‘a%ytb@oaé &émillatioan code for

€x bytecodes can remaln

t hese noré conp
sequence, alternate embodiments of the present invention may use an

instruction of this type to jump to one of a plurality of jump destination
20 addresses for a variety of different purposes. The present invention is
thus not limited to a jump to a Java bytecode emulation sequence, but is
applicable to other types of jumps. In addition, statements 91 and 93
may be any type of variable conditions that select one of a plurality of
possible jump destination addresses. It should be further appreciated
25 that statement 95 is optional and may not be used in some

embodiments.

-19-



contiguous, rather than being divided into an initial portion and a final
portion as was done in FIG 5. This dispatch nmechanismsinplifies the code
and r eduwasoddss2ever head by renoving the need for perfor nP@lUSe9%762 and 3
in FIG 5. Instead, an alternate step 2 is introduced which 20 junps
directly to the entire enulation routine for a Java bytecode in the range
OxcO through Oxff. Referring back to FIG 8, this table conpression is
acconplished by utilizing input 101 to Miux and conbi ner 106 in conjunction

g i ratdnlo it fhulei el eiiheiblo oS
512 petmatel i S B e AR

2 brtecodeiiieln s BBk Bdpt B IORPRIAT

poper <61 Bl e Pl AN B STRDTERETEEIN PEPT PSR s
;hfifi?aegtggggggﬂééggyég% aﬁ{lanF??kEF)qge cp%trbl sigpa!lselects ei t her

enul ati on tablgRggﬁﬁ%#Spéﬁghﬁ%giﬁg?gPﬁ{ne qg?ﬁﬂgﬁg?gggﬂgwggE?gJ?§g§£§Aﬁ§2?

flexibili 'r\étﬁgct‘i@n‘ﬁl o&6uBRETARS UMD fis Mot toptrarsalder condftiaral| bed 10

such as F or a storage device organi zed such as FIG 9. Wile the
enbodi ”Enhl\ivh@%dcﬂjr@sdtd OnEl ¢k a Plstxdits of joap destinatiorl addresses. byt ecodes
OxcO t hrough ff as bytecodes to have conpressed table entries, alternate
byt ecode grouppateyalse thatdRded5 indicatestthat enpredetermioecdyaliesdadhitay be
sel ected for conpressed 15 table entries in accordance wth the Eéisent

i nvent oncaBe thewbytecodeMalbe, isdeh shiftachby ft\t%btismotﬁeéhlsp{aﬁd 1Y dat a

rocessing instruction that conbines d mnim i f th
bver head segistenitAl Wi the ambodRGREoRIe SIBSEThIVERIOR TS EREth e f or m

ey b QB enpe TR U e NG AR L SBERL ST e
har et o SBROELGdONLREUAR I SH ' Y S SRk s TRy 7
execut, o1 B LB S S EE 0SS TUIGTRG BEHICE® 308 AR 1
Preset | ABLORR FALR BTN 67 R raneatal byt mlTsatonalau 2

02/ 065276 ¢ &’%ﬁf@l&ﬁ@ BUlARdH deideomblent 2@ iidek he tHestomett bytadodet abl e

junp as a functiron o oth a bytecode value and a counter value, the

counter vahgguetodi gioaiithinemutationeots tatley72.aThustte value/Rdsi<h in
the table to be overridden with a predeterm ned fixed entry point. The
JAVASVI | s used to move the jump destination address pointer to the Beglnnlng of

the correct group within emulation code table 72.

20 It should be realized that alternate embodiments of the present
invention could include the implementation of the JAVASW instruction
functionality using more than one instruction. Note that in one
embodiment of the present invention the JAVASW instruction combines
the ability to control a counter and to implement a table jump in a single

25  instruction. This is shown in FIG. 7 as statement 95 that is performed in

addition to one of equations 92 or 94. Note that for the JAVASW
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5 instruction also conditionally signals a hardware accelerator via a
handshake signal when a thread switch is not being inplenented. In the

i |l ustrawaglogwbpdi nent, a di spatch nechanismis provi ded MIT/ARIZEIBNS a
normal nmenory structure to be overridden for a small set of bytecode

val ues. There is also provided a dispatch nechanismthat 10 allows a nmenory
table to be conpressed for a | arge group of bytecode val ues. Additionally,
the nenory table nay be configured to support nmultiple group sizes (e.g. 2,
8) 16 bytes, etc.) corresponding to sinple and conpl ex bytecodes. In such a

bi f ur cat i fstrtiditorcOHangeyokinatr)ction flevoitedlvays takenpudich is#latdhievel y
separ ated based on group size. 15 In the forgggingu;ﬂ%g'fication, t he
f

-i nvent i onchse forencdasktiomaidrdndh irstructior. Nokgp jpippersataed

However, one of ordinary skill in the art appreciates that various

modi f i cat irnespodsetarifiesJAMASWY instsudiiondatonRalitwg aderesses.seefit of
‘t he present invention as set forth in Epe Iiins bﬁgﬂML Accordineky t he
speci f i caof avhighdane withie axpeedetarmipe @ﬂe s@e amuAation cedatatie Bat ner
th tricti , d.all h di ficat,i i,ntended to b

nel uded ¥ FIGh 4)noAceaienaly,dReans €mAoaiment Of4RA pEsertNVeREoRies: at o

have ﬁ%?”ﬁ@i@eé&jv?iﬁétrf cHioripstivrins ad3bld Iite Shefafh et B i Sns :”d
= . . :
oo = A BeloET iR BB RGP B e 0 o1
advan; aged Atdaand AR FIREEN Tk L ohBRetRERienibCMe Bles IR E RO Jar d
to spect hficaipterdlge &'the SWitéh kRt ialu GUNT ipdFIGi Phs to
and any el enents) "t

probl ens, "an at may cause any benefit, advantage, or

sol utygn t&é&ﬁyggﬁrdﬁﬁﬁqﬁ% pearitoodelsratideavhencthreadbswitching skoud a

critical, requil or essential feature or elenent of any or all the

claims. Agpaggd Ireoaeremiduelitrents oheoobregistars 108npaysheaisatt asrg ot her

variation thereof, are intended to 10 cover a non-exclusive_ inclusion, such
that a pr gmsasterAlbehaterembogimentappayaise a aambisationsekhardwairesr
el ements does not include only those el enents, but may égclude

el enent s rgoftwape esxd hardwase i0processent! 2 1 JnplemeEtdbts Sk tgs{lﬁlﬁri cle,
or appat atfﬂ?\btib%\? Fo\r/\%nOeZ/e(r)n ggi?nent of the JAVASW instructioh, the counter
15 value conditionally causes the normal entry point of the jump to be over-
ridden with a predetermined fixed entry point back into the emulation
table (illustrated as 0x8 in FIGs. 7 and 8). Alternate embodiments may
use addresses other than 0x8. As illustrated in FIG. 7, the normal table
entry point corresponds to the address calculation of the PC value
20 determined by execution of equation 92, and occurs when no thread
switching is to occur. When thread switching is to occur, the normal
table entry point corresponding to equation 92 is not used. Instead, it is
over-ridden with the entry point defined by equation 94, as a
threadswitch should now be performed, and the emulation code for the
25 Java bytecode that would normally have been emulated is no longer

entered.

21-



CLAIM5S What is claimed is: PCT/USO 1/50776 5 1. A nethod of program
execution in a data processing system conprising: nmeans for fetching a
first inwstoemwdespw | ocated at a first address; and neans fPRPCT/@S&cwriong the
first instruction with the data t0 processing system the nethod
conprising: executing the first instruction; selecting a junp address based
upon a value by providing a second address for the junp address if a
cogparlsog of thehvaguedgnth a predeterm ned value has a first 15 result,
and providing a third address for the ju address if the co so of the
val ue with tH@@JAMSMmsUuaaon@mggSﬁé‘cmru@mtthamg?@hlfpn alhei t her

ihe second address nor the thi ess i s conti guou he f t
.address; &ignaisca handwerenaees rﬁ / @F%PW%S%Hﬁsﬂlngﬁi £ IF]S a change

| r;thdtt fhswéri‘é@?m‘@@ aﬂ&péﬁ 95?69‘%5@&%%55%’%%%&\9% SRHEH IR .
T o0 o R bl Shy O € s T bR R L e o
resul tsis g GOMHArLRQDIH5E6F 18 BatMAide' ¥hether processor 12 is executing

equation 92 in FIG.7 (in which case the bytecode is to be emulated by
processor 12 and the hardware accelerator) or whether processor 12 is
thread switching by executing equation 94 in FIG. 7 (in which case the
hardware accelerator must not perform emulation of the current

10 bytecode).

Additionally, the JAVASW instruction may provide a dispatch
mechanism that allows the normal table structure shown in FIG. 6 to be
over-ridden for a small set of bytecode values. For example, for a
commonly executed Java bytecode that requires more than sixteen

15 instruction slots, and thus would overflow the allocated group size,
hardware may be provided which forces the JAVASW instruction to jump
to a location which is outside of the emulation code table to execute the
code required by the Java bytecode. Note that the only hardware
required to implement such a dispatch mechanism is a small amount of

20 decode logic to decode a selected set of Java bytecodes which would
overflow their allocated instruction slots, and the additional input 103 to
Mux and combiner 106 in FIG. 8 described below along with a
corresponding control to allow the emulation code for this selected Java
bytecode to jump to a location outside of the emulation code table. Note

25  that this decode circuitry may be implemented within control circuitry 105
of processor 12 as is described below in connection with FIG. 8.
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the value is less than or equal to the predeterm ned value. 10 3. The

met hod of claim 1 further conprising: generating the junp address by

mai nt ai NW@o206p276gr am count er having an address val ue whi BGI/GEeE50776

i ncrement ed during program execution and truncating a predeterm ned nunber
of low order bits of the address value and conbining a resultant with an 15
offset to create the junp address. -31 WO 02/ 065276 PCT/ USOL/ 50776 4. The
met hod of claim1 further conprising: providing a storage device having a

3 et ca'oy PReGiih oA BIEE AT B BB RIBIBATHE S, Snoca
- Thegﬁég_ﬁise@?«%at%&ﬁ%%rfﬁf bledéion frdioR.Th" T PEtarRes indhsyRIBESIc ce
or edet er ninell toheAEE LTaRE Sy BE0E A rodbelty Maifuction docade
nstruct! Bgr@ugtgi 194 fden Wﬁéﬂ?ﬂéti@h r%p‘?ét@r“l fg!r lﬁﬁruegaﬁrdééé@é ey i ng
executl on processi ng 1 nstructi ons f.rom one O the sections o t he

i o S1ieack e prRAglon e detohs AndiprodRiss Mot rebyl
to control circuitry 105. Control circuitry 105 provides control signals to
other elements within processor 12 in order to execute these
instructions. ' As indicated above, control circuitry 105 is bi-directionally
connected to registers 107, arithmetic logic unit (ALU) 110 and address

10 select logic 111 by way of conductors 130. Control circuitry 105
provides control signals to Mux and combiner 106. Alternate
embodiments of the present invention may use more, fewer, or different
inputs to Mux and combiner 106. The output of Mux and combiner 106
is a JAVASW program counter address 124 that is provided as an input

15 to address select logic 111. Address select logic 111 also receives
branch address 123, exception address 122, and jump address 121 as
inputs. In addition, the output of address select logic 111 may be
incremented by increment circuitry 112 and then fed back in as an input
to address select logic 111 by way of conductors 120. In the illustrated

20 embodiment of the present invention, increment circuitry 112 increments
the address by two bytes, which is equivalent to one instruction.
Alternate embodiments of the present invention may use increment
circuitry 112 to increment the address by various amounts. The address
output by address select logic 111 is provided to program counfer 108

25 and to control circuitry 105 by way of conductors 133. Controi circuitry
105 is used to generate jump address 121, exception address 122, and
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WO 02/ 065276 PCT/ USOL/ 50776 predeterm ned portion of another one of the
sections of the storage device. 5 7. A data processing system conprising: a
menory fewoeras2ieg a plurality of programinstructions; aPQET@Ses:Ns?é coupl ed
to the nenory via a data bus for fetching the programinstructions fromthe
menory and sel ectively executing the plurality of program 10 instructions;
and a storage device for storing a plurality of processing instructions to
be executed by the processor, the plurality of processing instructions
arranged in groups wherein each group is correlated to a predeternined 15
one of thprahehaddnesst188odCentrohsircuitry dii receivesconrse srmerecwitely a
predeterm ned processing instruction at a predeterm ned address and

-fsel eﬂ}l ngﬂa’e'adrmdd resiold fss@nabjbuway@fme;@rworﬁ 6@NgIUOES ﬂ%tﬁéddr ess

or e junp address if a conparison of the 20 value with edet er m ned
val ue hasdestribed abewe; regisders 1p7cakaibhgirgclionsily %?@@Ee(f the junp

'}2‘222ﬁ3iiefamké‘§we‘i;%§phpzﬁéﬁ’;ﬁt 2hotBF WAY &F sbndhtbes A0 L Mg d B g, has 2
IS conti o t i , i . -
031 amve o It SuikBlad fr: Wi Zarpliscbbues S8 Ml dnd esifingl 106

provide a significant amount of flexibility to data processing system 10.

Input 113 to Mux and combiner 106 provides the current PC+2 value
from program counter 108 that is used to form various JAVASW
program counter address 124 values in combination with other inputs to

10  Mux and combiner 106. For example, the input 100 that provides the
constant 0x8 can be used in combination with input 113 to force the
JAVASW program counter address to point to the thread switching
software routine 76 that is located in the first group of the emulation
code table 72 in FIG. 6. This new program counter address will be used

15 when the thread switching software is required. Input 101 to Mux and
combiner 106 indicates that the contents of register R4 are left shifted
one digit location and that shift is equivalent to multiplying by two. Input
101 is used to form the new program counter address when a group in
emulation code table 72 contains a single instruction to store a jump

20 address past the end of the emulation code table 72 where the
emulation code to implement the corresponding bytecode is located.
This functionality will be further illustrated in the description below of
FIG. 9. Input 102 to Mux and combiner 106 indicates a left shift by five
of the contents of register R4 which is equivalent to a multiply by 32.

25 The left shifted value R4<<5 is used in combination with input 113 to
select between groups in the emulation code table 72. Such a shift is an
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i npl ementing a change of control in program execution. 5 8. The data
processing systemof claim?7 wherein the processor further conprises: an
i nstruct wanoy@grst er for receiving the programinstructi oRET/USO/30M%t r uct i on
decoder coupled to the instruction register for decoding the program
instructions into specific opcode |0 values; a control circuit coupled to
the instruction decoder for providing control signals in response to the
speci fic opcode val ues; address generation circuitry coupled to the control
circuit for receiving the control signals and creating the junp address; 15
r egi st er saciust tattis performeddosgenatate: a rewiprograny Copintet aadrgssper ands
i n response to the control circuit; and an arithnetic l-ogic unit coupled to
avabYiee

‘the addr ewthesepsoaessar did iinishing Execatisn of 8 PEvieust Q@Getic

l ogic unit processing the o d t th ' : :
pr ocessi ngnelraasf @lff?'w & m@m@rip a?'{éx Y@ &%’tégglﬁisﬁt te {r?RHttZM i@ e%?jgteg

oredet zg%ﬁgg?ce ipek T8 vt it bR b Bt LB PUBHGNGHGRE ©

" n5. Ae Ao Bniial SehkbXIEGRAR MAUSS, AS HHDSrYAES A RAATRES,CURIR Ao, Av Az
- A& AZS. AQ ATt o0 1h16% 2 Y tPiotbBl 1 @dteletértined value by way

of the Entry Point Outside Of Table 103 signal input to the Mux and
combiner 106. Note that alternate embodiments of the present invention
may have other inputs to Mux and combiner 106 which are used to

10 create different new program counter addresses based on the needs of
data processing system 10. Note that the inputs to Mux and combiner
106 may be used to vary the group sizes within emulation code table 72.
Although the illustrated embodiment has been shown with one standard
group size, alternate embodiments of the present invention may use a

15 different group size or a plurality of group sizes defined by the inputs to
Mux and combiner 106. This provides the user of data processor
system 10 with a significant amount of flexibility in determining the
length of code required to emulate various bytecodes of a high level
language such as Java.

20 Referring now to FIG. 9, FIG. 9 illustrates a dispatch mechanism
that allows an emulation code table to be compressed for a large group
of bytecode values. As was discussed earlier in reference to FIG.5, for
some bytecode values, the corresponding emulation code may require
more instruction slots than the group size provides. The overhead

25 associated with step 2 and 3 in FIG. 5 may possibly be simplified if the
emulation code remains in a contiguous sequence. Noting that for the
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While the embodiment illustrated in FIG. 9 shows a particular
selection of bytecodes 0xc0 through Oxff as bytecodes to have
compressed table entries, alternate bytecode groups may be selected,
or a different number of bytecodes may be selected for compressed

15 table entries in accordance with the present invention.

By now it should be apparent that there has been provided a data
processing instruction that combines and minimizes various aspects of
the overhead associated with an interpreter loop. The instruction, in one
form, may be stored on a storage rhedium either within an integrated

20 circuit chip or independent and separate from an integrated circuit chip.
The hardware support for the instruction allows optimization of memory
used to implement the interpreter function. As a result, overhead in the
form of execution time, amount of hardware resources required and
amount of interpreter software required has been significantly reduced.

25  The present invention combines controlling a counter and implementing
a table jump wherein a change of flow is always taken. The JAVASW
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multiple group sizes (e.g. 2, 8, 16 bytes, eic.) corresponding to simple
and complex bytecodes. In such a bifurcation, the opcode (bytecode) is
decoded and the code is selectively separated based on group size.

15 In the foregoing specification, the invention has been described
with reference to specific embodiments. However, one of ordinary skill
in the art appreciates that various modifications and changes can be
made without departing from the scope of the present invention as set
forth in the claims below. Accordingly, the specification and figures are
20 1o be regarded in an illustrative rather than a restrictive sense, and all

such modifications are intended to be included within the scope of

present invention. Skilled artisans appreciate that elements in the
figures are illustrated for simplicity and clarity and have not necessarily
heen drawn to scale. For example, the dimensions of some of the

25 elements in the figures may be exaggerated relative to other elements to
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address; and
means for executing the first instruction with the data
10 processing system, the method comprising:
executing the first instruction;
selecting a jump address based upon a value by providing a
second address for the jump address if a comparison
of the value with a predetermined value has a first
15 result, and providing a third address for the jump
address if the comparison of the.value with the
predetermined value has a second result, wherein.

neither the second address nor the third address is

contiguous to the first address; and
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5 2. The method of claim 1 wherein the first result is a comparison

determination that the value is greater than the predetermined
value and the second result is a comparison determination that

the value is less than or equal to the predetermined value.

10 3. The method of claim 1 further comprising:
generating the jump address by maintaining a program
counter having an address value which gets incremented during
program execution and truncating a predetermined _number of low
order bits of the address value and combining a resultant with an

15 offset to create the jump address.
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addresses for storing processing instructions to be
5 executed by the means for executing, the processing
instructions arranged in groups, each group correlated

to a predetermined opcode of a program.

5. The method of claim 4 further comprising:
10 structuring the storage device in sections of a predetermined
number of instruction slots, a predetermined amount of
each of the sections dedicated to storage of the

instructions.

15 6. The method of claim 4 further comprising:
directing execution of the processing instructions from one of
the sections of the storage device to an address
outside of the predetermined range of addresses and

- subsequently redirecting program execution back to a
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5 7. A data processing system comprising:

a memory for storing a plurality of program instructions;

a processor coupled to the memory via a data bus for
fetching the program instructions from the memory and
selectively executing the plurality of program

10 instructions; and

a storage device for storing a plurality of processing
instructions to be executed by the processor, the
plurality of processing instructions arranged in groups
wherein each group is correlated to a predetermined

15 one of the plurality of program instructions;

the processor executing a predetermined processing
instruction at a predetermined address and selecting a
jump address based upon a value by providing a first
address for the jump address if a comparison of the

20 value with a predetermined value has a first result, and
by providing a second address for the jump address if
the comparison of the value with the predetermined
value has a second result, wherein neither the first
address nor the second addresses is contiguous to the

25 predetermined address, execution of the
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predetermined processing instruction always
implementing a change of control in program
execution.

The data processing system of claim 7 wherein the processor

further comprises:

an instruction register for receiving the program instructions;

an instruction decoder coupled to the instruction register for
decoding the program instructions into specific opcode
values;

a control circuit coupled to the instruction decoder for providing
control signals in response to the specific opcode values;

address generation circuitry coupled to the control circuit for
receiving the control signals and creating the jump address;

registers coupled to the address generation circuitry for storing
operands in response to the control circuit; and

an arithmetic logic unit coupled to the address generation circuitry
and the control circuit, the arithmetic logic unit processing
the operands stored by the registers.

The data processing system of claim 8 wherein the control circuit
further comprises a user determinable control signal that selects
either a first structure of predetermined group sizes or a second
structure of predetermined group sizes.

-34-




