;e3e{vvwyRny{6R{ T{gt Gl TRANSLATI NG AND EXECUTI NG OBJECT- ORI ENTED COWPUTER
PROGRAMS The invention relates generally to nmethods of and conputer systens
for 5 translating (or translating and executing) object-oriented conputer
-prograns. Mre specifically, although not exclusively, the invention is
concerned with object-oriented prograns if whi ch the code is provided in
the formof class files. A well known exanple of an object-oriented
programm ng | anguage is 10 "Java" (a trade mark of Sun M crosystens Inc.).
A "Java i npl erERANSPATINGANY EXHECUTING OBIECT-ORIENTED COMPETER
application consisting of one or nore class files to be run. These class
files nust conformto some versi on of RROGRAMSrd Java Virtual Machine
Speci fication, as published by Sun M crosystens Inc. A class file defines
the data and program code required for a particular 15 class. Although

there is some intergction, . .the Java | npl nt aty on can nce ally be
divided into tw p esl'nveimgn 5%@ S\,geintengaifymf?ae}?m% s(md:gqxﬁpg{efésgﬁérqﬁqgor
class filges a t LSt nugtd : taed i hi [

Wi ch cort or m T A O3 FUS AR B! GRORURET oBlGRrithied Ruhpaly  Stofratfl
Speci fi cati on.M8esrepedifichidy,i slsicugtit honsxclasively)etie vinibimtiom i< Icoaseniiey with
reference the data or program code of other classes; the JVM also manages
such rel ati ongihjess-drianigd pregragsein. whigle thieadciiapsovided anytheTiarm pf classet
of predefined fﬁl asses with data and program code which act in a way
conformng to8ffr s Java Cass Library 25 Specification. These library

cl asses coul d be inpl i { I d iles.

f(ﬁ@ exanpl e using ﬁe‘&ggbgggsemr@ %Fri%ng(rag EH@Qﬁgﬁgﬁrgﬁéﬁmjﬁgmé‘wg&‘ée
t JVM st engyPe(atthide maHEHEBER Microsdsteéind iR, datPanchplementfonds a
work in the sanme way as references to cl'asses which originated fromreal

class files. TFoftwaregystamcwiirhi allowshasftwart appkcatromaconsistinguef o of aroret
known as Java byt ecode &éEC), or sinmply as byteccode. Each nethod in the
class has its g flesdgdenal. of Thesectlatrelilesnimusl cenfoma oosorae visrsion of the

consists of a seaguence of. JBC,\instr Lons...There an h whi.ch
U use to oRUUUPE T bR E MRS Aot b R Rned By SERIR o s
contains an inher ppetREs fAkidelinks e BAACEHPhroprAd GSALCRABINA! fol aCYaiehRSR
t he bytecode by | ooking at each JBC 10 instruction in turn, decoding it,

and per flgr m ngldske acti ons demanded by it. Wiile this approach is the
sinplest to inplenent, its disadvantage is that it is slower than the
al ternative, sinceAlthopght dhereofis t e nindesgedony the odpvaminmlemeniatirad cen

Interpret a Slcggl:eepti]uﬁ%/ Q %&\;1 g inqg'two parts:

e The Java Virtual Machine (JVM). This reads the class files and executes the

instructions contained within them in a way Whic‘h conforms to some
20 version of Sun’s Java Virtual Machine Specification. Some of the
instructions contained within a class may reference the data or program code

of other classes; the JVM also manages such relationships between classes.
e The Java Class Library. This is a set of predefined classes with data and
program code which act in a way conforming to Sun’s Java Class Library
25 Specification. These library classes could be implemented in some way
other than as real class files, for example using the C or assembler

programming languages, in which case the JVM must ensure that references

VAV

i
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A compiler. In this schene, the JVM converts the JBC instructions of the 15
byt ecode into machi ne code instructions understood by the CPU being run on
(native machi ne code), before any execution starts. Then, to execute the
-program code for a nmethod, the conpiled machine code is executed instead.
There is a tinme overhead for the initialﬁfonpilation from JBC instructions
to machi ne code instructions, although tHl's nay be done during the
preparation 20 of the application rather than when the application is
started. Once thg meFRiatRhh®Prdp@ambesie werkl iarthe dameReay 8 fferencdy ROElag eg0de
runs nuch faster, at a speed conparable with other traditionally conpiled

| anguages such awhith dyvigipeteiddiromasal césstfilesconpi | er schene is a
just-in-time conmpiler (JIT), in which the bytecode fqor a class is conpiled
just before it i4$hepregrappcodein a classdalesis Jynn instrugtion iprmat keewpastJayat wo

schenes, wher nly. am code which is.being execuied many tines, is
conpi | ed, and%[yﬁﬁoflgzﬁﬁ » PhEgR e?seﬁyteﬁ‘?qﬁ(%‘?gf%i @eﬁIPéit H’rg}%g]és?)ba%‘isc%wﬁ
reference: fro I ro g r i n
) is ¢ S50l vagdiynee P Pg&ﬁéﬁlé'grﬁgabéy%qoggd%é,aas?’%‘%%é %Sé‘g%{cf?Ogr?d&gg‘r%r%P?g’f i f
usi ng the congBCems§abesms. and itself |inked. Then the reference in C1 to
C2 (or sone itemof data or a nmethod in C2) is nodified such that there is
now a direct poi There are twhathemes iwhicte] V¥ sosertg exetuterthelbytecodein' s Java

Virtual Machine Specification allows for a_range of |inking 10 schenes:
Static |inking: ZAnentespesiterg [nthisi schrmeg ths JYM Centednean dnterpistesppibietads an

is performed when the.application is,prepare his sche s typical

G When an_ apaPieta ot SHOBaNrRsR B RRRaIfS the P pod dSufosking i FE oag
tN i nfj ng: C ' d fir j : ' ed
whi ch r elﬁer s to %Sﬁ?gr?misgnrre %;1t8 gcc?dt]g%l%raﬁgé{éﬁog W g EIF%E%%I?SS&ﬁ}%%&r@CE?gge
bi ndi ng: C ass @ik theaggsrohéle id tHﬁéilgglm ta ithplernent, itdcdisadvahtigel ik That it
conpi | ed equivalent) which refers to (or sone data itemor nethod wthin
C2) is execut ed.isIflowpethan the, ali¢raative,pincd manar staps loddhe fintgrprateri prokeam

class is invoked, 20 the particular .cla equi red may or may not already
be resident in tH& rswed?@omﬁ%m%ﬁ%l&ﬁéggtwﬂ%t resident, then the

I file f I fi I d f i he.. f
a6 T rom s heqorpey Iihils ddele, e pRAR Sonk RS B TadfiRednd o e
JVM  Thep;, the rl?;ﬁ@éd&di%trﬂ&%ﬁ@@oéé ih QMR oRY Un@eistasy 8 %eté‘mlﬂéﬁ%%n

nmet hods for the ass. Once the required nethod 25 has bgen found, the Java

byt ecode of thatoméiding mackinewodeyl boford amy exdoutioni stares)Chhwet, o estecute the
wher eupon the nethod has ended and control is returned to the invoker of
the method. A neptestrm ppde o1 amethad.aths sopwiles mpphing #ody iggxecuted instead.

There is a time overhead for the initial compilation from JBC instructions to

machine code instructions, although this may be done during the preparation
20 of the application rather than when the application is started. Once the

compilation has been performed, the method’s program code runs much

faster, at a speed comparable with other traditionally compiled languages

such as C. A special case of the compiler scheme is a just-in-time compiler

(JIT), in which the bytecode for a class is compiled just before it is first
25 used.



4 exception being thrown which is not caught in the nethod. Figure 1
illustrates a typical prior art inplenentation in which the JVM nakes use
of a JIT conpiler. The JIT conpiler 120 takes the class bytecode 110, just
-before it is to be used, and translates it into native code 130 ready for 5
execution on a specific processor. The r ins of the class 140 (or
possibly the entirety of the class) remains available in the nenory in case
the native code 130 should need to refer to it while running. Figure 3
illustrates a tygbfr! JWMsOlise2htcohbinhtivn &/fetht afiw O Bchdinés, Whére HMI9CHDEOAM
environment. A server 210 nmaintains a class store 220 for holding 10 the
byt ecode of t hmwdeamihicts is| beings ex¢ratedramaby timgsi isedompitede aid dhe rest is
processors 230, 240. In this exanple, the processors 230, 240 are of two

di fferent typdBtempigtsd; client type 1 and client type 2 respectively. The

server supplies the.class files S necessar acrpss a co keation
net wor k general | ;l elﬂﬁg d%?lé?jpﬁ‘?ce%gytwﬁ{ e EP%@?‘H@ %Q@ Oﬁﬁﬁmguareéﬁ%%fanto e
clients 0, ; i i K it )y | ting
"t to compi| e e G AOE R & § pRiflod T Ehfis [ARRR, Th CoMs 20 aligddy IGRSE: b
store that in itl6aded) aRdtdongpiteddif wing ¢he2 38mp2lé2 scHéraehaid viself dittkedaMHehen
be run on the individual clients. One problemw th the above arrangenment is
that it requi rthe referencgandxletuC2dpr someritemeidatmoradnetbpdin &2 is epedified| T
and.it can,be diffiqult if nat inpossible

conpilers are ty ical{1 20 | arge,

to provide thél ﬁhﬁté i 15 panies gﬁeqtrp@leﬁeighwha&m i alﬁl%g}n:grrem dded
t , . .of , . B’

‘iﬁf}e?ﬂ;‘t 've appr SUBA TG Vafiih Ml SrelltsBRMy onf R simel S inPeo,

the sgyver .gcBERet:0 supply the clients with the native version of each
class, as required. Wiile this requires | ess space on each 25 of the

clients, it daesStaceligkingr Thesloddiant &gk dinkiiel ylisclasdeandfl the @sislidationais
conplexity at the server. Since each JIT is processor-dependent, the server
woul d in such anpeiferanesemden thaepplicatien s arepasedii Thisrsehemg|iy typicalxaised 5

processor type that mght. require to served. tXslhile t hat m ght be
possible in a fi¥OAnABt Pﬁét%msi%n*eﬁff% SIRCIRECRLY 1 dg¥iipl e a mobi | e
Phone eystem el GR MHEIRR: Gkl 29 RANGS a8l ! dBiEALcIhuPRS

and nmakes, are c bei'ng corfiected an connec e server.

The ownerss of t hpyaged Waiclprofersl 8 ARV donge 8xthiRMEbY ntHithdd G4thin Cak of
mai ntaining JITs for all known types of nobile phone, and maintaining and

updating those JDVaamsc hesbhldone Claey€2dptcadddethadirketimeroBCHAastructeOfor it
is preferable for the server sinply to maintain_ _a generic_ class store_ 220,
and for the indiit$ ¢onipiledi espiealent) iwhich trafess 1o % ox semeordatie plend enmethod
transl ations. As r.rt?lntbgged abo%% however, that has 10 proved difficult to
i npl ement in praftfEEYEESTEEYS ! the linited menmories available wthin

enbedded systens. p, gperation, when a particular method of a particular class is invoked,
} 20 the particular class required may or may not already be resident in the JVM. If
the required class is not resident, then the class file for that class must first be

loaded from outside the JVM (for example from a disk or from a network),

linked and initialised into the JVM. Then, the required method can be found

by looking down the list of methods for the class. Once the required method

25 has been found, the Java bytecode of that method is executed until a return is
encountered, whereupon the method has ended and control is returned to the

invoker of the method. A method invocation can also be terminated by an



It is an object of the present invention at least to alleviate sone of the
problenms with the prior art, nentioned above. According to a first aspect
of the invention there is provided a nethod of 15 translating an

-obj ect-oriented conputer programconprising: (a) translating the program
byt ecode i nto nmachi ne i ndependent virtual processor code which uses an
instruction set of a virtual processor; and (b) translating the virtual
processor code into native code which uses an 20 instruction set of a
physi cal pr Oce@é‘&Ftipﬂl beiﬂgthr&enﬂﬂﬁ@h%ﬂétchaugﬁt ote sgethbdat in the _
description and clainms the word "code" includes data where that data is
part of the progranfigueel fillugtcates ditypicg] pbox antiittpdementationdniwhichtthe JVM
expressi on "code’ incIuPes such things_as_constants variabge nanes and
types, flags, Wakesusesof agiT compileres Thed/ILsampilersi 30, takep the class bytecode

mbodi , the obj +ori.ent ed i it i
(trademark of S Shitaebdlyal 86 bl R0 " MR hucbedb G Bod T A e oo
a Java vigtual e){B%ﬁIIbﬁ'%n(a] y%@ciﬁc fp‘i?%%h%ﬂermé réfhind WA S14RE 40 @"ﬁ?ﬁ?lyt he

two- stage translation process of present Invention provides a i _
stage whi ch i sthendntireyYoliad ERES)NIiAeiRS REeilablaNd t&hesm@ﬁml}( Shagse Whe Glathve

pl atform dependent. The Virtual Processor code which results fromthe first
transl ati on i scadecltdOrshoultingrshivanefer to ibwhilhewnmings conpl etely portabl e. The

k ired i Iti I I he Vi| I )
Processor code 1o iR BIMLHBHAY AobpiAe) REIQ AT UM OPPIPBERtatioan™ Aavulin ch
woul d be requ'ﬂrﬁgests& QﬁI;iImI]IISntI? yt&%%g\gerﬂ 1b {‘n%%rﬁ%ﬁs ncleﬁagg I@‘lﬁ(})frg ;2\?9 éég?k?di%%va

I(Zl bei ng used,” new appl'ications can Wit irec

Ya-ex PR | enGid bptRede BFEicSvahis ¢1884ds fimtanaiPbé qul@réﬁfw\’dﬁd&?en CEISNR!

of the Virtual Processor code. A new native translator for transffating the
Virtual ProcesX3), 2d0delni thisoexzmplecthequtecéssorse2ile @40cire bbrtway differapttypes —
application program _but only for every new platformon which the program
is to be run. mAmelycdicot e h andgelientdame X respeetivalyigs Thersarver symnliesathieon
programmers. It is 1envi saged that the native tr?nslat&gs Wi | | % r.e(gdilﬁ 15
avai | abl e for GEHIEHMRICHESTAYHRCIOSS A ROMYPUNICaUgRS, NEPYQTK gener Eﬁbl‘? FaleHeed
only purchase aItII%OIt%Itﬁé(%QEnfsrﬁlﬁIﬁb?r FacRlof!thE cﬂeeﬁefﬁprzao%amﬁp ifs"Gkh
applications are designed to run; alternatively, the ndtive translators
coul d belSupplJi'Edrespestiveida23il , we4 1 édubldgdituge conpilei thes claberfiel toeits dwmone
enbodi ment, the present invention is particularly useful where a R 20
conmon appl i caersan o nagvpsodanansh te stpse thatristitloPwamativeceasieostere A% 242.

transl ation frgm bytecode to Viriual Processor..code. nay be undertaken on a
central serverﬁe\lﬂﬂyﬁé’ﬁ%’gﬁ C&I‘éI&e’bI’%W‘H@n I“Idi‘%'QPI‘)Ioﬁle@th he Virtual
Processor class fil t Vi |\ Br ode : - yverifl.ed,
it may be distri butcg% Pg&? e PﬁIII &Il%@lovglﬁn %Ieggegsgﬂr%z,sl_t IeIIéﬁIIlerI'(set?erIﬁgg of
a network 25 kxeadids eniromineal bat éachl yf ¢he dtiepRd. HACRoslpiRE abé AgFicaNYy
maintains its own native translator which it uses to translate the received
Vi ftual 2% ocedange, sudié ¢amtloe difficoltrif pat impossiblevtamirevidedhe requisite spakee. offhe

net wor ked client devices, . . . . :
the client, particularly in an embedded system in which the client consists of,

for example, a mobile phone. An alternative approach (not shown) would be to
carry out the JIT compilation on the server, and to supply the clients with the
native version of each class, as required. While this requires less space on each
25 of the clients, it does have other disadvantages, namely substantial additional
complexity at the server. Since each JIT is processor-dependent, the server

would in such an arrangement have to maintain a different JIT for each



~maty be heterogeneous, that is they may use different types of processor.

That is not a problemin the preferred enbodi nent of the invention, since
each client device will translate into the appropriate native code for its
own type of processor. 5 Wth such an arrangenent, the server need only

mai ntain the virtual processor code. It ed not know, or care about, which
processors or processor types are being used on the networked client

devi ces. The present invention is expected to have particul ar application

in the field gfrovésser 8pe thanmiulitcaguiento bé verved eswiild tat nﬁghtf\l@é {89siblerid
specifically 10 although not exclusively in the field of nobile cellular
phone net wor ksa fiked oetvqrkeftds narcatisbodin fenexamiplerremobile mhiome, systesn where a

Zpgia‘f&}qi EEV? Jutgrniaber GEGHTATPRRIRSN T CHjCraBlRSA e %%é,'r%eﬁc%%%faﬁﬂy "
i i . P. v i
could be at r Attt OpREEEE 3pd “BSForicBRd BE aRTRUVEL. 2 eCbunbly of Y saRRL"O

exanpl e vhen tagHSRNedhé BRREMelyOAifHiBAL tAskSIf thifRaihfhg!FITsSRFBISBRMA types
functionality which the phone hds not yet been programed to provide.” A

simi | ar approadfimebite phorieglaad maihtainingendwidavingatiosteViTsess waw phased vbibout
limtation) hand-held conputers, ganes consol es, canmeras, or indeed any
ot her type of awethe kaarkst. ndionothRbmeasotevt e prafarable fon thertserieresimpiydo

network may consi st of or include a w.rele net work,. whereas in other
Erbodi mency | Thaaiin opdircacIan siate 22D: BEBPL e R idbahERRnts P Gidbriake

| nternet. Wer, e i ot . i I

qogmun cat o e PRECES B G oriO] ACHRRNENEN SMOVE FiBeyer, thathas
s/required (fpRovekAFiRIY @ itpiéraestainl prRcas® BecdusPNof ithK)limited stMemoricday

the invention 25 could be applicable to a wi de range of embedded devi ces,
i ncl udi ng f or avadalpkovitinendweddedisgstensisons, washi ng machi nes, not or

vehi cl es, or indeed virtuall ny ot her type of computer-qgperated device
that can be concei SE&F & .O%Je‘% 0% Hée iPRGSSAE (IBYENloNedld aﬁtotoaaﬁ%‘ﬁﬁ@t me ﬁttgm

for carrying n f e cri . (et .. and to a correspondi ng
conput er prog%ﬁk%t‘ﬁ@?E%rplﬁ(gfargﬁgglg?%d;%d%edata carrier. The invention
further extends to gdpdifg b 208 AGREESLHANVYRISH tifere NBEEVEdedh PRERAY 02"
carrying out the desccri bleé met hod.sﬁjSe The inventilon may be carchlped into0
practicds n varanslasingaynsobaeud-arivatabeampiter padgrdimesrprisinig: now be descri bed,
by way of exanple, with reference to the acconpanyi ng draw ngs, in which:
Figure 1 illustraté® ttranstitingathedprograrg ydesadet ingg anachie dedgnendentwirfilah a

JV . . . .
M processor code which uses an instruction set of a virtual processor;

and
(b) translating the virtual processor code into native code which uses an
T 20 instruction set of a physical processor.

It will be understood, of course, that in the description and claims the
word “code” includes data where that data is part of the program itself.
Accordingly, but without limitation, the expression “code” includes such things

as constants, variable names and types, flags, pointers, object names and so on.
25 In a preferred embodiment, the object-oriented computer program is
written in Java (trademark of Sun Microsystems Inc.), and is designed to be

implemented on a Java virtual machine (JVM).



10 Figure 2 illustrates the two-stage translation process of the preferred
enbodi nent of the present invention; Figure 3 shows a typical prior art
client/server system Figure 4 illustrates the operation of the preferred
-enbodi nent of the invention within a client/server system 1 S Figure S
illustrates the operation of the present gnvention within a wreless
network; and Figure 6 illustrates certain aspects of the translation from
byt ecode to internediate virtual processor code according to the preferred
enbodi ment of the iWhether@t.n2Jaka dsiused] howdveh, mStmﬁstaFdemslabi@ﬁ ProoEss
shows the way in which a JIT conpiler within a JVMtranslates from
processor - i ndeffe thite pressnt dovertiam ppevides sodirdle stageewhichatis ventirelye plagform-

1 om but 220§e"i%éé‘ e e?é a@éﬁéles?%&icg SIPEECUTIR 15, BIAL{opaY “@é‘@nﬁ@’a@ég?ﬁﬁﬁéﬁﬂd
Form This vi 11Popa%eE pBRF wip rkn il e TREL BhERiGE K RApl ShERedn:
convertersitseldd h%anmdnﬁplbm¥$&ia®1é.ed THE! RBBOUBGhiPEd 38 WiRind @OHew O
translator”. 2. Conversion fromthe internediate VP formto the native

machi ne code. tfqslatonvterttansldterthe WirtuabePronessor apdthe 4 nadw vgatfoansisatvery' .

Figure 2 illustrates in nore detail the translation fromcl]ass bytecode to

5 native code.sigmficanthy despyhan thagavidaln would pe sequirrd tesport dhe \oyteendeyJIhytoa
no t he i ndividual..bytes thensel ves

| i fi 211. Thi h | ] ) ,
e ve hecné s ptog etk TayRas et nidt nehe aRicRioRs can e giitieh

verifier if n r Igg%s dirt...0 HRR r

ref.erences. Ched(i:ge%'?lge){%o e aggbgée‘}r%11 %‘)ﬁieegﬁeég;éo%ﬁ?rofgga pasgéédt‘{}go ﬁl}fléee%lj ggag no
t dns| at g 21%nbWvhge Whatsoeeet of tHe Virtual Pr6édseeticode. MK &redhehafive Bahsdtor
into VP code 213. The VP code 213 is then converted by the native

transl at or 214ot dranklkatingt theeVatasl P®0essot dodei mpmmiative dodeas pmeeciedt mwott fimt
the class verifier 211, the jcode translator 212 and the VP code 213 are
all processor SVRBEPENARPICaion ipgogfﬁrryrh%@nﬁ foneyery nevamlatiersn oniwhichdthes

the. pref orred ABAN S Eni AhidesrbyurBhERART Hhs 8 Br o liGeRy 1 <
shown schemat iggagdaynrh@rsti gUE &is4envibigeds il thebRative translators will be readily
15 available for each common type of processor, so applications suppliers need
only purchase the relevant translators for the processors on which their
applications are designed to run; alternatively, the native translators could be
supplied as standard with the end user machines themselves.
In one embodiment, the present invention is particularly useful where a
; 20 common application is to be run on several networked processors. The
translation from bytecode to Virtual Processor code may be undertaken on a
central server, which may also provide verification of the Virtual Processor
class files. Once the Virtual Processor code has been verified, it may be
distributed to the individual client processors, either by way of a network
25 broadcast or alternatively on demand. Each client processor maintains its own
native translator which it uses to translate the received Virtual Processor code

into its own particular variety of native code. The networked client devices



conpared with the corresponding prior art approach shown in Figure 3. 20 In
Figure 4, the server 410 is serving two clients 430, 440 (having different
processors) via a conmuni cations network 450. All of the

*processori ndependent cal culation is carned out on the server; in
particular, the server maintains a class store 420, a class verifier 421, a
j code translator 422 and a VP store 423. The VP (processor-i ndependent)
code can then be served, as 25 required, across the network 450 to the

i ndi vi dual cl iig#f e hBterofBhevadethiag is iRy maqnst differey tigee dffstovesival Thaent
transl ators 424, 425 and the appropriate native code for the specific
processor st orngdotatprobletthin thetprefermodembodiment 432he invedtigon2sinté eacks eliefit VP
on the server, as shog in Figure 4, allows, the verificatjon of the clas
files and the devicst vé{lagangate H@Océﬁpiapﬁ’fqpéﬁt“( tREVEo éJPbritSt OWIP L¥BRIEI! t o
be perfornmed qQnce only by the server. Then, only the native 5 translation
(whi ch differénggﬁﬁpﬁing to the processor type) needs to be perforned by
the clieny device hgfr @u&%ﬁﬁ%ﬁ@en%m,htw s%@?%ﬂe&l?%ﬁgﬂﬂ tRENrth
supply updated classes at the server, without the servef needing to know
anyt hi ng aboutprbbesdetedd. s [nheddnsotdaiow, aitlcare sbanivhiidhpdocesdors v prodegsdrake
use of those classes. An updated class needs to be anended once only, in
the 10 cl ass Wypescarddeingusademthernatwionkestcliont devicey. i nto VP. The VP is
transmtted to theqﬁgjent devi ces, as necesaary, and the final. transl ation

to native code can PESPREHVSTHOR S expecief dnt have Ragicplagarlicatiop i the y
_ it . : h
transpar ent F%eﬁ@%fﬁ@ﬂgi&%grc rﬂuﬁl@%&ﬁf\arhw1ga%s§vn\lgl?é}g‘eﬂr§%}vtogfsf)éﬁpa%\é@fﬁc%i to

the VP code is Tequired 1n he even nes onto
t@é mar kgt whiafoli£hl ot egcldbivEBr @nthe TRid \O¢ mdbilkkosluldshdild etivorld) UTaGner er
sinmply provides thé client with an appropriate native translator, and the
devi ce shoul dpogleretembaediment afithenmveation,the apphicatoon suftware sreeadr mobilee
specific inplepentation, illustrated in Figure S, is that of a npbile phone
network. I ndi phenal wikhbe ealﬁﬁmﬁé@aﬁsopp@@e uding MY Teughbr I6 eatimelyo user-

i nclud ' ' | 524, 525 and ' d
535, 542, \honaneparenh di P e R AEct et Hndeednl ¥ SR Bh e

updat ed VP cogg,d $hé UBRIrA & &0 M heVliowhRIaBim2dolA B Qtex.fégﬁ?dr iﬁ‘é‘errVﬁE, 512%11
The updated VP code is sent via a | and-based comuni cati ons network 511 to
a wirel d$s tr desnint] or abhecesddry -¢ futeexiasnplbevhepathis aiser etlerapths foerthe fizstogimea
wreless link 513 to the 25 individual phones. On receipt, the VP code is
aut omat i cal | yt@ rases|wied specihafungtionglitys el the tphongathage nebdeetsthses.

The whol e process ma transparent .to the one .user; or..alternativel

The updated USRI S oRIgVTah A St ApPfedeticas ks Mt olhGE Bbvodietc ne
phone user, vi -, € i 3o ts JUC R K e

further detai gv%:\ngfléﬂ‘gg %sﬁgglr]ldhgp {(tlﬁéﬁ%t\}\%ﬂ‘)sp glg(g‘htg ?g?g@ﬁtéxﬁ, féraglrngscfégssdes’
bytecode 210 tamerddabt itkleedday23her thipe pIf @éivoorked otertwori@ble Hbeicel ass one

verifier 211 checks the class bytecode for validity. The 5 class verifier
may in 20me esmbodimentsthoamerwodt mayaosdishiof hi malide p ovideless netstaak owheiaas

whi ch case the cl.ass tecode 210 is passed straight tp fhe, jcode

T ancl stor 215 SR Gt IS RES STBeY o dtHbon B neBta, or the
instructions if,.] Iewzlg . . i . .
(nunbers, poi mtglp{sgat 00 }ré(t: S?I%%Z&{%é%t@ %ggngwg%é@%?y %nlggénc crﬁﬁilﬁlggfthos
itemto be puphfdsiBh rhay beambdé $ér fenb o Bemgleaf fo tHd Biéerde réqiiitéd ploron

typically renbves one or nore operands fromthe stack, perforrns sone
action, and pesdraplet hia a standardopedendof I8DahYinkhackn such laeway athie. in@entibe
other hand, VP is register_ based, in that it has_a _set of registers which

are addeéssedcerldebel grnlicablee tora i wider sangerd. embedded rdavicasn inghiding | for
takes its 15 operands) fromregi sters ecified in the instruction

per f or ns sorreegﬂ’?@n,cg'gﬁf?spﬁ?lggish%’sr é%‘iﬁ%?n%ﬂ’é?‘g’ﬂ’ae » IOLQYy yehigles, oTr inderd,
regi ster specyi i i r hgﬂn Thi ISt r.ehlts eis
nore simlar &t,i(cgh%ggtdhlyteﬂ efpf}’?%edé{sétgr , %rxé‘%e;rta {et%i %a&%t@ggﬁgbggggb%lg%gt
nunber of registers, |arge enough such that any system converting to VP
does not need to worry about how many 20 there are. VP instructions are
based around expressions. A single instruction typically has one or two
operands, and each operand can be a constant, a register, or an expression.
An expression then has one or two operands, each of which can be a
constant, a register or an expression. In this way, an arbitrarily 25
conpl ex instruction can be built up.



There now follows a nore detail ed description of how parts of a class file
are converted. The description uses the term"fixup"; this is a small item
12 of data attached to a particular point in the conpiler's output code or
-data which instructs the JVMthat the code or data at that point needs to
be nodified in sonme way before it can be gsed. Fi xups are used to change a
native instruction or a data item such that the native code can obtain a
direct reference to another 5 class, or to a field or nethod therein. A
Java class file conphéisvedtiohhsktédd @ RemPatdrSysnt Gnséafyingosit, andhof the
contains the constant nunbers and nanes in other parts of the class file,

i nstead of a ndeseribedanethbds,aand e aesurespondingaompiterc prograst wihethdreorenotl 0
I nformati on such as, the nane of this class, the superclass, and any direct
superi nt er f ace@nbogied;an acdatp jcar@er. wihe InVrmsionaRirtiier GxieKisnioondlata tteast
of nmethods, with infor.mati.on on each one. Jhis_i.nfor i Qn incl.udes i.ts
code. sect i on. TPRESSHRINE of AL prodifn foR ke Bl deheribedtiihotoa. 15
The Java ¢l ass fil eTps ; t VR 1ie0!; d vari t .
Doopi to 115 name, tHS FODRE Ry Be CAried B prictise M varius My 00 one
cl ass. | nsteadspetifioerhBodinémfwiliéw dr ddsotibed) ol wag ofieramplé,ngithutferetice
limted to the nanmes, paraneters and types of all constructors, fields,

net hods and ottoghe aocampassyingideawingseinuphiche APl of a class. A typical use
20 for this vvouldee,for r_iflecti n(i.e, th functional' in ., .y
java. | ang. reflect ifigareihil uﬁ!faé‘?saﬁﬂ‘?)qpe@fqrbe # GANYENtlpng b)@( sampiles within a
interface to ajl\} a programer to enunerate and mani pul ate the
constructors, ‘fi'efds, methods and other entities which belong to a cl ass.
The datajgool is a!ﬁgufesgdilmétﬁa&@ MRY thystiel GaERafioRPrbadser 6f thé preferred
situations where either the class file is not 25 available, or whére the
class fil e hasmbodiamnt b€ ére preserglinvemtionfhere the class is witten in VP,

there is no class file anyway. A class tool. This contains sone
housekeepi ng i nf or FESWESN BRAHS AfyRical Prierary FRYSREYEISYH§ M he si ze of obj ect

Lo PhLocet & o e 2B o' HaBh RS R ShMg i freeq AIMAIRALRS' s
or nore net ho%?ﬂﬁlcﬁ‘;wﬁ‘fﬁfﬂ‘?gﬁﬁf{%ﬁﬂ%f}éﬂﬁ' appear in the class tool 5 have
ua e decli

their own indivi tools. T si’on on whether to place a nethod in
its own ool can b&igmazed diustransrite opferdtiont @fstleuphesaat tiheetigre withinhe

wireless network; and

Figure 6 illustrates certain aspects of the translation from bytecode to
intermediate virtual processor code according to the preferred embodiment of
the invention.

20 Figure 1, which has been described above, shows the way in which a JIT
compiler within a JVM translates from processor-independent bytecode to
processor-dependent native code for running on a particular processor. In the
present invention, conversion from bytecode to native code takes place in two
separate stages:

25 1. Conversion from the class file to an intermediate processor-independent

form. This will be referred to as Virtual Processor or VP code. The

converter itself is known in the preferred implementation as the “jcode



method. A fixup tool. The fixup tool typically returns a constant fixup
val ue which is used to determne the offset within an object of a
particular field. The tool ) 10 is called at fixup tine to provide the
-of fset, and the binder/linker patches this offset into the code that wants
touse it.. It is thus used to inplenent Sﬁoth "get a field" and "put a
field" in the bytecode. Mre generally, the fixup tool returns data used
for fixups. This can only be determned at fixup tinme and not at conpile
time. The data may t4mslagge. but is not limted to, the 15 size of a class
instance and the offset wwthin a class instance of a field. The data tool
can be di scardkd i fCohersiandrampphe datermediate MPofermmae the native seachina code.
facilities (largely reflect), and the L;XUp tool can be discarded if the
Java application i sTheconvesgpbergauill be knowhiag dhefnathvesanslator -dynani cal I 'y

| oad further java cl.asses.. .2 he.jcode transl ator ;uses.a VP, reqister, for
boan | Lormon 1 et EER 2l SR delil Bt Hsiatiis il i By’ ©
File hani ¢ ) Co L
Lhe byt ochdar THivel &IdehC oo bhifs BYR B6de #1059 frd=CHRRed ol \WAlidich W3 WA 1

to, calling aveife®1n Thisscheckamot baly thagrlividual biyteg themsebrsebusalib a
field (in this or another class), 25 pushing a value onto the stack,

poppi ng a val wheoks farhalistextknahandimternabrefersneesnt dheslass verifieslifinecpssary

j code transl ator copyert hese into. VP instryctjons which may do one of
the fol | owi ng 1P8¢s g&i{go@tcﬁadqge%%&gc}qtg%eﬁegqg TCICTNLCeS ) | a non-static
nmethod (i.e. one t i j i . i 14 VP
has t he concept of Q%H% %Es&v%eﬁ% sqn%teﬁgcgfse,gﬁ%ilg?éasﬁgg2@%?%?%0%”%%@%@?2\}%

di 3sses. j@uch vm’bh%‘hv]@ﬁﬁ i0Qs GREEEBed i fribré |6l BeloREHE VIPEES@SI 283 | Gthe

depends on the class of the object whose pointer is 5 passed) or
non-virtual | y YPhedel3od thehlcedverted bytthe natizs dranstatorf 2é&4d torthe mativaldode
Call a subroutine. This is used to inplenent the bytecode's call of a
static met hod 2(3i0.-e. one to which no object pointer need be passed), and in
sone cases a non-stlfat.i c. et hod.

10 Cet th f the. fi
fromthe fixup tool: 1§ HRYH o 1} @85?‘;1?7&%1maxatyégf;%égtYererlltigrin?tlggh\l}glrfcu Cas
follows: A ngb%!'sﬁl%r P@ﬁn@f}ferVP%HEQ'lB'a?@aﬁg?%&%ﬁng&geﬁ@ént('Htiéeglgfy B

floating point) I1s 1ncorporated into the co n of the JB

i nstructin wnatike tahslaescZist dtbof cnatathe finatheitive tode 2 30owhichnt ppocdssernt ry
containing string data which is used directly by a JBC instruction is
copied into t §Beelfica attached to the conpiler's output code. O her

constant pool entri.es contajinjng string data.are not.,used directly, but.are
Gsed when ref er red 1§ B3¢t ok thOREMHOR MDY IERt pRtbil Trtigeeons milrics

of the class tj t mﬁ’% : i cl S a
fixup referen%’#&r’lgesgﬁge%ﬁgg@ﬂ t?{g}rst e f@ @Xtﬁé@f}fﬁg{m%%e@'f orﬂtﬁﬁesggﬁgisjg)g to
be attached t @obdjparedwithl the ‘correstidiiding peiot datappsaieh shdain i Bigurd Bst ructi on

using this constant pool entry to refer to Cis conpiled to a native code
seduenc&lahi ch, af terFigppd ﬁgetmvﬁi A9, is ossraings twie cdients ot 36, o4 Chavingde
and data. different processors) via a communications network 450. All of the processor-
independent calculation is carried out on the server; in particular, the server
maintains a class store 420, a class verifier 421, a jcode translator 422 and a VP
store 423. The VP (processor-independent) code can then be served, as
25 required, across the network 450 to the individual clients. The VP code is then
translated by the individual client translators 424, 425 and the appropriate

native code for the specific processor stored within the native code stores 432,



25 A constant pool entry referencing a field Fin a class C causes a fixup
referencing Fin C (or the JVMs internal nane for Fin C to be attached
to the conpiler's output code/data such that a JBC instruction using this
‘15 constant pool entry to refer to Fis conpiled to a native code sequence
whi ch, after applying the fixup, obtains cess to field F. A constant

pool entry referencing a nethod Min a clas C causes a fixup referencing M
in C(or the JVMs internal name for Min C) to be attached 5 to the
conpiler's outpyt code/data such that a JBC instruction using this constant
pool entry to refer to Mis conpiled to a native code sequence which, after
appl yi ng the fixup, Thbtes of VRcaetir seeverpadisitbwdh in Pignoe d| aldwp el verification
giving a nane and type of a field or nethod is not used directly, but is
used when ref eoff the cleSSoﬁlfm md tlma ﬁmtaﬁagmﬁ Ithe sompilatieadtho cgnversm t(pé/FR s

of the class fil cod ion Wt a.class file. s ed a
foll ows: Code® Gir BF Oﬁﬁ rdnCq| ORA gé’l the Sﬁl's"efl e \’}\jli‘épe q ti‘ Qatl%e

ref erencegto S atedgstr r Y, de. it 0
a corresp?)ndl ?113 F6¢W gﬂ-}%&s %J&aﬁllgntt@ th% lr tg‘B%f' ﬁ%ﬂ? egoodgé
600 has a ref %&m&imy tﬂ@e ahémed@hcé Baforé %xéam(ﬁlrteshcﬂtaﬁ h?ifﬂﬂgém@i?t R¥kas
call 611 to the fixup tool. The call to the fixup tool returns a val ue

whi ch refer encﬂe&:asyleolsupply updmtbdtdiassbsmltdhe Bener, dythobe the servtehmeedmg to
instruction is run it has been patched to contain the correct offset. 20

A static met hosnwpenythiegabent b details ebthecrptinuiangliontsitbal wibovishite ﬁn&]émed
f de 621, t th 0,h ded,to it a f f
et hod cart (1sea0h 8RR Elidhest o Ton BaRARoERE S drindb ot omlby of
béchone afig at OBlhdk tifcddahd Tt #EnAAE onkE onfFE YB. MheoPPYE @xtahﬁmn@c{ fo

f yteéo as Java

rather different e and VP. In convertional bytecode suc

byt ecode, the thardlizat desicks &enquessed, ind the fihabtrhnglation ¢o paticedods dahiebe

stack, followed by a reference to the nethod 16 to be called. A bytecode
instruction tccareibd ot athesdientin awryexhichtie antirely franspesent tedhesnd aiger. In

reference fromjhe stack, resolves. it and star ti t he .new net hod

W th the: par amddRen MTRERETETE eSS AYSTAT P b CAGGS PeuHHeg Rehe FERba
oatds 7l T e BAPATERLOBOS QieGEERHEE dpud o mleld WHED Bl it hfille

| oads al |l the paranete nto regrsters ore execu

subroutipe) i rkﬁideucmlfé%l%ﬁt%aﬁlﬁ'ﬁcﬂﬂ?ﬁnsﬂﬂplﬁ r@ﬂd&@t}i@bﬁénﬂv‘hth% fiatd on
method (this fixup may be statistically or dynam cally bound). Execution is

passed to the mativedanstetorddrthe devise shenldsoperate withwittramytnamual Sntexeenticed .
10 O her parts of the file are converted as follows: The nane of the class
det er ni nes t hetABEEeTY8ed by the JVMto refer to the code and data output by

the conpiler. The RS dg% 1%%3;@@1?&&5@) mxﬂg&?ﬁﬁ u ee§ é‘%ﬂ&t#&’n’i&%

superclass within the'c a ou
preferred i ngﬂ{&iétﬁ’éwk 1%&%@&%&1@%@5@53@' ssoalsmg S heWrdik Sach
suc

fixup attache h that, after
j 20 include a respective native translator 524, 525 and a native code store 532, 542.
When it is required to upgrade the functionality of the phones, updated VP code
is supplied from a VP store 523 on a central server 520. The updated VP code
is sent via a land-based communications network 511 to a wireless transmitter
512. The code is then packetized and sent across a wireless link 513 to the
25 individual phones. On receipt, the VP code is automatically translated into

native and stored in the native code store. = The whole process may be

transparent to the phone user; or alternatively the updated code may be sent on



l'i nking, the pointer points to the superclass code and data. The nane of
each interface becones sone reference to the interface within the output
code and data. In the preferred inplenentation, the output data contains a
-pointer for each interface with a fixup attached such that, after 1 20

l'i nking, the pointer points to the interface code and data. The debug
information attached to each nethod (and e source filenanme which is
stored in the class file), when present, is converted to a fornat suitable
for the enviropsgeipt dffa sptiie fefaest Mrhshe phondgser) Viatthe wirelbsy lield513.

i npl ementation, the debug information is converted to the sane format used
25 for non-Java par Termhg back st tonFigure Z,ifudhet/Betailaszilcbengivere of the twio-
more named tools, normally jncluding at Jeast.the data toql, the class
tool, the fixuffagesanslationdromlassgtyaecoder2 iinke matiyecede 238 ¢ 4t PreatAUSINr e

generated autonatically by the ].cod rans] at,or . . eaech. na ei ng. el at to
The name of 1 noCred: tadler VeifEt 2on SREKEUY plob dtie £F Mhdi! ' Fhe
| mpl ement at | O“cl‘aé%td%?i&ie?' Aa9- in' 4bfleNenBRElméass Bt tiﬁc&mwt@d ZwithH] the lcode
details wll now be given of the 5 native translator ich translates the
VP code into naghnslstogoitiewhidh vasel thbeclamsdsytedaaied2 1 is paused straigiattoMiegodde i s
never itself run directly in a live application; it is always converted by
t he processor - tepdaide 2l 2 pashownttryathelantaw 266t o t he appropriate native code
for the processor o i it.i.s to be ,executed. The native translator 214
o quite n smarl o Lt DY e ebBisRadd S gy ah GRB GRETR GHE SFRSK Dhsed,

, ¢ . h N i
Syotom he ¢ ruhPpiind b KRGS (RuBis hOiPioPT FE 0B et tif 4y g Shiek,
pérét icul ap progesARth BRI PGt He@to DSudhiedrtil RURE MHSED e Eoﬂfﬁea%ﬁmebﬂécw@
real processor's register architecture to decide at each point in the

out put native mestectdn ¢ypivilly eginoves onshwuindrd eperpdedrom theestaela| performs

processor's registers, and 15 which shquld be kept in nory. (which is
sl ower to acce¥yye a‘?’ﬂ@n,t@%W%heértﬁﬁlr§8-‘1b|°891ia§és(1£rﬁ’&‘t’*)i hﬁdeﬁéhaéfﬁci- On the

optim sation of,.instryctipns. Until th atid ve. . gode_is. b d.i TN
SFH 1T norma 1 yotbBhaanil SIRE ssdst basel RE ! e hn bt 3 G s ebichh e,
run-tine) the fqdrdiedOditedtly bybfhe! ¢IF aGeMicHbhS ARPHREBUCELSE typically_takes its
machi ne- dependent i1nstructi'ons. For exanple, the fixup for non“20 static
met hod Wi$| beomoand(s) €dnt eegistealsd specifiedennthtiinstroctitn, fefdmishsothe edeion,
translator and the native translator are thenselves preferably witten in
VP code and caand puts Bie resalis opersad( (1§iany) tinto afurthert regigemspecified elnf the o
run on any desired platform Fromihat, ini,tjal VP.code, conpiled version
o "bot h o ans) BEGHS Gty THES SPEOTGebeH ANGENEScis. THTE: SROBH 38 TRt el
particul ar pr i | J i e
U code for t HEoTeogs L7 are) Mebr T PAar (ata as nbber 6F st Esicls IR adut!
transl ator. Touehthad nyt Histéfh coaderting tot VB doet nve nkéd s hWairpy abdtdiove ety S
passed 18 through the native translator itself. Al though the preferre
enmbodi me2) usdbereareJava Virtual Machine, the overall inventive concept is
nore general, and it _is not .essentiﬁésto use the JVM ord&ndee Java at

all. \Were Java is YiBelnstistiane rare; Rasad, pEoHnd, FXpESSIanse > 5S1gBlGRstruction
Java-ski |l ed aigﬁ{c'aﬁgt Ris oBE & W(E}Ser%y?dsdea‘{ﬂl Qﬁ’ckfg)?)gfa%@s chl I:Leh‘?l' ong%%[t?ra{/gd

| anguage, with ving 10 understand, Or evéen now anythi ng a

code. The onl yepReut bEAR @k?fe%smam HPrBsHBY tH FasGid YW PefandsSeAhOSf
avai |l abl e for each physical processor ‘on which the application is to be
run. It is enwhighednttemé censtant)at regester ansh @kpressionl [n leis geagraal anpitrarily
avai l abl e, and 10 appropriate translators could either be purchased by the
appl i cat3on devaplgsingruckionganie Bultyior ovi ded as standard on i ndi vi dual

oL m, devises et RN AT et eSO Rl depd okl LS 1 4

file are converted. The description uses the term “fixup”; this is a small item



5 characterised by: (a) translating the program bytecode (210) into nmachine
i ndependent virtual processor code (213) which uses an instruction set of a
virtual processor; (b) transmtting the virtual processor code froma
server (410) to a client 10 device (430); and (c) translating the virtual
processor code into native code (242) mhigg uses an instruction set of a
physi cal processor of the client device. 2. Anethod as clained in claim
1 in which the program bytecode includes a class file, the class file being

converted i nt 0oPHfa AftalREtoVd phrtiRllRPFRSIHAhe EORIpHerR ottputxRdE M data which
instruction set of the virtual processor. 3. A nethod as clainmed in claim?2

i n which the clmaactsithe VM thatebe aod®oplataat ithat pointmeetdo tsbe anstifeddh sone
or all the nethods in the class file are converted to a respective virtual
processor t ool some wayrhsforsdt gan be aisedd Hixups aedised ite changeana natdve inst@ictione

i nclud 11t et hod, in which th i.rtual. d
provi des a cal Pr ¢ 8% 550 6t R dmnAS S caB: it fobPtaErpar LR TIODeN ai m
2 in whic theclﬁ%%éft%hlfﬁalﬁg?h&éqﬁé erei? reference to a field (610), and

in which the vir rocessor code provides a fixup tool (611 ) for use in

locating the field.AQavd\claBé HRdcatsists of MRAfIIdWEh@IpATtS: i n which the fixup
tool is arranged to return a constant fixup value which is representative

of the offset of A kenstantdpdolelwhivhtdontaian thdcendtant/nubest et names|iai ofhdr i n
claim6 including |inking the virtual processor code and determ ning the
constant fixup va®pre of thejelsenfiledestegsbal ¥ npmgatheroisy mfernse te edwmmpdichas
been translated from ther class file. 8. A nethod as clainmed in claim®6
or claim7 in V\hil%ﬁofe?‘tﬂﬁqriexup tool returns a value which is used to patch a

tihod hch get r e a fi 1ok S i
inﬁ cl ai \r??g e Wﬁgggiﬂéﬁa%lsaﬁéoggélgo?f 'ct:}g%jgl%sés ,ﬂ?ei’ ﬁ@f%gfeagg%n h*u“rf?L ?ﬂ‘%g? a
plurality of poi BfiSeridterftifes. Nstructions which indicate that the code at the
said points has to be nodified by the respective fixup instruction prior to

use. 20 10. A eretthlist aiSfiglds)i with inforglatibmon éachwimech t he fi xup instructions
provide instructions as to how the native code can reference another class,
or a field or eretthbst ofrmethodsewithlinfarmation on each one. This information includes

its code section. Thus there are several code sections, one for each method.
15 The Java class file is converted to VP tools as follows:

e A data tool. Despite its name, this has nothing to do with the data to be
used by the class. Instead it contains information about a class, including
but not limited to the names, parameters and types of all constructors, fields,
methods and other entities which make up the API of a class. A typical use

20 for this would be for reflection (i.e. the functionality in java.lang.reflect in a
Java Library). Reflection is a programmatic interface to allow a
programmer to enumerate and manipulate the constructors, fields, methods
and other entities which belong to a class. The data tool is also used by the
verifying jcode translators, in situations where either the class file is not

25 available, or where the class file has already been translated. Where the
class is written in VP, there is no class file anyway.

o A class tool. This contains some housekeeping information used by the



11. A method as clained in claim9 or claim10 in which the fixup 25
instructions are transferred, substantially functionally unaltered, by the.
native translator into the native code; the fixup instructions being
Teplaced with native instructions when the native code is bound on the said
real physical processor. 21 12. A net hoﬁ3 as clainmed in any one of clains
1to 11 in which the bytecode is stack-baSed, and in which the virtual
processor code is register-based. S 13 . A nethod of executing an obj ect

ori ented conput eryiNIQGAATHERMNe! sikd @ftobjert| Bt dIN@aid)eh® R’ 8MHdERs$MRIstnee
code as clained in any one oOf the preceding clainms, and executing the

nati ve code on t hiatpifianycahd theosigesclass dntl supenimtdrfates)y andaiode doi nont,aomd 3
when dependent upon claim2 10 including binding the translated tools into
a task, and execw@rialgfithe metheds.n native code on the physical processor.

15. A conputer system adapted.tq carr u t.hod as clained in any on

of the p?gcedi hgy g Ok ANOTESTE 00 ﬁéﬁe@a%{@l%gomtaﬁpew@ the ofassithel 1
to 12 whigh furt i S.. r m At e j I 0

from the Server 15vs BELSNE AN A BORT R 80105 off Sh¥er ™ PERSROeEN
virtual processoninGRASyh b EHrf bEHassd BAta MEMBEXeS ¥tit6R sheRSasdhelsisd bEEhé ON
set of a physical processor of the second client device. 17. A nethod as

claimed in clai md&hod. cl aim 14 includi ng executing the 25 different native

code on the physical processors of different client devices. 18. A conputer
syst em adapt ede t &\ fixupytoolit Thenfixup toaldypicallwetuirs alcanstantiixup ¥abre whighn

ol iral ity of romdt el RaHREHERP She OFHSOVHRDS PHCELAANEISEIB s Hertgol
e theerver hERInRRER GRS WEkOGeE e BT, PRERRTSHNe BUREAR oy "

sai d code being affsechitoehé edap ehtonints e9REeNt at iPhuefusel tBbinpeieat bt ed
conput er program using an instruction set of a virtual processor; and by a

native transl at of‘gé4ield2a)d Sputadedd’t in theangteaods. t hdMaer gengrally, dbe Seuup
code Into nati Vetgooldrgtuvrm 8Qtautfsg§ for fixups. This can only be determined at fixup time
and not at compile time. The data may include, but is not limited to, the
15 size of a class instance and the offset within a class instance of a field.
The data tool can be discarded if the java application is known not to use
certain facilities (largely reflect), and the fixup tool can be discarded if the
java application is to be embedded in a device which does not dynamically
load further java classes.
20 The jcode translator uses a VP register for each item on the stack.

VP code does not directly implement the class file’s mechanisms for
accessing another class, method or field from within the bytecode. In the
bytecode there are instructions for, but not limited to, calling a method (in this
or another class), getting the contents of a field (in this or another class),

25 pushing a value onto the stack, popping a value off the stack and setting the

contents of a field. The jcode translator converts these into VP instructions

which may do one of the following (this is not an exhaustive list):
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dependent uponecl@dlha2ubirowutinedThgs 1ensddytonimpleencint theg biytecodé’st dadl of asstatic
byt ecode, 10 and of any external calls. 27. A method as clained in any one
of claims 2 to 1methpddj.ai anaso whishdepehieshpoupemneshbmpassed), anddn somee
class file is a Java class, file, 1a 28. A nethod as clainmed in any one of
claims 1 to 12, 85 BOASHUGHIEHOA e step of translating the program
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dgram wni ch Is i rocessor code. 29. A nethod as

clainmed in any one Ph@b@iﬁsténttﬁbolzvit}ﬁga AdssOfile3§ cohvertdd £&dfoldvishe step of

translating the virtual processor code into native code is carried out by a
second transl| a# orA pongtadthpobol Gntiys cottaelihgwa idohetant mumbelr u@htegen oeslodting
code. 30. A conputer_program for executing a nethod as clainmed in any one
of claims 1 to 12osw)ds ingorpprated wio thedeprapted rvessionnel the JBG dastguction
claimed in any one of clains 1

tcgml)gt g: ggo?(r)ar;é{/}%h g%f%%{ckgﬁﬁgqogﬁgﬁglgﬁﬁeépr esentative of a conputer
programf§r exgcuf bogdkdnt pool entry containing string data which is used directly by a JBC
instruction is copied into the data attached to the compiler’s output code.

e Other constant pool entries containing string data are not used directly, but
are used when referred to by the constant pool types below, or by other parts
of the class file.

20 e A constant pool entry referencing a class C causes a fixup referencing the
class C (or the JVM’s internal name for the class) to be attached to the
compiler’s output code/data such that a JBC instruction using this constant
pool entry to refer to C is compiled to a native code sequence which, after
applying the fixup, obtains access to class C’s code and data.

25 e A constant pool entry referencing a field F in a class C causes a fixup
referencing F in C (or the JVM’s internal name for F in C) to be attached to

the compiler’s output code/data such that a JBC instruction using this
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by the time the instruction is run it has been patched to contain the correct
offset.
! 20 e A static method 620 is converted to a corresponding VP tool, but with added
fixup code 621.

e A non-static method 630 has added to it a fixup for a method call (ie a
reference to the method name). This will eventually become an atom in the
final native code.

25 e The calling conventions are rather different in bytecode and VP. In

conventional bytecode such as Java bytecode, the parameters to be passed to

a subroutine are placed on the stack, followed by a reference to the method
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to be called. A bytecode instruction to call a method is then executed which
takes the method reference from the stack, resolves it and starts executing
the new method with the parameters from the stack. Control is returned to
original method when a return instructions is executed. This is converted to
VP which loads all the parameters into VP registers before executing a gos
(goto subroutine) instruction which has been fixed up to point to the
destination method (this fixup may be statistically or dynamically bound).
Execution is passed to the subroutine and returns when a ‘ret’ instruction is
executed.

Other parts of the file are converted as follows:
The name of the class determines the name used by the JVM to refer to the
code and data output by the compiler.
The name of the superclass becomes some reference to the superclass within
the code and data output by the compiler. In the preferred implementation,
the output data contains a pointer with a fixup attached such that, after
linking, the pointer points to the superclass code and data.
The name of each interface becomes some reference to the interface within
the output code and data. In the preferred implementation, the output data
contains a pointer for each interface with a fixup attached such that, after
linking, the pointer points to the interface code and data.
The debug information attached to each method (and the source filename
which is stored in the class file), when present, is converted to a format
suitable for the environment in which the JVM is running. In the preferred
implementation, the debug information is converted to the same format used
for non-Java parts of the system.

The final VP class comprises one or more named tools, normally

including at least the data tool, the class tool, the fixup tool and zero or more
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Turning back again to Figure 2, further details will now be given of the
5 native translator which translates the VP code into native code. It will be
understood, of course, that VP code is never itself run directly in a live
application; it is always converted by the processor-dependent native translator
into the appropriate native code for the processor on which it is to be executed.
The native translator 214 is quite a small piece of code (around 150k,
{ 10 depending upon the processor), so that it can easily be stored in memory within
an embedded system. The translator 214 maps VP registers to the registers of
the particular processor being used. The translator uses its knowledge of the
real processor’s register architecture to decide at each point in the output native
code which VP registers should be mapped to the real processor’s registers, and
15 which should be kept in memory (which is slower to access). The translator
also provides machine-dependent optimisation of instructions. Until the native
code is bound in, it will still normally contain sections of fixup code. On
binding (or sometimes at run-time) the fixup code will be replaced with
appropriate machine-dependent instructions. For example, the fixup for a non-
20 static method will be converted to an atom in the native code.

Both the jcode translator and the native translator are themselves
preferably written in VP code and can thus be translated (using the native
translator itself) to run on any desired platform. From that initial VP code,
compiled versions of both translators may be provided in native code, optimized

25 for the particular processor on which the translator is to execute. To compile
the VP code for the jcode translator, that code is passed through the native

translator. To compile the VP code for the native translator, that code is passed
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preferred language, without having to understand, or even to know anything
about, VP code. The only requirement is that there may be a native code
translator available for each physical processor on which the application is to be
run. It is envisaged that such native translators will be generally available, and

{ i 10 appropriate translators could either be purchased by the application developer or
alternatively provided as standard on individual client devices such as mobile

phones or games consoles.
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virtual processor code (213) which uses an instruction set of a virtual
processor;

(b) transmitting the virtual processor code from a server (410) to a client
10 device (430);
and
(c) translating the virtual processor code into native code (242) which

uses an instruction set of a physical processor of the client device.

15 2. A method as claimed in claim 1 in which the program bytecode includes
a class file, the class file being converted into one or more virtual processor

tools which use the instruction set of the virtual processor.

3. A method as claimed in claim 2 in which the class file includes a
20 plurality of methods, and which some or all the methods in the class file are

converted to a respective virtual processor tool.
4, A method as claimed in claim 2 in which the class file includes a call to a
method, and in which the virtual processor code provides a call to a

25 corresponding tool.

5. A method as claimed in claim 2 in which the class file includes a
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6. A method as claimed in claim 5 in which the fixup tool is arranged to
5 return a constant fixup value which is representative of the offset of the said

field within an object.

7. A method as claimed in claim 6 including linking the virtual processor
code and determining the constant fixup value in dependence upon virtual

10 processor code which has been translated from another class file.

8. A method as claimed in claim 6 or claim 7 in which the fixup tool returns

a value which is used to patch a method which gets or puts the value of a field.

15 9. A method as claimed in claim 2 in which the virtual processor code has,
included within it at a plurality of points, fixup instructions which indicate that
the code at the said points has to be modified by the respective fixup instruction

prior to use.

20 10. A method as claimed in claim 7 in which the fixup instructions provide
instructions as to how the native code can reference another class, or a field or

method in another class.

11. A method as claimed in claim 9 or claim 10 in which the fixup
25 instructions are transferred, substantially functionally unaltered, by the native
translator into the native code; the fixup instructions being replaced with native

instructions when the native code is bound on the said real physical processor.
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5 13. A method of executing an object oriented computer program comprising
translating the program into native code as claimed in any one of the preceding

claims, and executing the native code on the physical processor.

14. A method as claimed in claim 13 when dependent upon claim 2
10 including binding the translated tools into a task, and executing the task in

native code on the physical processor.

15. A computer system adapted to carry out a method as claimed in any one
of the preceding claims.
15
16. A method as claimed in any one of claims 1 to 12 which further includes:
(d) transmitting the virtual processor code from the server to a second
client device (440);
and
20 (e) translating the virtual processor code into different native code which
uses an instruction set of a physical processor of the second client

device.

17. A method as claimed in claim 13 or claim 14 including executing the

25 different native code on the physical processors of different client devices.

18. A computer system adapted to carry out a method as claimed in claim 16
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of remote client devices (430, 440) in communication with the server, each
5 client device including a client processor; characterised in that the server
includes a store for storing virtual processor code (423), said code being a
machine-independent representation of an object oriented computer program
using an instruction set of a virtual processor; and by a native translator (424,
425) arranged to translate the virtual processor code into native code which uses
10 the instruction set of the respective client processor, and a native code store
(432, 442); and in that the system includes transmission means (450) for

transmitting the virtual processor code from the server to the client devices.

20. A distributed computer system as claimed in claim 19 in which the

15 transmission means consists of or includes a wireless network (513).

21. A distributed computer system as claimed in claim 20 in which the client

devices are mobile phones (530, 550).

20 22. A distributed computer system as claimed in claim 20 in which the client

devices are hand-held computers.

23. A distributed computer system as claimed in claim 19 or claim 20 in
which the client devices are hand-held games consoles.

25
24. A distributed computer system as claimed in claim 19 in which at least

one of the client devices includes a first type of client processor and in which at
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25. A distributed computer system as claimed in any one of claims 19 to 24
5 in which the server is further arranged to translate the object-oriented computer

program from bytecode into virtual processor code.

26. A method as claimed in any one of claims 2 to 11, or claim 12 when
dependent upon claim 2, including verifying the integrity of the class bytecode,

10 and of any external calls.

27. A method as claimed in any one of claims 2 to 11, or claim 12 when

dependent upon claim 2, in which the class file is a Java class file.

15 28. A method as claimed in any one of claims 1 to 12, 26 or 27 in which the
step of translating the program bytecode into virtual processor code is carried

out by a first translator program which is itself written in virtual processor code.

29. A method as claimed in any one claims 1 to 12, 26, 27 or 28, in which
20 the step of translating the virtual processor code into native code is carried out

by a second translator program which is itself written in virtual processor code.

30. A computer program for executing a method as claimed in any one of
claims 1 to 12 or 26 to 29.

25
31. A data carrier which carries a computer program for executing a method

as claimed in any one of claims 1 to 12 or 26 to 29.
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method as claimed in any one of claims 1 to 12 or 26 to 29.



