11 MAR 2004 LQADI NG ABJECT- ORI ENTED COVMPUTER PROGRAMS The inventi 0[11! R
rel ates generally to\nethods of and conputer systens for | oadi r”g.qMAR 2004
obj ect-oriented conputer prograns. Mre specifically, although not 5
exclusively the invention is, concerned with, object-oriented prograns in
which the code is- provided in the!: fgrmof class files) each containing
a plurality; of methods. A well known exanple of an object-oriented
programm ng | anguage is "Java" (a trade mark of Sun Mcrosystens Inc.). A

- Java i npl enent aLOADING @BJIDCTSORIBNEEDSOMPIA of t war e
application consisting of one or nore classS Tl : e cl ass

files nust conformto sone version of the standard Java Virtual) Machine
Speci fication, aspublished) by Sun Mcrosystems Inc. A class file defines
the data, and !, prByra¥Atiodcreiatey geraraliy to mqjhmdsiaﬁhrﬁircorﬁbaéﬁsygtén@'fPPOUQh
there is songaft Bg]fe;:{_ggeq%ge Java Irg)l ementation, can conceptual l'y be
di vided into two %ar S: FHVRICTPrograms v dYipieespesifidallyThithongta@st t he: .

cl ass: §5il esexldsiox§Chak [ jops.contai ned within theme in a way
whi ch. . conf orms 1o Zonquggx?g?noir?%@cg@ndds‘g% ,Je"?ﬁof‘teﬂﬁgl M9Emme in which

Speci fi cat i dtheSeode isf prioivided?fh thes ForHe bF RN | Lthin a ¢l ass may
refernece the data or program code of ot %?q‘g?%?s*‘gg%mnwm ‘E@ﬁ%ﬁﬁges

“such rel ati dRS %’§~ bet ween cl asses. The Java dass Library. This is a set

of predefined cla ses,%h dat a aEd pro%(am- code which act in a_ way
conformng to SurfsVIAKIAWIEEXample of an p J@p@ciehtedqubgmmﬂi'ﬂ%%d%'uhgéﬂi%’
.cl asses- coutygvhe(d 1 . .other than as real claSs files
Tor examle v ROk S RBRns B VR dmplergentation” s ch
case tHe JVMoftwireaysiche wHicth aIléfv@raeéb‘iﬁfar ]Yéﬁ 004 tao their data, and
program code work in the same way as re er':l'.éliu’ges_“%1 ?ﬂ“ﬁb“’g‘é‘g ijvﬁﬂec‘h" more
ori gi nat ed fGlass filesitocheisen. f These class files must conform to some version of the
standard Java Virtual Machine Specification, as published by Sun Microsystems

Inc. A class file defines the data and program code required for a particular

class.
Althou_gh there is some interaction, the Java implementation can

conceptually be divided into two parts:

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

instructions contained within them in a way which conforms to some

} version of Sun’s Java Virtual Machine Specification. Some of the

‘ 20 instructions contained within a class may reference the data or progrém 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 co'de which act in a way conformiﬁg to Sun’s Java Class Library

- Specification. These library classes could be implemented m ‘som'e’ way -
25 other than as real class files, for €xample using the C or assembler

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



The programcode in a_::class file is, in an instructionn, fornat: y kagg ﬂml!
as Java bytecode (JBQO" or sinply as bytecode. Each iet hod in]the1 é|

has-- its own 5 sequence of bytecode. The bytecode for a_ nmethod consists
of a sequence- of JB instructions..., There are two schenes which JVMs
use to execute the bytecode: An interpreter. ,In this scheme, the JVM

. contains an. interpreter, which i~ a piece of program code which executes:

t he bytecode by ;| oQking at each JBC to instruction. in turn, decoding it
and per f or r ni ngto thedr date and promramncheid voorkiih Mgéﬂe%@?f&?&%‘é? | 5. Lhe
si npl est toirrplilérrvalﬂtﬁ.its i sadvantage is that it ©s stonelot Kaflasss
alternative, sincec 'Hﬁ‘.n emdeal ¢lass filesr preter program are required to

interpret a. si i ucti gn. .cqompiler. In this schenme,-the JVM
converts the JB@F%@%& :agﬁé e Cﬁ'f‘% ﬁ@. 1§ 1B Ancifstuction formac RhownCadRiva

i nstructions byfetwydet @BE)PYr & ' r ati ye machine code), before
any exeguti on, startg. ‘Rhgﬁsn?%@g%egﬁ!{eg&gh?aﬁﬂo@?é‘ﬁfidﬁdbefClﬂSSahama'tshod’h t he
conpi | e@ naciseqeenxedsf byteende.UThe bybédo l .S a ti over head for
the initial (j%@l latign fromJB 01°i ns??ﬁgg 4 ?)Hr%??oed[ SOHWF‘HI}EﬁeS%E@CG of

i nstructions IMsHYGHANS.hi s may |ie done: during"the preparation of the a
licati h pp on 'i'ﬂt er than, when the. application is started. Once the:
conpi | ati on has. BreATe bwpsshermes whigheJ Mhl@d'te epequl¢ the Bactedeuns nuch.

o Riaie R o RN N M SV I M
i ‘(‘jﬁ{) -in-t e COpRect of prégthrh) codewitlthidkebiis M B3RC6de by locking at cach TRC
10 instruction in turn, decoding it, and performing the actions demanded by it.
While this approach is the simplest to implement, its disadvantage is that it -
is slower than the alternative, since many steps of the interpreter program
are required to interpret a single JBC instruction.
e A compiler. In this scheme, the JVM converts the JBC instructioris of the
15 bytecode into machine code instructions understood by the CPU being run
on (native machine code), before any execution starts. Then, to execute the
program code for a method, the compiled machine code js executed instead.
There is a time overhead for the initial compilation from JBC instructions to
machine code instructions, although this may be done du_ring the preparation
of the application rather than when the applicaﬁon 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.



t MAR 2"k Sone JVMs use-a conbination of the two schenes. where; eonly -- ,
program code which! ™y s being executed many tines: is; Conpil ed,'lapchém ond
rest is: interpreted. -Linking is.--the process: by which a reference
one class C 1. to another 5 class C2 (or data or a nethod! in C2) is
resolved! If C2 is not already. |oaded" 3 is | oaded,. and conpiled if using;
the conpiler schene, and itself |linked. " Then the reference in CI to
(or sonme itemof data or- a nethod in C) is nDdlfied such that there is

now a direct poﬁ@lnerJVstmtaawembm”anGB o tHRetwg U”' s Java
Vi rtual Machi ne ﬁcl fi, cat| on allows fora rangesagrﬁl Nk ed'e ory b PIOgFHes
Static |inki F@

Whieh) és Wmcunedknmgyotmwsl isClcaffpfedOf
appl i cation. nths %ﬁrfor med when the application is preparaeép%tml %esgc'ﬁema
is:: typical }3} when an application is, enbedded permanently - iii a

Cevioer DYDa LIRS |40 B pHATS (e oo s 1 o

t hod i t hi clag@)C2~ | oaded the first
e 8 JBC | netruet fon (o ) Tened T rert O LFER SmpE lrpaselonded, i

(or, sone datSa oaudcémrcd compiled if uyinghhe c%pxlé sehéihié! tﬁfﬁ(gg‘gf ?g@ ahh'ﬁgn’
Vo)

when a partl nmet ho&lof a artlcul ar class is I'n

particul ar ¢ geﬁ;rgagﬁ He rfﬁﬁ% ormmmmajfrdawyr benéthsd ﬁ&?@fzg Ppi]&ﬁﬁ% ass

the required ent, then "the class -file’

must first, %‘g&ﬁﬁl g]%ﬂg rbqrﬁ? %I IELLROIPEEE to whatavsr in ERaspeimgfreifted @, sk or .

froma network)Sun’§ijaks | ed.~into t e JVM Then; the required
f_,mat hod can be found i dy ék%%ﬂlgév%etc%‘iﬁqops?l O%% IREtahsanges of lildng! ass:

Oncel@ he rschemesd net hod has been found, the Java bytecode of that
method executed! until a return is encountered. wher eupon t he net hod has

ended) and. torﬁtﬁm lmksﬂg”efhﬁ redirtgand dinkinpy okl Ghsseh& gt z{b%?icaib‘omt hod
i nvocation, can a m nated by an. n 1S )
per otme w cn e apphcatlon 1s prepared. This scheme is typically used

when an applicanon 1s embedded permanently in a device.
® Dynamic load time linking: Class C2 is loaded the first tlme another class is
15 loaded which refers to C2 (or some data item or method W1th1n C 7)
* Dynamic late binding: Class C2 is loaded the first time a JBC instruction (or

its compiled equivalent) which refers to C2 (or some data item or method
" within C2) is e‘(ecuted

In operation, when a particular method of a particular class is invoked

) | 20 the particular class required may or may not already be résident 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 contro] ; 1s retumed to the |

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



1 MAR 2Q exception being thrown which ins not caught in the nmethod,, Figure

1 illustrates a typicyl prior art. inplenmentation in>which the J 1\4 m@em;
_use of a JIT conpiler. The JIT conpiler~ 120" takes the: cl ass by e,c

110, just before it is to he used;, and translates it: into native code
130: ready for 5 execution on a specific processor. The remains, 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 runni n@xcepymlmg:thm%whmh&slﬂat @éu%hli‘grrth%l @@ hat may need to be
referredtomcl iuﬁlglﬁ things as the ata fields and the
const ant pool . gé"e ﬁféteﬁlanﬂylpml|p$10mfa¢ﬂnm;§lbﬁiehf&?‘i@hriﬂ HﬁhltglF Ssi bly

ion ' 1sb n’éPMS

some or all t| on occurs when the applicat
prepar ed. Ow@%kgggf%%?gﬁ‘g - clhasd T tomapiler 12Gtdkesahe 'cléss I@?% 3 dﬁy
a

remain in  NEN®IMsSHef; t n refer to the table
fields and the Jconstgi{ﬁa%o? IBgls—'lség’r (ngPS} ﬁ@ﬁrﬁam&ﬂatlvﬁ/podmlmorreﬁ gt JWM

i npl enent at i execution:on 4% au i or A 'se'rver 210

mai ntains a t?llﬁgésnsigstty;rgm 20":15’;3?in ﬁﬁﬁgl ngjﬁgﬁﬁmBWe%fl‘bé Jasst HO (err possibly
cl asses that €Y ey uhe eliiss mﬁrm r 230 240, ~Wthin
the: class s ﬁf(}l sy Sho )oye pi (s:;dlv'agl g%/lg B giggﬁéglﬁy dBfiasf ﬁhﬁg“atlve
within-it a. Orﬁeelr shqpid pee tnquum ltrvdnlmdﬁmlri’ng]‘ picalP, e YShiRlOF
supplies: thQassCidpsn Bk&fz %% as necessar Yy, acr 0SS’ a, g@ ° the
communi cati ons net work gene?% ?TB‘F‘E&I é’éP ude mmmgs asItheniile. $B88aR40-

In this. exields andt iR PoREaT :t v different types
-nanely client _type 1 and cl f@n‘?‘ tiwg té% g/éﬂ VSCCEatbh b)‘adirkga addi ents

"mai nt di%hs i ROssibly sBMer esphaifl thel aofggﬁatmoca&g%h%{gw a @ compi | & the
e

recei ved class fil.e &11 to, its own version Vi ‘2’33152hgngand
to store thdleP#fefly s B%agﬁitli the engimal stags 61118%8; %Mofl,@ 1aqdi B' an. .and as

previously ¢g Qb BP referenge to gure remai jaip g o
class file 211 E) r pOSSI S Dglike code can. r@qu@ ttiel @bleniof|data ﬁelds and the
constant pool.

Figure 3 tllustrates a typical prior art JVM 1mplementat10n in a

15
multiprocessor environment. A server 210 maintains a class store 220 for

holding the bytecode of the various classes that may be required by the chent
processors 230,240.  Within the class store 220 is shown a typical Java class
211 containing within it a plurality of individual methods 212,

The server 210 supplies the class files 211, as necessary, across a

commumcatlons network generally indicated at 250 to the clients 230,240,
this example. the processors 230, .240 are of two different types —

type 1 and client type 2 respectively.

In
namely client
Each of the clients maintains its own
JIT, respectively 231,241, enabling it to compile the received class file 211 to

its own version of native code 233 ,243, and to store that in its own native code
store 232,242.

I
W

In ‘addition, and as previously described with reference to
Figure 1, the remains of the class file 211 (or possibly the entire class file) will

remain in local memory, as generally indicated at 234,244, in case the native



remain in |local nenory,, as generally indicated at 234, 244" in case the
native 11;1 MAR 2004 code 233',243 -should need to: refer to it- Wﬂg@ﬁ% 04
running on the local processor. In an alternative pricor* art arﬂa @p '
not shown) ;.,the client JITs, 231,241 may be maintai ned on the ''server
210, with the, conversion to native~ code being done there rather than
gat th 'clients- 230,240. 5 There are several . di sadvantages with either
prior art. arrangenent. Firstly,. in each case; a |arge

~ execut i on~enwiode 23824 3i shouRimkdded r@ e. clients. In addition,
either the Java class file 211 or th&eﬁgg{]‘fv\f}iel?m\}g‘}lgg8H§E?g‘?>°,a£@80%ﬁ88mg wth

the class f |le rdhaimalesmine peiod 40 deardeansa i rgss the
comuni cat i 0?4&%’[ wor k 25" 0, an(ge?gnai n i‘nr'ige?ﬁ%?n@toﬁer}rlg?@ %fet ﬁi‘te"hHH%ach

10 is unsati rgf‘ab’nbfbfrb?éf@ﬁamgd parthe sehar| 210, iwith g eV &Xtarllo \ﬁ%ﬁel ess

client. net C - mobj,| e cel | ul ar ~ phone -networks, since Eh
.class files \grggg%f:@ J&éﬁ%ﬁgeqegptj&r tg&‘bé‘r‘é?ﬁbetﬁs 230f240st aspect of the

present 5i nventi onThagy ek S i nmet hod. of | oadi ng an obj ect
ori ented' conputer program Sce(q)ﬁgérqi gﬁ%&%‘?tﬁé?sar?i"“ﬁSelglfdeppﬁbvmed!rhmgetdiéhtf orm

of classes edatstlypmt each cqsepahtbicoékdoiti s. . the met hods conpri sing
conmpi ling a method of the cl asisucgl’ nt o@gg{lrpl g@%malsamu“ﬁ |2 gach efitheode,

ready for ex&HERtSonin additiom either the Ivaeiugsr i ch. . NOt. .
necessarily; .al so hol ﬂ?ﬁpro ram code of the fgg?gmtgf\gﬁs%s.ﬁ&.“%ﬁ%ﬁ%%sl%,3,3’243

al though nof" nrgeg'é@s pka.gs Zﬁ]'é HeaaRs 23424 4breedefd BedrahsmittedNSli s
class file, | i | i nyention provides that the' execution
_envi ronment ggrél\sfmrﬁng%&%esc%@%l{ ?50’ ﬁ?‘zﬁerﬂ@édmt‘dlqﬂbmmm.ormghm&ppﬁb&qﬁ

‘file. TBe pragnmsatsfa@ory 9A" SE@REEN 1. 0ri.ginal class and/or class file
isin the present i nvel;l}{i onﬁnot -é’e%ﬁﬁ@l % 'gl HG\NCPW@XEd?ﬁ)WlédesS)at&ienb run

in the execOeMkesuchoasmerdbile2belllat HhoRE Sh & diggen mpi | ation
proceeds by ﬁﬁ)tv% step process. In thtemfi rst stoggs,’%(giﬁg%d:ﬁ%sn%‘gﬁdéﬁ(for
t he~exanpl e ac !?'t]é‘E%de of the class) is translated into virtual,
rocessor code whi t instructjon set of a. 11 MAR 2004

P A%onléﬁr?g td § %rst aspect of tﬁe present invention there is provided a

method of loading an object-oriented computer program comprising program

code provided in the form of classes each-'containing.a plurality of methods, the

15

- methods comprising compiling a method of the class into compiled code and
holding that code, ready for execution, in an execution environment which does
not ne‘cessarily also hold program code of the said class. Typically, although
not necessarily, each class will be defined by an individual cléssﬁle, in which

case the invention provides that the execution environment does not necessarily
also need to hold the original class file. -

The program code representing the original class and/or class file is in

the present invention not required to allow the compiled code to run in the
execution environment. ' |

In the preferred embodiment, compilation proceeds by a two step

process. In the first step, the program code (for the example the bytecode of the

class) is translated into virtual processor code which uses the instruction set of a



virtual processor. |la the second step, the virtual processor coe’e., ‘
translated into~native code, which uses the instruction set of "a r%@ﬁ.,zum
phsi cal processor. The invention in its various aspects inproves menory
" utilisation by dispensing with~ need for the original class, file, to be

held in nmenory-, in case, 5 it should bg needed by the executing
application. By using the~ two stage translati on process descri bed above,
“application programmers. can design program s in a high |level, |anguage

~(such as Jawajtualptdvessorhy thedsebondolehYit he typically |arge size of
the Java cl ass fi},\gs. The inventei oﬁ&?‘ﬁb?&t@b‘g?‘é‘?&f’?°§85%gﬁ @IS rapslated, :

appl i cati on tBtGRAWYE eede, which tseghhé msetuctiBAREY o] sine. 1 rogr anm ng
| anguage such, as va, While, at the sane ti neOfg?%’o\/éﬁr%lﬁaﬂgr& %52)&1 t ant
programto be run w' HIVSRHAN bits vatiews aspeatsl inifrootdiefiory ulilltstides

. ) 2 X b
particul arl ydlll-glfef he appligcation, is to be used Tn an e Sdded
system such: 1ae ‘é*n(g‘a Z@a{hﬁpge,djﬁw bPriginghslass file babe hbld ifl rReBHL, 6 caseO! 2.
gamnes- - donsolieshoul%e ﬂé&&@@w% e{g%*igg aﬁﬁﬁﬁﬁin cgnj unction wth’a nunber

of different 1.51 |inking sthengs, . PYiusing thaktwogtagdy nami ¢

| oad time |i tdansiatimdprodyssaieseribedt £hdvieNsh cording to a further aspect
of the invention there! i5 provided an’ gﬁcé)l%p@lﬁit%g)rﬁgﬁxg‘ﬁﬁscﬁml@é@ng an

obj ect ori enPEBragdRA Bighgeve damguagegsich Maﬁ%@@itﬁé&ﬂa@ﬁ%%nwaﬁg or m of
em N

cl asses each coptaining a plurality of methods. t syst about
an~execut i on%%&fpﬂﬁﬂhé%ﬁg%ﬁa.eogﬁ'} vastasalfiles.t The dovanition ia its %ﬂ%ﬂ%dOf the
class into cogmp! 5 1o . hold the conpjled code ready for
_execution. in%gﬂgyg%ff%ﬁﬂ g‘ﬁ@/ﬁ%ﬁﬁ%‘tmﬂﬁ@ ighdavelonemony-imemsvé  not

tnecessdlily ptegrahfhifigian rsAth s Qfpth—-.said class. Accordihz to yet
a further aspect - of thgt1 i%\ﬁ/%%ti on%ggaaé%}gi‘{]ﬁ?%isag’& tme aljpwing thet ed

conput er sysieswlt@shprograintg be rapmwidhinial dxSRIHAIY] @ Vig a, . .
transni ssi on g&g{‘}ﬁ with ~a pluralitv of Ci ef?tSﬁge]vifgg{sb,rméacihﬁd?!i ne a
respective B hn usefyl phamihn appicationdsito bgased ﬁb&rﬁéﬁxb@%&é?ﬁé&fkﬁowpm er
program 11 MARp 2084 eg&ggﬁé Sai N9uAL ogr am code, provided in the form Of
cl asses each contal hi Ng » a moblle phone, a hand held computer, or a games console.

- The invention may be used in conjunction with a number of différent

15 linking schemes, for example static linking,

dynamic load time linking, and
dynamic late binding.
According to a further aspect of the invention there is provided a

computer system for loading an object-oriented computer program comprising
S c

~ code provided in the form of classes each containing a plurality of methods. the

} 20 system defining an execution environment and being operable to compile a
method of the class into compiled code and to hold the compiled code, ready for
execution, in the execution environment. the execution environment not
necessarily also holding program code of the said class.

According to yet a further aspect of the invention there is provided a
25

distributed computer system comprising a server in communication viaa
transmission means with a plurality of client devices, each having a respective

execution environment for executing an object-oriented computer program



plurality of nmethods, the systemincluding: (a) nmeans, fors conpili nﬁ

the:: program code intoyconpiled code; (b)~ neans for-selecting f r1"‘ AR 2004
execution on~one of the client devices one! 5 of the ‘méthods of once of..

" -the classes and (c) neans ~for transmtting conpiled code fromthe server
to the said) «client device wthout nece§sari ly transm tting program code
of -the selected class. According: to yet a further aspect of the invention
there is provided.,a 10 conputqeﬂr system for |oading, an object-oriented
conput er pr oGOMPIEORY Pregram cqrtey pravided dethe! fRK .t he form, of classes
each cont ai ni 2&??. gl rr ality of nethods int o@é‘hgﬁqﬁﬁdasg?%%}“&rc%@lamg #evi ces;
the devices & : R H}ert\li‘?fgfvﬂéﬁsysé@pencliudmgexecuti on environnent, the:
system conpri sing, ( ns for conpiling sel ected nethods of sel ected

It] asses into‘lS,q(% :Pﬁg Sc‘f‘}E]&P"},quHW)emamtode imadonpiledeoaempi | ed
code, ready for exgyputif@ng i} Qe ?Q .especti.ve execution environhents

wi t hout necessarily |oading pr o% ﬂg(g SChtien pRene péthe clientelevideg BNt S.

The invéntion, in this ofshe fiiethadd %%%E%E%agéogram to be nultiply.

20 upl oaded into a plurality of in vices for exanple

nobi | e phones. TK® com¢dnsdor tdasmitting coh Lt o the phone-
menories wthout any nged for, the ori gi nalﬁgpggggﬁohk%sﬂgﬁtgﬁﬁﬁﬁ code

to be upl oaded Accor di FeRbdgiee Mithous speassarilly tanemiptie: ' L QR t here
is provided la nethod Qlf cleﬁacq%,%g an obj ect-oriented cgggé’e@%%ggm&m
conprising code provi de§eieqd e formof classes each. containing a

plurality, of! metAwedsding 6 vet Lncl udin v%% . selecting for execution
~one of the; methods of o%e gF ?Eﬁ@%gass?gé;oﬂhﬁgt 2IP"éékﬁfﬁgS provided #cted |
‘et hod10i nt ocamputessystennfor loadingam&hjedt-Hddid'Eomputer program COmpﬁ;ing

program code provided in the form of classes each containing a plurality of

methods into a plurality of client devices, the devices each containing a

respective execution environment, the system comprising:

(a)  means for compiling selected methods of selected classes tint
15 compiled code; and .
(b)  means for lqading the compiled code, ready for execution, into the
respective execution environments without necessarily loading

program code into the execution environments.

The invention, in this aspect. allows application programs to be multiply

) 20 uploaded into a plurality of individual client devices, for example mobile
phones. The compiled code may be upldaded into the phone memories without
~ any need for the original class file or the program code to be uploaded.
According to another aspect of the present invention there is provided a
method of loading an object-oriented computer program cémprisino code
25 ' )

provided in the form of classes each containing a plurality of methods. the
method including: |

(a) selecting for execution one of the methods of one of the classes; and



necessarily loading, into the' execution environnment ~the whol e, O‘L ‘the- .
sel ected class. The nethod of the invention, provides-all of tht MT'QQM
features of the Java Virtual Mathine (JVM), but witH a substantially
reduced footprint conpared with conventional approaches..... Inits --
preferred form the invention provides figre : granularity bihding/linking,
| oadi ng,. conpilation and transm ssion across a conmuni cati ons network.
More speci ficall y;(bpt{;gﬂgranm arity is at the 10 nethod/tool |evel rather
e

th h ant e class; ing thenselectad anethedtintain eljcReibn eAVirERL; t ens.
hough not excl usi vel yn eap%ﬁlﬁ%ggﬁ gx@g}l-{ma

The invention is partjc Iar.Il a(i. .

Java Virtual Machine "(e&g/ﬁa}" éﬁ% 1B& B the: exprutiomemvitoroment pho WS of 9he t he
entire ranee of JVM lsiemgt&Pcl §schemas narmely'' static |inking dynamc bad
time linking: and dynam c atae "bi nding: Specific fields: :of 15

application. for pFief gretiast Qﬂﬂ%did%ﬂiiﬁnajr?{/{bg%gn\slgggh% ﬁn i ncl fude Wi rel ess

communi cations (wireless: client networks VRanicyteaiurps of ithenot

excul sivel y #awa| ¥igeall Machipeo(l/MOf itk Svith al REhd i may al so,. be
“applied to other en&edg_ﬁd. devi ces prefer abl y anregtﬁl\)/\%%gd@&l g?di\?Féeg‘?OtE{}Bh as
(wi t hout | i nFPHRABHY WHEheREntosahgppreachés. games, consol es, caneras. or

ot mese e sy Bp DB IRt e o e s gy b
vetvor o '« CHASPEIBICEE TSR BBl Wbt oo o
0 ! el as with conventional object-
oriented systems. The invention is particularly although not exélusively
applicable to a Java Virtual Machine JVM) ehvironment. The invention
provides for the entire range of JVM linking schemes, namely static linking,
dypamic load time linking and dynamic late binding.  Specific fields of
15 applicatioq for preferred embodiments of the invention include wireless
communications _(\'»fireless client netwqus), and specifically although not
exclusively mobile cellular phone networks. The invention may also be
applied to other embedded devices, preferably networked devices. such as
(without limitation) hand-held computers. games consoles, cameras, or indeed
) E 20 any other type of networked or networkable device. In one embodiment the
system may consist of or include a wireless network, whereas in other
embodiments it may include a private or public fixed network, or the Internet.
Where the client devices are not capable of wireless communication. provision
| may be made for them to be coupled to the Internet as required (for example via
25 a standard rnqdem or ISDN link). In such a way, the invention could be -
applicable to a' wide range of embedded devices, - including for example
cameras, televisions, washing machines, motor vehicles or indeed virtually any



applicable to: a wide range of~I enbedded devices,, including fofal MARmphE
caneras, televisions, Wwashi ng machi nes,, notor vehicles or, indeed
virtually any: 11 MAR 2004 ot her type of conputer operated device that can
be :conceived of One advantage of the invention, when:: applied to :
...wWireless client net works, is that i9i i each individual transm ssion::
:(of -a: method tool);; is O ii a significantly shorter duration than

Wit h, ~conve|81'tﬂ'1%r}gl ﬁ‘S?iStenB it : vhichi~the entire 5 class file has. to be
-d! bwnl oaded.” THi 'S PFOAFSMPHIRT qpesatgdidavide thatnandercodesiseigt need to keep.

the virtual circui etwork open for long periods: Each smalls
nmet hod/too to be: C?l?eaggfsdn‘%ta B?‘gg ggﬁtl?q iR&eRdemr yhen appliedd teli Hireleg8t LientTn

addi tion, theaetwarMissihap &khsim: iscrete.-chupks of data nmeans that
| ower redundancy and error %’gr @A’ﬁ%’? tf@sFBﬁ%‘?“r Qaf aTmethaditbobn is o a

network can significamdiyosteorter duestisieth unts .than woul d be
expect eg ner e| y %eﬁ consi derati on ﬂwﬁﬁgbﬁg‘%‘,‘?"{‘sﬂﬂg@&é}s 1p Jyhuch the entire
d Ay

preferrad foFtAse thbe dawindoaddedt | Thismexn ' r use with

obj ect -oriente Q(gg;put Eié pr.ograns -that. ar e.sq?gd [Eg%g{a@r%lkfbé‘&w??'a&?f’érnqthane
i nt erpreted) g‘?u °EB 8% & ?lo?iICQAFﬁeﬁfthfeneMlempémlfoﬂ ®n %o‘dﬁ the

cont ext of as%ll%%ﬂ*dd‘%db?flo gg uter. s sterrt the 1 ndivi dugl t hods ﬁ‘By: be
‘conpil ed either. betore or> artesPHEed cap aefessary bsgouted:differmtly, t gnt he

client devi cedditiohetidtransmhiSid 00 i des the prelimnarv Step of
translating the: cl assessi %gd;&ggﬁfﬁg ft(i;flg%%#e \9ﬁ‘r"f}i§a9fp d&eags thatdomerwhi ch

use the instFestmdsncy endoérror aosrettionis FEQGRSEON - the' step: of
sel ecting ong}eof tthmat hods, for 20 execg{tﬁi on rrgllgpﬁgcq Bagggéfeéwpfhg’abne of

" the virtual oetore be redused byveegreatsrimounttthen 0RIEBE explited PQSVW sed
system eit h@énﬁﬁéa}ﬁhﬁto‘t‘?%gr octressgé tools may indivi du%l 'y ﬂfe a
transmtted across e ShornetR transienmtese| i ent device. or alternativel y

the individual vild #8bréfeaes first. be conmputed and the
native conpiled code transm ??gg’ gé&?@s?ﬂﬁﬁ%.’s Wé?ﬂg?ﬂy applicable: formsenvithin
further ext ephisct-otientedopmipaters 2o emAdaRt 4k 1 B8 Lompitta Cather hod as

previ ously de%cri bteg. ) ) r than
nterpreted) prior to execution. When the invention is used in the context of a

-

15 di_stribut’ed computer system, the individual ndethods may be compiled either

before or after they are sent across the network to the client device

Preferably, the .invention includes the preliminary step of translating the

classes into a plurality of virtual processor tools which use the instruction set of

a virtual processor.  Then, the Step of selecting one of the methods for

20

} vexecunon may include selecting one of the virtual processor tools. When used
in the context of a networked system, either the virtual processor tools may
individually be transmitted across the network to the client device o.r
alternatively the individual virtual processor tools mayv first be compiled an& the
native compiled code transmitted across the network. |
25

The invention further extends to a computer system adapted to carry out
a method as previously described.

The invention further extends to a computer system for loading and/or



The invention further extends to a conputer system for |oading and~or..10!"!
executing an object-oniented conputer~ program conprising codg Tbm;yi m in
the form of . classes each containing ~a plurality ofnethods, the- system
defining an execution environnent, and being operable: to select for
execution, one of the nethods of one of, the classes, and to | oad the

sel ected nethod into the 51 execution ironment w thout necessarily

| oadi ng i nto~ the execution environnment the whole of the selected class,;

Accor di ng t cexeoutingean atpjestioritntdd BompBYRP i e i.s. provjded a, . .

di stri but ed 31%3 ut eafs stem cgrrpri Si rpgﬁgtpgg \?erg{)ﬁpﬁlgmu?ﬁd@al’rioé’meﬂ Hna
transm ssi on tlasses gacarcntdiningfa slhi Heyd , Vi Rg.a
respective executioh environnment forgexlselcua?iim%g anétggﬁéé}?%{%ﬁtdgg%%puter

progr am conpi SFRGURPHENHFRMeRiRNdrbaing operablead seleas S(ﬁse)@@ﬁt’ibrpeﬁi@e drmdg a

plurality. of, { hed t sysfemincluding: (a) nmeans for selecting for
. execution, o%‘e%ée&: %gf&?%eor}ﬁm eﬁ{as%f’éviaééstooﬂ\@adoﬁhe tshlectedt hetisod fineneheof t he
cl assess andeddrhtion) Al he,: cted nmethod into the execution
envi ronment in the sa{ﬁg cl?lfgee&r%t qﬁ@\%ugen&fets‘w ﬂ@é 88ariptoy theadixagutiort o
the~~sai d exewvitommenttheiwholeRf te delted/Mhql e of the selected class.
The~i nvention extends not only to nethods and apparatus~for | oading,

obj ect oriented cé®sarding pioo another taspeatl 60 the, inveRidhO ¥erd | g&ﬁ,}&@& us_ for,
rans, bjnding such prograns:x executing such prf ogr%ms~

conpi ling sugh pro
and transni t‘?ﬁsﬁgb@gghc?ﬂl{?ﬁ%nﬁ’s oX¥BpIIsing: caserver ain GOMMMELivAIdR via a
Finally.-- t i i e nds w ~3g. conput er program for :
inpl enenti ngﬁﬁnaénlgiégﬁd ?ﬁgﬁég‘gﬁhﬂ%ﬁlﬁaﬁ%’tﬁd&m ¥ichHcagh having a eespoctive on.
a, datd) cagxdottion en®irsemeiit F9E% i tapstreamrepresentative of a
conputer, program for carrying out xfﬁfeh:n%dg@c%@é&‘”ﬁﬁtﬁ‘i&ompmef program

- comprising code provided in the form of classes each containing a plurality of

methods, the system including:

(a) means for selecting for.execution on one of the client devices one of

[l

the methods of one of the classes; and

15 (b) loading the selected method into the execution exivironment in the

said client device without necessarily loading into the said execution
environment the whole of the selected class.

The invention extends not only to methods and apparatus for loading
object oriented cdmputer programs, but also to methods and apparatus for
compiling such- programs, binding such programs. executing such programs.
and transmitting such programs across a communications network.

~ Finally. the invention also extends to a computer program for
implementing any of the described methods whether or not embodied on a data
carrier. It also extends to a data stream representative of a computer program
for carrying out the described method. |

[ ]
(¥ ]]

It is to be understood that, where used in the description and claims, the

word “code” includes data where that data is part of the program itself.



It, is-to be understood that, | where used in the description ?nfcfz*'glrﬁb;
the word "code" includes data where that data. is panrt of the'p §
itself, 1.11. | MAR : 209A Accordingly, but without Iimtation',: the
expression "code"includes such things as constants variable nanmes and
,types; flags, pointers, object nanes anglso on. The invention may be,
carried into practice in various ways and one specific enbodinent will now
be described, by way of exanple, with reference to the acconpanying '

drawi ngs, in, Abderdifdlewue with : c at i on_of onvent i onal
JT co?rpi ler withi n"gg Igi gu'r“gmgu |t F?ggﬁiﬁﬁé}g@mgﬁ(\%%{a Sgg‘@‘?%ﬁu&ﬂi tbhngs

process-of t haspanstants dariatdernaniesand typesf flape pl@)ﬁrﬁ&@mbjl:&‘fﬁmfs%d QQ?OE gure
| iTTus

3 shows a typical '_&'lri_or yart client/server system Flrgure rat e

the operation of thENGieaHPRMaYhedcarsied ufto tpractidenice vhiious Wiaysi And one
client/server i’)éstﬁa% 54 urF 4a il stratﬁg a variation of the enbodi nent,
shown in Fi gur®eiic ¢nBefitent will powy Be desarhedopy meayiafrexample, witte seference
inventi ok W t RyRha '}M“w a-aFigure 6 illustrates certain
aspects of the trar?g?(g? 0 §%lr%hvﬁ§é%\§%§@1f% i nternedi ate: virtu, al

processor code ' accPigdienDilhtrhi?s thé 8herakisf o 'ng-s f C Lnventi.on;
and Figure 7 illustrates, schemati caFI y 1 ﬁe pr e% erred‘a?ggéfg%ﬁlpgﬁr B‘f‘h{lﬂé

~ present 20 i MMLion. Figure |I. which! has been described above. shows the
way. in which ~a JIT.. conEi,I er wwthin a JVYMtranslates ,from

processor-i ndepenpleﬁg“{?y dlysteates, thg,_rtmq;gtgg«; tersktide rprooessi of tieo Grefepred
omine of i t nerpbBihd oBRTRERRE invrbion,“an: T Bty 25 of (he class}: has
~.to be retained i n,ﬁ'gﬂféfysﬂdWsC@%iéil‘iiﬁor'&?ltél}é?{t/sérggresy% c:?n;ShOUI d)
: Figure 4 illustrates the operation of the preferred embodiment of the
invention within a client/server system; v
Figure 4a illustrates a variation of the embodiment shown in F igure 4;
Figure 5 illustrates the operation of the present invention within a
15 wireless network;
'Figure 6 illustrates certain aspects of the translation from bytecode to
intermediate virtual processor code according to the preferred embodiment of

the invention; and

Figure 7 illustrates schematically the preferred operation of the-present
20 invention.

,,.,v.‘,_\

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 particulaf processor. With

~such a prior art approach, the remains of the class 140 (or possibly the entirety
25 of the class) has to be retained in memory in case the native code 130 should
need to refer to it while running. The preferred embodiment of the present

invention, shown schematically in Figure 7, takes a different approach. Here,

-



need to refer to it while running. Thereferred enbodi nent of the g gs gg
i nvention, shown schematically in Figure 7, take's a diif 6erent :aZp@ o004
Here, 1 fi:.VAR 2004 112; the class byte-code 71Q is-transllatedl by
~al,conpiler 720 into native code 730. The conpiler converts all of tihe
necessa parts of the originaiclass |hvtggode File into native, including;
any data! in..the constant:pool'. The native code 730" is conplete in
itself, and (%g?efmgsosgrhgne;gm%(l)@r_efer to any, parts of the original class .

5 when it is, . ceotpi/ Hens T20slatedhisy af €ikpilé S

schemati cal | y]mte) e arrow 745 di grd trﬁ% ?rolippr ?ﬁgl Q@&(‘E% 7?@ t he

entirety of t JS??‘KBBE%FOEY%S*‘ Pptfﬁ@ ngoessaryparts \of thB@ripidli d15ds gﬁgcggaey_ be

arranged! o ' : Is i-nki ng, namc load tine I'inking or dynamc
| at e bi ndi ng.q‘{lF:fl ﬁ{r?aly]/ag‘gef’\\l/rgcrl{’alpﬁémgldégimo‘glﬁé@ﬂﬁ‘}ﬂi peal. Tl native/eodzoT) &
al ternativel ¢ feRCtdd b car out the conversion in two
st ages. 5 I r:’;':nﬁgepr eseiﬁétu?iqar?\ggdndt%}g,éfr?,E h?g&lé%ﬁ?;é¥§? 8RY PaBmotiihe exrigimal dlass
native @ode arf érisbrig. tBiecsompiecTigst stages: ,1. Conversion
of the class;; file to an:_ int eir)rredi aotqleS ‘g?%ezg‘gg%bﬁgf‘aﬁ@BgfmwFalﬂbbm
This will beheaEoMedQ to discardrtheahtirerobese et i, ﬂ@@&ﬁﬂ%?& tEYHRLA | tselT
is known in tfﬂ%]ﬁ‘h@'te”ed i npl ementation as the ' jco {rans %}r ass

Conversion fro REMOedi ate VP form' to the native nachi ne~ code..

The converter her | . the "natiye translator''. 20 Figure 2
illustrates in rm?:aﬂlgdéedtrgﬁ 1{@“@?2?%'%85&9 G#F@l datic bpkingodynaminRkfadve

code. The cl timse linkisg ooy nifhic i1ste fHifdihoCNE ! for validity- by: a class
cverifi gh 211. ;[hi s gheckggnot only tlf@hfghdﬁv&ggéiopvﬁvt'gg "ﬂﬁ@nﬂ@?@bs intout
“al so ecks natiye code ou altermativaly, asdesaribRdRlow S £ - .
class_verifier ifinecessary, |oads additional cf agggs ooucﬂ'g%ﬁ‘.’qu{é‘on
external ref 8 BH@SL28nce the code has been checked,: it is passed to the
j code:: transl at og, 2412 . . ' ) ,
n 2tht present invention, conversion from bytecode to native code

preferably takes place in two separate stages:

L Conversion of the class file to an intermediate processor-indépendent
15 form.  This will be referred to as Virtﬁal Processor or VP code. The
converter itself is known in the preferred implementation as the “jcode
translator™. |
2. Conversion from the intermediate VP form to the native machine code.
The converter here will be known as the “native translator”.. |
( “3 20 _ Figure 2 illustrates in more detail the translation from class bytecode to
native code. The class byte code 210 is first checked for vélidity by a class
verifier 211.  This checks not only the individual bytes themselves, but also
checks for valid external and internal references. The class verifier if necessary
loads additional classes to check the external references.
25 -

Once the code has been checked, it is passed to the jcbde translator 212
which converts it, as described in more detail below, into VP code 213. The

VP code 213 is vthen converted by the native translator 214 to the native code



whi |l chi converts it,, as, described in nore, detail belbty, into f code
2113. The VP code 213,is then, converted by:the: nattve transl at dr d%ﬁ

the native code: 11 NA& 2004. 13 230. It is |nportant to appreciate: -that
“ the class verifier 211-, the jcode translator 212: and The VP code: 213 are
~all" processor-independent.. It is only f§hge: native translator 214 and of
course the :final native code 230" which is processor- 5 specific. Show on -
the right hand side of Figure 2 is a schematic: representation-of the

obj ects that <ave! bei ng mani pul ated di icings the translation process The
process starts-wt the class bytecode in the formof a Java: class file
201. which consi fmﬁo‘ﬁm}réﬂrqwre%ﬁterﬁhdt vheludhssnwerigds 202 tﬂ%‘%cb&@de

t | at or. " | t | lity.,
ndi vi dual viTroa mm%@é‘ih?? 51243 sl Prosseaeindsnepdunt.t Betsagy kst | on
to be run a sﬁh%ttrmldt&m@n@o l%} ﬁ}e\fg}ainagmgq;fgcﬁfsor tools 203 which

.Wll) be required, and those se WM@EISIMCS$soa-re
then transl aspdcufy: 1 the' native: translator' into ~ individual native
met hods 204... It js inportant toy appreciate :that the entirety of the

original class : Wi pp ¢hernghi hamtmdmef:lérgaﬁdlhy het he
native transglz‘rfj g&él on f)hose virt uaI pr ocess%?@%éggatg@%gse\&\ﬁ%@%p are
actual ly nee %[?)} ﬁ%’p ¢1ag: manipulafgd furieg tthensimsizibna Pebdeks.i rmﬂeé y~
stored for th ran | ation process is

conpl ete. now ni y eMelﬁttﬁ% é’ﬁgg gy@cf:ﬂ@e mrigsflo azl@\ya dhass filel 200 whivh VP
tools: 203 arcensidtss oérslgstufaliey o Mividu el QR b@?' vi eodc‘%if'leve get hods

204 remain. allow ng extrenmely efficient nmenory OtrfTlis Aranstatef

“the: prl8f er r danslasesdtheedassviitetii he
en\e/i r onrreﬁ[ r ﬁ ﬁg}%SChaesﬁ?é recgﬁ ?pr nﬂg?gﬁ?ﬂgﬁg%&%lh?}s&‘gi%ﬁ‘gﬁ%ﬁp&@oﬁﬁ%ed

with the cor 8 gPoR agplgca&rpprtgabcrrushomlecnom'-ugm:ﬁkﬁof tHbsEI AHOS 4
T B A et s e e
those tools) are then translated by the native translator into individual native
methods 204. 1t is important to appreciate that the entirety of the ongmal class

15 - file 201 1s not necessarily being passed throuqh the native translator 214: only

those virtual processor tools 203 which are actually needed by the application

| will be translated and ultimately stored for running on the client. Once the

translation process is complete, not only the entirety of the class file 201, but

also the VP tools 203 are discarded from memory. Only the individual native

N
19
(o]

methods 204 remain. allowing extremely efficient memory utilisation.

The use of the preferred embodiment within a heterogeneous

multiprocessor environment is shown schematlcallv in Figure 4. This should
be compared with the corresponding prior art approach shown in Figure 3.
-In Figure 4, the server 410 is serving two clients 430,440 (having
25 different processors) via a communications network 450. All of the processor-

independent calculation is carried out on the Sserver: in particular, the server

maintains a class store 420, a class verifier 421, a jcode translator 422 and a VP



i ndependent calculation is carried | out -on the server: in par gﬁb@
server maintains a class store 420, a class verifier.42 1, 1]1 Zﬂﬂ
translator 41,22 -and a VP MAR, 20114 14 store 4231. An-initial Java,,

" class .~fiale 480 ', consisting of- a pl:ura' lity of methods- 481, .is
transl ated, via the t wo- st age process;di;cribed previ o=usly, into! a
plurality of VP tools 482 which are stored within the VP store" 423. The:
VP (pr_ocesso.r- independent); tools! cans then be :'served. individually,

as regiired, stace 4323. t hen ShitiabTaver k] ) t [ \ en The VP
tools are thzg transl ated by the al ng:l?nhg%a s!sﬁﬂh qfdéﬁ’ilfr&lb' ¥H§‘4h

into: nativvadhesieanslatedyin the swonstage pn‘oees@dktsbﬂb&?ﬁr sl§/ Nfild a @fxﬁ.@ggt ive
in e

processors: " {W§) ghz th ods.are stored wt resp
native code £ )% ?FFeStGEQQ withirpthenVp IsmredQBer ThélSVIS

Figure 4,. a e ati,on of  the class files andt eflrst
stage of theidggﬁgnﬁje Pe“"’{% hée’{ éﬁ?ﬂ/&ﬁs??ﬁe@ dngividuallyo is) requited, perdssr tad
once onby' byetwWsrk £ ¥£the inB e -hat transj] ati on (Whl ch-~
differs according to: the- lprg‘gggigggrl% yr;eﬂ‘ Yﬁgaolstaaeb%e n Hapsl éﬁeﬂdlb'ﬁw the

client devi cmdwlfduaemmtumsiatorﬁm 425 %tbaﬂ&ﬁigeﬁltetﬂgdéegﬁ ﬁg 45 ﬁéh fu:eo 1 ‘

supply updated.cl ass at .the, server, wthout

'S~ know anyt?tli"h@l ealb theiforespeetive pram‘essdre. PRebé Glative ﬁtkat@ragsa&h%r
dated cl ass nee to be nded

W sh, toma 0 se c.J] hsses
- once only,, |hthﬁgle Jes §§v§’m"’t€é¥9@8étm§h&3gﬂéa transl at ed' once onlly into

VP. The: VP'i trafp nt, devices. as necessary and the 4
~filial translationi Elugéﬁygt\flf/‘gn }:}E)é(;&r%ll g B‘éow'&atft@ae $uellows theneerificasion | n a

“way whi@h itef drt chass files laﬂdll&l@@ffﬁ@tt ta 20, addition
amend nentito the server or! to: the %%B??la%%ﬁgﬂﬁ?@éo{,rgbg Fﬂ‘i‘Yﬂ%‘oév‘@nVPt hat

a new type ofodq)i tnt ec@lﬁre@ml@ﬂltmdehenlyarb&ethd/\@tﬁ@r r eq%b{)]e%ﬂf)dltfl r@é‘{‘ﬁ an

native code, e.cli acturer sinpliv provides t I en
appropri ate ‘WA%H?R}%“ t Gﬁf’ﬁgﬂgﬁff SIS aARATEINgd40 | the- phonessbr- appetmeels - id hut |
ar nn~manual pé}tf&liﬂ&{lbgcme cRbnd B&lggi)gﬁlrﬁg%éuhwtnhe approach described, it

nis not necessary to townl oaar “R¢F Such an arrangement makes
it easy to supply updated classes at the server, without the server needmg to

~

15 know anything about the details of the particular clients that will wish to make
use of those classes. An updated class needs to be amended once only, in the

class bytecode, and then translated once only into VP. The VP is transmitted to

the client devices, as necessary, and the final translation to native code can be

carried out at the client in a way which is entirely transparent to the end user. In

} 20 addition. no amendment to the server or to the VP code is required in the event
that a new type of client comes onto the market which requires different native
code. The client manufacturer simply provides the client with an appropriate
native translator. and the device should operate without any manual intervention
at the server.

25

With the approach described, it is not necessary to download across the

network the Java class file 480, nor all of its individual methods 481 . Only

those VP tools which are actually required by the individual client applications



‘network the Java. class file 480;. nor all of its individuali gh_f)ds 481.
Only those VP tools which are act ual Iy requiredby; -the individual cNARaQﬂM
applications MAR 20041 1.51 need be transmtted acros the network. The
required VP tools may be either downl oaded on demands (for exanpl eby neans.
of a control si gnal transmtted from hge client back to the server)c' or
alternati veI y, ;may -be transmtted when“the server determnes that it is
necessary. ;. ; In one enbodi ment,, for exanple,, the S server may transm:t

updat ed VP t owed beatranmmsittet hieross the Akt gHkO" a plications
progr am whi ch, , i SLynni ng on t hecl i ent Tll?at q?%uﬁeguiggéjg@e@c’?%magabe eithere, in

away whi ch lé"’él‘ﬂ Pﬁéﬂlfontdﬁmmafmmx ample fby £RENY'BEE confibl llgh'{l’r%ngragl ern

tools nay repre

addition the: 3h ?l tal% i(ranstnltt

or  additi ondfop ekt the senven)henaltarnatiedip sndyobe &ﬁl@nﬁ’lﬂ%ﬂ when }he
application r e run on thel~client. I'n one particular

conveni ent aggﬁgcﬁa}vﬁ éﬁ ﬁba?dggrnecgﬁ%t §nt@en©lnb0djmnafﬂ’om®dahmlé| tllet y in
an appl Scat i gerveraga tandiit avai l abl e at the client,
"the client autonati cygl I 3 t{f;f*#e?n&?s\?pqgc’]gl 3 B“F%Orislércvéﬂ tﬁeqpémelang

t hat .t he nec@pphcg«tlons’fprbgmwhﬁihrdmlﬁ opds by
transmtting the .requestedW. tools whi h are ?‘E #3{1%9‘5‘?35 %‘Fdnf.%l

native form BYNEHB 3 Waywhieh isventir¢lydranspareat oo theZehdAsser. f‘m lsJ ss file
the class ?

480 has been t a riate VP tools 4182, 'Ha be
di scarded fr O%ﬁﬂﬁo@f tﬁ?v‘é‘ﬁ“ﬂ@‘ﬁ% ganﬁ_’lulé@dn 2 toolseatay ,rqfresdnlne“sdr? g{gt’s oronce
t he downl oadegddit R converted into native nethods 483.

4841 the VP tool lsowr%lay, &lgﬁtﬁcar %Fﬁm%eﬁéﬂﬁgﬁé‘) aB repplicatiqgqupro gtamstbows an

L alterndfi ve detrudi orettie thenthi ¢ one AR BhdEakl approach, when the user

attempts to make use of functionality in an application program for which code
is not available at the client, the client automatically transmits a signal to the
server requestlng that the necessary VP tools be downloaded The server

responds by transmitting the requested VP tools which are then translated into
15 native form by the local nat1ve translator 424,425,
Once the class ﬁle 480 has been converted to appropriate VP tools 482,
the class file may be discarded from the server memory. Likewise, on each of
the clients, once the downloaded VP tools have been converted into native

methods 483. 484, the VP tools may be discarded from client memory.

e
)
o

Figure 4a shows an alternative embodiment in which the individual

native translators are maintained on the server. - In Floure 4a, the reference

numerals have the same meaning as those used in Figure 4.

In one version of this embodiment. a full collection of native methods for

each of the client processors is stored on the server within respective native
code stores 432 ,442°,

9
W

Since it cannot necessarily be determined in advance

which methods will be needed by the individual clients, it is preferred that the
entirety of the VP tools 482 be passed through the respective native translators



native translators are maintained, o'n the server:. In Flanme 4a int MAR 2004
reference nunerals have t he sane neani ng as those used in Figure 4. In
one versioniofthis embodiment.: aifull colllectionofnatiive nethods for

* each of the client processors i s stored: oni.,ithe server within respective |
native code stores 432',441,2'. Since ié cannot necessarily be determ ned
in advance whichi nethods will be need "the- i~ridividual clients. it

is preferred: that the entirety of the -VP tools 482 be passed) )through;
thel respect 42,428 i toeptovidis laaterng re},@ng{wv%hg(ﬁ 49?32%25 to r0\§|3de a

conprehensi ve: ' sel ectéucj)n il of at| ve 484.
particul ar neWhen aymstiedannewhadupisted ahb@ddf R t . :
required to be sent hy the serverp t he approgrfzgtyeed R g*vtﬁauczhe"ﬁaf’f)\}%
met hod i s séﬁﬂ“‘éﬁﬁi ds etSfZI’é byotheusereert tfenaspproptieny hdnﬁaﬁal ARtiRe tﬁo fnl Y
y. individul a@%}g S are sent.. not the entiire class, nor~-~al

native metho s T comﬁ‘é’BFFa@PE%ttr@&t’oﬁh 440t he Aor befiong oﬁl)fo’l&ﬁjlv]dlua]

this: egbodi ey ass., fide 480 and' the:
i ndi vi dggl [ \%??lgg?g&ﬂgém hot tﬁg%hfl scl % 8r]aﬂ (?ﬁ'ict € dlatixe metheds pvhicnbave he

nati ve: netlbeda d&@edfmuhaofeg,ﬁgqnagonstruct ed. It should be noted !t hat
no part of "the' 10 class file, nor_any; VP tools, are downl oaded across the

networ k. Likewi se In this pmbodmﬂment;ebmthlmesexitmeb‘ SfMilfe & {AX \fﬁ ;ﬁ?%
y efticl en nt

present in cli Thi s ensur es particul ar
nmenory utili s%&vb‘ﬁml%ﬁ Sésgd’iﬁ)hb? aﬁcmed omeseme¢ragmoly ®nsE€ tNE hatphe d

| hot mai nt ai ectio pre-transl ated nethods for each
possi bie cli enﬁ%@o?(s)%ggg%g ﬁaﬁ%ﬁ%&&e%ﬁu r’It &h‘ﬁ-éﬁithedmtad tha® noopdrt 'of she

"needed]0Q it ictagsfaleshaf V@Ntdohe ropriate natjve transl ator
424; 425: and! the ngtl vgﬂyrret hod trafé'térl}si‘r)na’%(l &aggfj ﬁ?‘?ﬁ‘?e‘ﬁ?é‘?@?’?’ - oL tkeavise naent .

Once speci fi @art oflthermtasat filennor an IVRISboRt 8@ 2ur e1:5 hat of .a
nobi | e  phone net wor k. %g&xw dual jrlmbl | e phoneisnra:lg!:?:f:l)t *HSEB&HS%T% e ﬂi‘t’%rk

each 20 i ncIOYWeS PATY eificsentlievememeny huaiioatiéz4, 525 , and[ a native
codestore! 532. 54g. yet a further alternative method, the server need not mamtam a
complete collection of pre- -translated methods for each possible client processor
15 Instead, when a particular VP tool is needed, it is translated on the fly by the
appropriate native translator 424,425 and the native method transmitted
immediately to the client.
Once specific nmplementauon illustrated in Flvure 5, is that of a mobile

phone network. Individual mobile phones 530. 530 using the network each

it

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 packetlzed and sent across a wireless link 513 to the

[
(v}

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



Waen it. is:requiredl to upgrade the=functionality oflhephones, Jupdated VP
code is supplied froma' VP store 523 on a central server:5_'0. §rtb:MAR 2004
updated VP code is sent visa a. |and based comunications; network 5 | |
"toa, wreless transmtter 512. The code isthenii packetized |I and sent
across a wireless ;J ink 5113 to. the 2.2 i ndi vi dual phones. On receipt”
the, VP code: is automatically transl at &d: into native and stored |G in
‘the native code, sétgare. The whol e process may be transparent to ithe phone
- -user; or al recept specifec raquest £6ntHE HhERY . .On, VAR 28_' receipt
of a specific req esi:, fromthe phone ?ser._ugﬁhﬁ?%eij"re&séé‘é‘ $hk 513.
| npl ementing- a rrg'éip@Q@ll@hmebﬂetmplkone'ﬁmoiw&ﬁeﬂd aﬂ@hoq[-l tﬁpe 0
wireless cli i\ﬁpélgsénﬁt%@rkégiﬂ(; this; way gallows. the clients B BdRwrPhoad
lin, dividual. t HUGY NELXRIK) i8f thig wapy cg#&thehéiehwioedml&dlﬂﬁﬁmﬁ[@g in
| ength) inst gadhed ioﬂga:fri downl oad .an entire class (which m’ R-ht be
for exatnp, || rregasbg/étégy, %Hsﬁ%ﬁp‘?ﬁf?rﬂaﬂmﬁépo by#eshimdkeingth ¥ frissdadvey al o
has advant aghavingrtotd®vnloadiahed r Qv d?ef{ since: wvirtual circuits
do not need, to; be maintained ﬁ@%ﬁ%‘é&%ﬁ&‘ﬁ%} fexamnled maggbyte).i f es:

are being trdnensmitténg iEividimdaidethodydipyi @ 4 d be route
differently... Also; the transrnissi o’n(IJf Sﬁh@f%@@ g%%%ﬂyag{a(gpsd athedu- es

th d f e nee SreleSSHREWARE pravider sinpe, vicmal eirtiiendd aoh REEYRS b

i ing t i ty Of the netyork 0 P Aef 85 be MhGRed,
expect od ner SP 100 gt heliods Sl lares s aretbesmmfransmitees- Ebeh bagll
sthat::n:o. padividual | U B r&4RT ST ek ElOr .t he VP tool s, . need: to
‘remain éi n cli e‘rfllt ﬁeﬂn%?yd neang&tlt%gtél{ﬂﬁrghgxtiﬁgpyﬂt?ftrmmmnmﬁlmalldre

dedi cal@d t ochunkssifatargeedotentid veedlfor FEGGRY to the running of
~applications _ in native. For conplet enégg(?,‘ aﬁ@'e%[&d?%ﬁcqrr%wﬁeﬁ HHeHi | |

now be gi venthsreRhincragsisecthe sapaeity ofithizynethoticbvd: R Gh3SS tdtlwhh Soulg. | |

converted i n%é) %/‘E)C?%ﬂ thq P tools; _ are converted into. naitl
be under st 0od” FRRTTHIETS¥ 0¥\ A epmparisempiray data transfer rates. The
act that no

part of the original class file, nor the VP tools, need to remain in client memory

means that the entirety of that memory can be dedicated to the storage é)f native
15 methods, and to the running of applications in native.
For completeness, a detailed description will now be given of the

preferred method by which the class file is converted into VP and the VP tools

are converted into native. It will be understood that this is purely exemplary

-’

.and that the invention is ndt limi i i
g present invention is not limited to an embodiment in which there is

2 W ' ion. -
20 a two-stage translation. first from bytecode into VP and then from VP into

native.

Turning back now to Figure 2, further details will be given of the
preferred two-stage translation from. class bytecode 210 into native code 230.
As previously described, the class verifier 21] checks the class bytecode for
validity. The class verifier may in some embodiments be incorporated within
the jeode translator, in which case the class bytecode 210 is passed straight'to
the jcode translator 212 as shown by the arrow 240. .



and that the present invention is not | thited~ to an enbodi ment in' which

there is, 20 a two-stage translation. first frombvtecode into Vﬁ fqﬁ . :
I''then- fromVP into,.. native. Turning, back nowto Frigure 2, fdrtl ARiZNM
details will be given of the preferred) tw-stage translation from cl aass;
: bytecode 210 into native code 230. As,o,prev,iQusl described, the: -
~class!~veriihier:211 checks the- class B§tecode for 25 validi~ty. The class

verifier may in sone enbodi nents be incorporated within the. 'code '

transl htor, 1 in wiihehl\éMsend hie Gyaesdby 0is passed straight to the
j code transl g,ﬁ or, 2 112 as sh'.own by' 1t Fﬁgﬁgﬁ’?’é‘%ﬁpé‘%&mﬁs AF® 536K based, The

JVM 1 and th NS thaseperands (ruumbers poi t d, .. which

means ?Rat oger' nds. gnunbers =, poi rllltleirgn?d())l?:f%g}t(z(?ﬂ?tszraggE(ggfggrﬁ gagkaalcﬁ,

,.on which ‘?H’@"ﬁgéb 1488 ety be pushest @wis thetfirst fo bespopped OFF. ngq%&{e! of f.
ds fro

A bytecode j , 1QR: ical brenoves one~.:or nore operan he
- st ack, perf{)r#g%Eg?hstg%&g&ﬁ% Y SR CpRs Mose apsrangs Uromi thppstackd ferforaiyy)

back on5th -sorftarkionOandt VP }.S,, .. reqister based, |lin that
it has a set of, regi stgr sﬂm\j\ﬁég Hegiegma%g’gfaé@sgﬁam)ré{‘%?nmeStﬂék.\/gn the

i ' nstructi ongtheprhand, i 6P risaiegiztert yaxedal el erand(s): from
register(s) SﬁﬁCi fi ea I n' thg i nstruct i%ﬁl,ﬁtggr or %résetsg)ﬁéegg'g‘?(rén"yhlcan%[e.

puts the- essssediraetly (byr thenWjP instnictions.f Wi RRtrutfsh %fcallgpﬁg%ghesg in
re Si 0

t he 10, inst i This regi ster rased architecture Is

nost real pé%%éég{}? sff?me%légﬁff% HRECNsdhigsthe instrugtion] hpegRoring Ndomtie Qbtion
.registers; |#MHDHugd t ..any.system_ converting to. VP do€s not
‘need to worry ag)out %&eﬁlﬁﬁﬁeh{h@epg aﬁs’é%fﬂ:q futhescregister specified dd! the '

ar oundl@xpr eimstrootion A Tii$) rRkBtdrNhdedC b typically. has one or two
~ oper ands, anrglro;ac-h oper angjﬁ.‘g uﬁhgg a c‘gﬂgefé%fa,}/sa, OrFeéf’E‘flaér to gnost real
anexpr essi orPTOSESSOXHr&¥cpUmat 2 vaydarg nhiBeLBE - h ..of
whi ch can besu% nftant a, registerlor!an egg)ressieon. E’él,a%?lgtéﬁl’gﬁ%gye,m&@
arbitrarily: gg‘ﬁﬁ 3%y PYle VERINgle Y degisinot need to worry about how many
there are. . v '

VP instructions are based around expressions. A siﬁgle in;truction-
15 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
complex instruction can be built up. | |

There now follows a more detailed description of how parts of a class

N’

5 inti '
20 file are converted. The description uses the term “fixup™; this is a small item

of data attached to a particular point in the compiler’s output code or data which
instructs the-JVM that the code or data at that point needs to be modified in
some way before it can be used. Fixups are used to change a native instruction

or a data item such that the native code can obtain a direct reference to'another

class, or to a field or method therein.

9
w

A java class file consists of the following parts:

* A constant pool, which contains the constant numbers and names. in other



There now foll ows a nore-detained descriptibn of how parts of a class 20
file are converted The,d i i escr pt on ruses- the term.t hl i s hISHAR! 2004
item.. of data attached to a particular point 'in the conpilers output
cods or data which instructs the JVMthat the code or data at that point
needs,to.be-nodified in some way beforejgt Can be used. Fixups_ are used
to: change -a native instruction. or a. data itemsuch that the native.
:code c'aniiobtain a ;direct referen ce tooanotheri. «class, or to, a

fiel d~or. net hodars&fdhe class file;dnstasd of a Inammgtisirs isa effefchge FOh InQWiegnRA ¢ S:
A const ant, pool I. \Ag)lrc(g ~ contains the constant nunbers -and nanes- 1 n Other
11 MAR 213 SETCRhERS of the class file instead of a name; there is a
reference to ich s _stored. hepe.. Information such as the nane of
this class,. ‘,at ﬁg%@ Such 5%51‘,‘3 é’ﬁg?‘edf’fé‘é*ﬁ qupéhq separclase and Anyi direarf
fields., wth iRlgeARferfade@n €ach one. A list of nethods, with inforrnation
on each one. information includes its code section. Thus there are several

code sed ionse Quéist of fieRshwithkahfchatioh ass file is converted to
VP tools: as follows: A data tool. Despinﬁjeéﬁﬁgor%érre, this has notting, to,

do with, ~thes dafist obmethdds, witeihfbamatich 6h 28 Stgasid st
i nformation aboyt a 'class, including but nota?imlrhate {dgb{fﬁgﬂ&ﬂg}pig(}cs
paraneters and tifgedesrction. Ebns there ars sevetalaods sectitishomts faAch Wi&hod.

entities which make, up t heAPl .of. a, class. Atypical use
ava Class file is Converted to VP tools as follows:

® A data tool. Despite its name, this has nothing to do with the data to be
10 used by the class. Instead it contains information about a class, including
' but not limited to the names, parameters and types of all constru;:tbrs, ﬁe]ds,
methods and other entities which make up the API of a class. A typical use
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
15 - 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
available, or where the class file has already been translated. Where the

class is written in VP, there is no class file anyway.

;
Mg’

A class tool. This contains some housékeeping information used by the
JVM (including the size of object to allocate. and the size of the class’s
static data if any, and the superclass and superinterfaces), and code for some
or 'flll of the non-static methods.

e Zeroor more method tools. Methods which do not appear in the class have
25 their own individual tools. The decision on whether to place a méthod in its

own tool can be based on a number of factors such as the size of the method.

* A fixup tool. The fixup tool typically returns a constant fixup value which



Y . = ' o
for this would be for reflection (i.e. the functionality in jav'g 1 Mé’$ '
lang.reflect.in a Java,Lilaiary): Reflection is~ a programmatit int f%@@é
to.. allow, a 15 progranmrer to enumerate and ! mani pul.ate the. constructors.
" fields, nethods and other entities which! belong to a class: The data tool

is also used by ;the verifying jcode trzﬂslators,. in situations where
either the Cass, file is; not availabl & or where. the class file has,
al ready:! been-- translated. Were the class is witten, in VP there is no

class file anywd§.usedto deternzine the dffset Wii s e sone. housekeepi ng
i nf or mati on-. used Fﬁ@tcgﬁggjw (i ncl udieng t %C"gin‘;zbzécgfdﬂi%ﬁ‘@e artfaeld) | et e.

and the. size, dPO° satsfixypatiine tatprovifie 3Ry yper ¢l gss. and
superinterfaces) a%}%scﬁ}ge E}gr sone . or aﬁmof thg c?1on.’ éﬁgttﬁg%ﬁﬁﬁggkelzero
or nore method tRGOT &> NEY ROHEL WRfocthedeodeothat ppams th Nusehi. cjtqgsthng\{% 2.5
their own indi viigﬂﬁgmggpbgth IEgt gﬁﬁ%@j,on on whether to place a net Sﬁ'ﬁon
its ownﬁtool can be based on®g, erangk P¥ce didd’S i thasbytbevdei Ze Mpdret he
met hod! 3. A figepetally, .thd Tedp ; i call eturns_a, constan
fixup- val ue wh:g;? 11 I\QR %oo Wi%@ﬁ%éf&yﬁoPsﬁJef‘{frﬁx% t BBisot4rs @nlynibiehi n
an object of a frmyoe@aat fixupl time Bad. nott AUonkS1LALLED AL at fixup time to ;
provi de the - offset ,@pd,Hi i he binder/li n?l?g}ﬁﬂep@blghe;%?h‘ﬁaéadﬁ)émdudn,o. ‘
‘the: code-that WHhi$DP "&?étéditt),,thlefSlZesofhnlﬁsmﬁﬁﬂéncb%ditﬁploﬁﬁp&'gﬁmh jJet a
field ' and "pUtinﬁaﬁéee(ﬁ ifbrthe byt ecode:. More 5 generally, t E?Cﬂ up
tool returns; data use g? i xups. This can onliy; be d!ete rained at:

fi xup tinme and TheodatattoSOH hE d;l The data may include, but is
not""limted to; the size E%H iajgcql%%zd?%éfte%dévﬁﬁﬂpll%lmf fsslatown tidk Mo aise

cl ass, 1@ nst anceeséinafacilitidsdlaraR; fdfer)t be .discarded, if the javal:
application is own i not to.. -gsgy 10 é?@gitﬁgﬁélf?lt??lis%aé’! be disgardadyif the

reflect): and t#33pplicatignlis tebeenbeddeddardgs)icd {vh'i‘%]fg/ioe]sa}{& %Prf)' i ,cahi on

is to be enbeddﬁgddi ﬂlﬁe(rj_?a\dacc asvggg.ch does not dynam ca amically

The jcode translator uses a VP register for each item on the stack.

VP code does not directly implie.r'nentﬂ the class ﬁle’s.mechar;isms 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)

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

contents of a j
y field. The Jcode translator converts: these into VP instructions

which may do one of the following (this is not an exhaustive list):

. . .
Call a non-static method (ie. one to which an object pointer must be

passed) in a class. VP has the concept of a class with methods. which is
used to implement Java classes. Such methods can be called virtually (the

actual method called depends on the class of the object whose pointer is

passed) or non-virtually (the method called is in

the class specified in the
call). ' _ | ‘



| oad further java:classes. The jcode translator uses as VP iegister for _
each itemon the stack., VP code does not directly inplenent: the.'1 1CmR52094
file's nechan, isns for’ 15 accessing another "class,; ' nmethod or fiel
" fromwthin the bytecode. In the bylteeode there are., instructions for,
but not limted to, calling a! nethod (ig this- or another, crass), getting
the contents of" a, field (in this or- a Lt her class):, - pushing a vale :
onto the stack, popp;lrnga value .off the stack'' and, setting the
contents of ae-fCelld subbsutife0dis td id hator converts these-into::VP
instructions 20 V\Aéll %p( may rgggglrllsetl%glgﬁéé %P%&MEM( B)ﬁegod%s]@allauf &xtutigst i
ve list): ~- CalieHlodrior- shattdo oviiRhhes! oblt 'noi t 0. Whi cHn an obj ect
poi nter nust be. passed) in: a class. V’L&ﬁgso;":“g{]ﬁeeedgg%géﬁegl)fa@Lﬂé@glewith
met hods. whi ch-'5&¢S g8eerstadicimpthedent Java cl asses. Such: nethods can be

~call" d virtugl l(é (( he actfutgl nmet hod i cal | ed’ depends one the:class of:
the object!i WhoZg& {98"’?11(‘1&0 itae gengankBayp from theofiwup tobpal | y, (the met hod

cad.led §s-in the ifihed..n the all). R AUNT 21 Call a
subroutine. This i?gggﬁﬁ?’g‘ﬁ‘ﬂﬂﬂwrﬂaﬁﬁeﬁbw@m\&md asdbllows: a static

meth od (ke. @&neAte&onsiit Habol i .Ra. . pointer ~i need be -passed)~, and
in sone cases a non-statcai?)('(:)I rfc%t ogsh@é?mgh‘g cpafigat éﬂﬂlbha(um@estantfldafihﬁup~\

f he. fi ik i . i i 1 hi.n! lass file i &
rom, the. £1 xumpaind)s. incbrptiaes oo dhe! cdifiBliedi Ve o BTG bisouonn: -

converted as~ fol ]l dws: A constant po ‘
nunber (i nteger chhlfﬁﬁtqmgs thepainstant nugnbepcor porated i nto: ~ the conpil e&
version, of thell! JBC-instruction which -retitences the constanvnumber~ A
‘constant pool erﬁF?‘.‘s WY Rogl gnHY containing steing datd @hichiis usatb8fe tg} by Cé%{ by
‘a’JBC {i® instrqﬁgt}‘%o}lqsg‘%@i §d|t [ Eto thel data attached to {h c%%plf r
s,,out | Dut code. ~ Oher congrannta the sata aigagher e theogomapiter’s mgpst é6deng Foat a

are~ not usedes didBet tonstdHilpooReRllSE en referred to by: the constant
pool ~ types below,,, or by &Oﬁgre ﬁb"ﬁ?ﬁ gor\{%*n“?%étr&ga‘iﬁa frd got used directly, but

are used when referred to by the constant pool types below, or by other parfs
of the class file.

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 aﬁached 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, aftér

applying the fixup, obtains access to class C’s code and data.

A constant pool entry referencing a field F in a class C causes a fixup.

)
g

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 usine this
constant pool entry to refer to F is compiled to a native code sequence

which, after applying the fixup, obtains access to field F.

* A constant pool entry referencing a method M in a class C causes a fixup

N
W

referencing M in C (or the JVM’s internal name for M in C) to be attached

to the compiler’s output code/data such that a JBC instruction using this |



A constant pool entry referencing ai class C causes a Ifixup~~ 4 MAF %@4
referencing,. the- 15 class C (or tU JVMs internal nane~ for the ~ cl'ass)
to be:::attached to the. cornpRer' -1.1, ~ s. output code/data isuch'. that
“aJBCiiistruction using th, is" constant pool ex try lo~ refer to; . C' is
conpiled to a, native code sequence whi gﬁt ‘A, eri apptying the fNup.
obtains access to class C ~s ~code and data'. 0 A constant pool- entry
refe' rencing -apiopf§tiaglhngg in a class C. ..causes. a fixup- referenCnc, P
4" k-11 e IJVIV tPoRBIentynte réfer td-MKS)cdrfini ttached to - the :
conpi 4er' s’ o%rﬁgé %?db/dl ata! such that, alrﬂ?llllg% Fﬁsat %tbvet F?&Sﬁ%ﬂ%ethi
S~ constant pool “eriisf applyisgdhe ﬁt’(up,Fthainsaoc&blt@ﬂ]é@ogm_native:: code

sequence. Wy C ing the fixupobidins access to field F~ A
constant: pool ?‘htcr%gtrgé? gBﬁLéﬂ'ﬁ%"%ﬁhammaﬂd typel #6a fiztd or rﬁé’t}lﬁg%s%&i Xup
~ to be .

referencing M i used @ire §1¢]=30 4 phemal. nape for Min | C
attached to th(lal conpi ?ﬂ}a}r”smgdg}é%?d g’&?&%fﬁﬁ‘?ﬁ tQ § osherreanstant HB6l entry types

i nstructd on~! usr theripasts cFthé/Bfass R 2 constant pool "entry t-~o;
referi~to luil is conpiled to a, native code sequence which; after

appi yi ngt he fi xup, TheeRdd sestianoweitlsintaclagtiileqs b opstant pool entry +
; %‘#}%eétéas&n%ﬁpwsused directiy,

~~ gi vi ~ng ai. nﬁmﬁ: (@?g type of ai field or ne

but is used VhetrOPEFXHREPurely mpumeerinal caloulations mowhéreeme;@/ist,ioogesf > 0f
“other parts of £+1e e‘i't&ﬁgl file. The code section within; a Class ficREnto
converted as: follbws’ a COUE'Yoi g panslajedhusteaightl fiomh COYRLHAOS into a

(i e.iwhere; thet@rresponding ot . to an external nmethod) is, trans gated
~straight from byt ec?de into aw{(\:@?respondi ng tool in VP. 10° As showin

"Figurel@, whereAstshewhyindtigde: 609helRafe Bytreg&?é 606 ?xasG %(}éfeggncg 6f liOetl)Czii! field

that is converted at fixup time by a call 611 to the fixup tool. The call to the
fixup tool returns a value which references the location of the field Thus

by the time the instruction is run jt has been patched to contain the
offset. ‘

correct

15 * A static method 620 is converted to a corresponding VP tool, but with added

fixup code 621. - ' A
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.

,—~-\§ ' .

0 The calling conventions are rather different in bytecode and VP. 1In
conventional byte code such as Java byte code. the parameters to be passed to a
subroutine are placed on the stack, followed by a reference to the method to be
called. A byte code instructions to call a method is then executed which takes
the method reference fro i .

, -from the stack, resolves it and start i :
: S exec
N uting the new

method with the parameters from the stack. Control is returned to original

method when a return instruction is executed. This is converted to VP which

~ loads all the parameters into VP .registers before executing a gos (goto



that is coniverted;at ftxup-tine! by a-eall 11611 | to-the fixu iﬁi‘l\
The,call to the i xup-tool returns a value whi'ch' references. AR 2004
| ocation- of the-field'Thus, by the time the instructiion its :runit: has
been patched to contain the correct offset. 1J- A static nmethod! 620 is’
converted to a correspondi ng, VP tool, lits wi th added fixup code~62 1. 1!
A non-static nethod 630 h!a& added to it, al fiikup for, a nmethod | call
(ie. -a refer&r)lce tohthe netl od na , e) ,, This, vviIt eventual | y'
becone an. at subtqutinghanstirictidn veliickeh onventions;
are rather di ffeéent i.n bvtecod and VR&(I)g}ecn @ﬁ@gﬁtl oﬂg'lm 8 dG&tmatmn:h
as . Javaby4e, M&ihed fmél%’éﬁmmwrbs Statitallyp @8 Bhahfical ‘ﬁfﬁﬁéom ‘

are-pl aced onéag%g tﬁt[ fol.l owed by a referénce to E Xe‘{l{}y)noés
called. A byt F?‘Ef8PF‘Bﬁ§nsicse@ams whemat mdmssuémﬁaris%&e Gkgd’ whi ch

takes the nethod! O"tﬁ‘é the stack, resolves it and starts
executing the new ﬁsg V\A&t(;? 3ﬂ18 aﬁ%?%mm@sf pdews:he : stack.. Control: is

returnedSto osi gTHi@hame drahé \glqﬁllg retyrn instructi on is executed.. This
is converted- to VP which Iggacf ?X%flﬂgsﬂlﬁ AR HEdsby thet B/M/m]rerfegt@tm;s

bef ore executi ngodeqnd databotpuiby 3RS cém gﬁgpr outine) instruction which- "has

~been fixedup tqg _point tol ~ the destination nethod this fixup nay be

statically or® dyﬂtﬁﬂl?ﬁm Iofthﬁupt)'dasﬂafdiﬁé%dléreéﬂ%g‘ﬁgrﬁ,g 5%‘3@@” out i ne

ands returns whgﬂ ret struction i s execute e Stwighip; | e
are converted ashfSPAeRE Wﬁ?ﬁh}fthmeompilasin@% &P irhB R a5 48 &d
by the JVM to rtﬁéq{sé& Laec ctode and .. dat a, out put y the cohmpii 10R5 o
“nanme of the supercla geco (?ﬂ@g’ss?)rﬁ?mﬁeéf"éﬂbmﬁxnp athehalipacl!has ydhi n;

the codH) and datlimkdng phé bihté ln,th
preferredl | hnpl ! orrkgtlgt ati gn &n@pthg SH%?rﬁlast%S‘mea‘P‘r‘i‘sdaéa .pointer with a;

RX up attac_thedihel n@ne lof each m%rfaéé bBEomes 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.

15 * 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 Ihe same format used

. for non-Java parts of the system.
20

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

1ncludln° at least the data tool, the class tool, the fixup tool and zero or more

method tools. The tool names are generated automatically by the Jjcode

translator. each name being related to the name of the class and the function of

each tool within the implementation of that class

Tumning baqk again to Figure 2, further details will now be give.ﬁ of the

natrve 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



10 I'inking, the pointer points to the superclas&ode and dat a.[ e W of
each interface-beconmes., sone reference to the::interface withia-,‘,t X @bbut
code and data. In the-preferred inplenmenta ion; the output data. contains
at+ pointer for each interface: with a fixup attached! such that, after

i nking, tH pointer points.to the int ergza_fe code' and data. 15 . The debug
informati on attached to each nethod (an he source filename which is
stored in theqn%i}iacf??ifi [ l'ﬁl)$;fﬁi; when present, is: converted to a format
suitable for ony d way s somvertdd by ehelMckSof i | n the
preferred i n’gte{’ﬂant ation, the::debuq i n%‘ﬂor rr%fﬁcg%()f ggﬁécyr#& patuve translator
sane format USEUIC RATOPIYR Nakya code feor e proeessysoeWhich it is (P@ @xefcil{%ie st
C ass conprises Oth@F'la{WéFt‘ naﬁd %ool s,: nornally. including @ ast
the data tool. the' classy wagbor 2k S AUiaR swall pieck of eode QaroRa e oK hod

tools, The t ceAdimSuptetie: ted,: -automatically by the jcade
transl ator. giaﬂgh ng%z, %{ai n§ prrgﬁéz}?é@’ ?‘g ﬂilqtﬂgg:q,q sanlydre stogdah avemang svittig

functi ofof @actmbedddd systérhn The tf ' that class. Turning back
again to Fi guge 2 fuuriher details dvﬁmgia?&?%%ﬁwa%ge\?%ﬁ&ﬂeﬁfmt registers oé

transl ator whie PartieHar atwssqrhheiwgnseo.derlh&h@nﬂﬁfoir\(&#ﬂgaﬁmﬁ]}e@"%'@ be
then a

under st ood' , rg% course,, that. VP code: is: never Itse g
Five 24 appli L FI05eSSOF SiTSBIstan dghitashiredotdedideyittdach poing 65 B o ?HQ{W%
nnative trangl icl he_appr iate native code.for the processor on
which it is toaﬁgﬂé‘ﬁggl? é%é.’%ﬂseaﬁ’é’?‘%‘é M3pRsd tarthe real processor’ wjegisters, and

smal Rpi ece: ofhichdhouldbekedt 1P Ake Ao on the-processor);, so
“thatiit can easily be storeg in nemn%&f/ Wi th{]gscgvgr}p 668 dddiel teansiator The

trans| &Por 22lsp prgyidesmmadigneidependent opeiniiesti particul ar,
processor being -. g}soed! "]t The: pt(ans}ogt Orl%&%i@f@g&ﬁﬁ%%@ egfd’é‘l € paldve r eq|

processor's F8§Fs‘§ und. i, tik yillr stilf @Mmallyeeorﬂiine@@ﬂo@@bf“ﬁ){db E@&e_out(fﬁ“

or"s

native codepyku; i.sters should he mapped to the real "process
registers, annﬂhﬁg &ﬁ" Egﬁeﬁ}nes at run-time) the fixup code will be replaced with

appropriate machine-depenfjent instructions. For example, the fixup for a non-

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

for the particular processor on which the translator is to execute. To compile

the YP 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

through the native translator itself,

Although the preferred embodiment uses the Java Virtual Machine. the

overall inventive concept is more general, and it is not essential to use the JVM
] , £

25 or indeed Java at all. Where Java is used, however, the invention described

allows Java-skilled applicators programmers to develop programs in their

preferred language, without having to understand, or even to know anything



whi ch shoul dl be kept ii nmenory: (which pis slower to access) -, 115;‘1 KFGZBM
transl ator 10 al so proybdes machi ne- dependent optim sat.ion ofiin ctions
Until the native: code’is bound in, it will still nornally.contain.
-section& .of fixup code. On binding (or sonetinmes; at, run-ti- e) the.
fixup - code will be replaced with appr griate machi ne- dependent
instructions. Fore exanple, the ffxup fof7 anon- static nmethod wll be
‘converted to ,an atomin the native :code. 15. Both the jcode translator
and she nati@bowﬁdwgﬂaﬁsr are thensel ves preferably witten in VP code and
can thus be translated (using the native translator itseFf) to: run on
any, desired platform Fromthat initial VP code, conpiled versions of
both transl ators naybe provided ins native, code; optimzed for the
particul ar processor on whichithe translator is to: execute. To conpile
2.0; the VP code: for the jcode:~ translator.'' that code is passed
throu,,,h the native translator. To conpile the VP code for the native
xransl ator, that code is passed through the native translator itself

Al t hough the preferred enbodi nent uses the Javai Virtual Mchine, the
overal |l inventive concept is nore generallL and, it i& not essential 'to use
the JIVM 25 or indeed Java at all. \Were Java' is :used, however, :
t he-inventions described all ows Java-skilled applicators progranmers to

- devel op: prograns in their preferred | anguage; w thout having to:: :
understand,: or even to ; know, anything 1! MAR 2094''|l 25 about, VP code.

Il 1 ""MAR 2@' 4 2-6 CLAIMB: A nethod of |oading: an object-oriented
conmputer program i conprising programcode providedllin the ~fi rm of
‘classes each "containing- a plurality of nmethods, the~nethodl conprising
conpiling a nethodllof the class into conpiled code and hol diing ,that
code, ready for execution, in -an

p—



execution. envilronmenti: which does not necessarily also, holed p'{ o1grﬁm
code of the said class.;10 2_ A rnethodl' d. clainmed in claim | 1Finra 2004
the programlicod.e is.-hot |oaded. into the executian’'environnent: A _

" method as clainmed inlcla-ism1 in which the programcode is |baded into.

t he execution environnment", and. +is then giscarded.. 15 A nethod as cl ai ned
incl'aimM | in which the step of conpiling the nethod conprises
translating t'he ':'nmetiodll into virtualllllprocessor code whileh roses

the instructiGhAIMSo: ff a virtual; processor. an, dilthen translating the
virtual processor:codle~ into native code. 20 A netl'od as clainmed in »
claim 4 inuwhich vthe virtual processor code .is not [oaded, into tee

execution envi.r onnAnmethodrefHtesdias ) %"Eﬁdo. ; im:4 in :which : the
virtual [ processor code is || Oadegi nt 0 ’t he rlie%e“%?f’ﬁ#“éﬁv?%‘iﬁ@nﬁqmamﬁngs

then discarded. A PEOgramiggdgsprovidediirdhé form 6f dnsas whe ichli the .
execut i an envi ronmept r%Ei iil_tlas- on & client devi gges?ste%‘éh%np.ﬂ?‘élg acBlHéalméi ng
transmtted to t heOt M&EI0d5, hemethag Gomprisitg coPiling a hdethod %'fitﬁé"'éfa%,g ice

across a conmuni cafd e rk he,.program code not necessarily i ng
so transm tted. Aaér%rﬁﬁg%ﬁaéc‘{% Iagpr’réﬂﬁi‘&g:l atmeade, ready for céxddution, GE€gyti ON

envi ronment resi deecatiod &lvi Vil he virtual processor code: being
Tt o SIVifSméR Whith ddS Nt necessarily also hold program

code of the said class.

10 2. A method as claimed in claim | in which the program code is not loaded

into the execution environment.

3. A method as claimed in claim 1 in which the program code is loaded into

the execution environment, and is then discarded.

4. A method as claimed in claim 1 in which the step of compiling the
method comprises translating the method into virtual processor code

which uses the instruction set of a virtual processor, and then translating

the virtual processor code into native code.

h

A method as claimed in claim 4 in which the virtual processor code is

not loaded into the execution environment.

67 A method as claimed in claim 4 in which the virtual processor code is

25 loaded into the execution environment, and is then discarded

7. A method as claimed in claim 1 in which the execution environment

resides on a client device, the compiled code being transmitted to the



the client, device across a conmunications network, t ~'e progrqr1code not

necessarily being so transmitted. A method 'as clained.in clai m12 MARi 9004
whi ch the execution-environnent resides on a client device; the natiive
" code being transnmitted to the client device! across a conmmunications

net wor k, the program code not necessarié i being soltransmtt~ed A nethod
| ~as cllai d nme jn claam 111 i ncl uding '%npiling, a plurality o nethods

ofithe 1 cass-andustaticallyIinkingtt em A nethod |las c¢lained _
inr'cllai'in | inckudithdedioeipktasy £ cBinmidibirtdhsO ds of the class and
| dVnani eal Iy |inking them ow | oadi ng of t he ti%hgnéﬁwgﬁé’ggﬁeorpﬂf@ qq¢le not

execution envi rvonnﬁﬁ?":ssﬂt’il?ebqi@gisomahahitmﬂ.i n claiml'Hincluding conpiling
a plurality of' nmethods of the class and idyhami cally. binding them on
execution of the conpiled code in-the: execution environnent. A netnl odl

as clained ingclai | ich the classes are Java classes. |i MAk2a4
2'8 14. A nethod O?g g%déﬁ‘lt’ i%ﬁ\é@%‘“?ﬁ#rﬂhtcﬁqlm Zr@gwémhcﬂnpcxmﬁgn emnatbimfedthe

programias el aiii npebideéd orP ¥liOMEIRS; cedi ng cl ai and executing
the programin the executi on-lenw%%éﬁe}aﬁ? _erﬁ.?ffpﬁ\o 5?96&935 1’Smg;ﬁralmslmillmﬂtted

ito' carry out:: atheechent devicd atio8€d Edmaiuni f : ecedi ng cl ai ns.
116. A conputer system for | oading; an obj g%@@%t“&épﬁ%gﬁ?ﬁomm
conprising;; code BPRGEsrily being sedrdmsmmitted. cl asses each containing; a 10
plurality of ~methods, the system defining an execution environnment an dli

9. A method as claimed in claim 4 in which the execution environment
10 resides on a client device, the native code being transmitted to the client

device across a communications network, the program code not

necessarily being so transmitted.

10. A method as claimed in claim 1 including compiling a plL;ralitv ‘ofv

15 methods of the class and statically linking them.
11. A method as claimed in claim 1| including coupling a plurality of
- methods of the class and dynamically linking them on loading of the

compiled code into the execution environment.

2. A method as claimed in claim | including compiling a plurality of
methods of the class and dynamically binding them on executioﬁ of the

compiled code in the execution environment.

25 13. A method as claimed in claim 1 in which the classes are Java classes.



bei ng operable to conpile 'a''method of the class into conpil ed’cgdg,and
to hold the conpiled code,,, ready for execution, i a: the execiﬂoﬁdﬁ 2004
envi ronment the execution environnent not necessarily. ako-- hol di ng

" program code ofthe said class. 15 17- A distributed conputer system
conprising a server in communication  vigg a transm ssion neans wWth
aplurality~of:iwient; devices, each ha.ving;a respectilve execution
envi ronnent . 1flpr %ecuti n(P: an ;;;objiect-oriented conputer program
conprising prodra El%ltéo yf?rfo?/’fﬁcébldgl |aheombiiter f 5o BrapH Coa{brfsti §6s:each i
conta ning- ai pl ﬂgﬁtﬁ %f fethod. the system "includirtg r?é) g sthej
conpi li ng thel p' rg%r COdE'HTRES 1B ARy PrejoGthedpreceding dlians afn‘afe>§e%h8§ ing
for execution on ofhe:pr@ ahpﬁ.‘m'ee&ei gﬁgvi ces one of the nmethods of one=of
the classes an& (c), neans for traneHPREPKEORBERS | ed code from the server
to the said client device without. necessarily transmtting program code

~of the é seIl ctedAcI ass... MAR 2004 18:; A cornputer systeml!| |i as- e a
med in clai m'217 ifAGOmplteh programeadsaptt@rto @A progr.am code
conprises neans foriii.translating tﬁpe progr aI’Fl %‘g er?ééﬂgqﬁ ‘I“F‘P%Hbé@)ﬁor

code: which uses tH¥ 8¢ Pressding sleimss a virtual processor, and.| means
for translating. the virtual processor code :

16. A computer system for loading an object-oriented computer program

comprising code provided in the form of classes each containing a

10 plurality of methods, the system defining an execution environment and
being operable to compile a method of the class into compiled code and
to hold the compiled code, ready for execution, in the execution
environment, the execution environment not necessarily also holding
program code of the said class.

15 | |

17. A distributed computer system comprising a server in communication
via a transmission means with a plurality of client devices, each having a
respecti\{e execution environment for executing an object-oriented
computer program cqmprising program code, provided in the form of
20 ' classes each containing a plurality of methods. the system including:

(a) means for compiling the program code into compiled code;

‘ ‘v-_wa"/

(b) means for selecting for execution on one of the client devices one of

the methods of one of the classés; and

(c) means for transmitting compiled code from the server to the said

9
W

client dev-ic;e without necessarily transmitting program code of the
selected class.



to native code. 10 15 19'. A conputer systemas- clained in clains 18 in
whi ch the means for transmtting the conpiled cod'e” corrprlses1 'I‘TA'R a4 -
_transmitting the vi rtual | | processorcode from the' server to the sai

ei kntidevice.. 20... A conpute systemas cllai~ned in claim 18 ins
which'!'! the rreans fors transmtting' , 39he conpiled code conprises: neans
.for transmtting the native code fromthe server to the said client.
device. 211. A conputer Lsystem as cl ai ned in~ any one ofclajns 17 t0o~20 in
which the tran6m ssi"n- means consi sts of 'or includes a wreless net
vork. 22. A c®¥ npuierpj A S mediilin claim21 in which W client
devi ces = 20' I;Hr,e nléb:&f”“p%; 8%% ﬁiﬂiﬁ‘éﬁi igyelatm b ol whictiethd maanai {211
ins which the. cliesh ﬂﬁ; GRS rog{:tﬁ.ng §8§ consal es. 24. A conputerisystem
as claim ed ins claim 2 Fin t NEYC cYBRUISGhevneans for dransiatirtel e
conputers.,, 1 | MMREgraO@6ds8!td virdkl emfo |, oadi ng an
obj ect - %;l ent ed corrputter program cpgongﬁgg#%gae% éﬁﬁtﬁa‘%@mm@ﬁ n

ii [the-form of cl ayydual duesessapandimeng for t tho'd's unto: a
plurality of cli erh?eqﬁ?w cea the devices eau([:idtgm[cagiél1 t%‘%u nﬁ%%fof: Ecodge
execution environr Qecsystem] 5 conprising: (a) neans: for gi ii
sel ected" nethods of selected classes ifito conpiled code,, and (b) neans
f.or loading the: co npil'ed code,, ready for execution, into the

respective- dfecutAocorhpgtey isyae ecessar i I y loading, 10
program : code into thepexecgtlgﬁ%er%é{ﬁéc:dgﬁérﬁq Slsg in Which the means for

transmitting the compiled code comprises means for transmitting the

10 virtual processor code from the server to the saxd client device.

A computer system as claimed in claim 18 in which the means for

transmitting the compiled code comprises means for transmxmng the

native code from the server to the said client device.

15
7 - . )
21. A computer system as claimed in any one of claims 17 to 20 in which the
transmission means consists of or includes a wireless network
M |
22. A computer system as claimed in claim 21 in which the client devices
'
() 20 | are mobile phones.
7-, y ’ . - -
23 A computer system as claimed in claim 21 in which the client devices
are games consoles.
ol ? .
25 24. A computer system as claimed in claim 21 in whlch the client devices

are hand-held computers.



sel ected nethods' in thg respecti ve-execution' envi'ronrents 15 2

conmput er system adapted!'to carryout a nethod. as clai m—:‘)di'n any one

“claims |. to 14... 28. A data carrier which carries a conputer program
adapted' to carry out a netlho& s claingd in, any, one of "elainms I1to 141.
20 A data streamrep:resentative of a conputer program adapted to carry out
a net hod as :cil a'igeg inwgny oneo&bcl aims | to 14. 1'l MAR 29'4 311
ABSTRACT A od 2f Comepiiengyatem dor doading ranegb; gt)_- er..program i
conprises translating.the prograns into %)orrpi IJSd Sﬁg@gaaéodﬁﬂ%éﬂimagmﬁhat
code ready . for %!%@Eﬁ%ngrmaah @odec providednini rthe MEgHm \A@'fc@lagﬁgsgga'g
e

necessarily al so : original .Program code., In,, a. preferr
‘enbodi nent, the oi@&?aﬁéiﬁ%c? é’é‘é‘%“ﬂ (of metheds wao ¢i plusalitydof EKamn ABREEsY tRE | O

to :execution of tdevided@agm LY lon- i!& particularlly applicable
to: wreless communications ngﬁgirr%s??%sgﬁé}fvﬁ ?’ffgugpnzsnvygpnmeat,i thg sybtead i ent
devi ces;d such, as.domaprisieg:: phones” each--of which typically has only a
smal | amount of rre(gi)ry :av%iri lable.. Using, the:: present invention, the
original classs;~ P Méans rscampelingfseleted REAHYAL does nat need
to be_ 15: retained_ in Ilhg: cli'eijtdevice nenori| esdf(jgf:lg%g 'F?q§§?ﬁr,4®$°
GRGCPr . P1 WGGs- SpEC. §Prmpiled code; and » |

(b) means for loading the compiled code, ready for execution, into the

A conputer systemas clainmed in claim?25 arranged to, statically; il '
muter sy g icallyy §inke Yy
of

respective  execution environments without necessarily loading

10 program code into the execution environments.

26. A computer system as claimed in claim 25 arranged to statically link the

selected methods in the respective execution environments

15 27.

A computer system adapted to carry out a method as claimed in any one
of claims 1 to 14. 4 '
-28. A data carrier which carries a computer program adapted to carrv out a
. method as claimed in any one of claims | to 14, .
J 20 |
29. |

A data stream representative of a computer program adapted to carry out

a method as claimed in any one of claims 1 to 14.





