11 MAR 2004 LOADI NG ABJECT- ORI ENTED COVPUTER PROGRAMS The i nvent i 0[11 -
rel ates generally to,\nmethods of and conputer systems for | oadi r:’g MAR 2004
obj ect-oriented corrputer programs. Mre specifical 'y, al though 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 nethods. A well known xanpl e of an object-oriented
progranm' ng |l anguage is "Java" (a trade mark of Sun Mcrosystens Inc.). A

- Java i npl enent aLOADING ©BJECTSORIBNEED/E VP of t war e:
appllcatlon consi sting of one or nore class : e cl ass
files nust conforn1to sonme verS|on of the standard Java Virtual) Machine

Speci fication, ubl i shed) Sun M- crosystens Inc. A class file defines

the data, and !,p O ARYRNLIOgre %%E?'&!alﬂbﬁomqjhmd&@ﬁmﬁircorﬁ paes sy ét.'ém“\'ff,POUgh

there is so Java | Ierrent ation, can conceptual 'y be
di vi ded i nt 2'%?3‘5*85591?“ 8@""?#?3 %‘%{OB“‘CVP Slamswad‘ﬁmfeesqemﬂ@allyﬂalthongaagtthe

cl ass: 5il esexpidsioxt |ned thlnthenemavvay
whi ch. . conf or ns ?lo ggﬁnggﬁ%iﬂ&o@c&m °\/'°F‘FB§§¥¥| m«grﬁmsem whxch

Speci fi cat i dheSeode isf provided?fh this ForHE bE @ thin a
refernece the data or program code of ot %?qgﬁéigésagg%om NIRG\A %ﬁﬁges

“such rel ati dRS %’§~ bet ween cl asses. The Java dass Library. This is a set
of predefined clagses th data apd program- code which act in a_ way
Ak 13

confornming to Su OWIEeXample of an J@p@clehtedqjmgmmﬂimgﬁid%uhg@ﬁ%'
.¢|l asses- cout other than as real iles
for exanple ulglvgg(d ﬁﬁ@@k?g%@sﬁgﬁﬁy@é@m if-hmds niave dmplergestation” ishi ch

case tHe JVMoftwireansiehe wHiét all6ws'a ]Yéﬁ 004 ta their data, and
program code work in the same way as re erekg i‘ 2‘95 of one or more

class files to be run. 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 code which act in a way conforming to Sun's Java Class Library

: SpeCIﬁcatlon These library classes could be implemented in some 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



whi ch originated fromreal class! fl'es The programcode in a ::clfﬁs I\'I 4
is, in.an instructionny format:::knot n, as Java bytecode (JBQ)" br ‘é‘ Rpm

as bytecode. Each method in the class has-- its own 5 sequence of

byt ecode. The bytecode for a_ nethod consists of a sequence- of JB

instructions..., There are two schenes ich JVMs use to execute the
. bytecode: An interpreter. ,In this schene, the JVM contains an.

interpreter, whi c&ér a piece of program code which executes: the bytecode
1

by ;1 ooking at ExHieindata and programueddeomorkiin thelsime ing. it _and
perforrning: the afc)l-_tfi ons deymanded by it Wil e thi g%g%gg%ﬁéchg%glaé?%l est
to inplenent, i phich enging emirgak ¢lags files. i s sl ower than the alternative,

since nmany: ste i Lpreter qgram are required to interpret a.
single JBC inst ?ﬁlgﬁrg%ﬁ i ,&ngr‘fgfil gss 'Iﬁ)lrr? ‘? AR ANsidlsEtetion fermaVikhownvay J4vat he
JBC i nstruct ibgtecade UBE), br 3i e, .00 hi ne code_instructions

under st god by "t he CP{J be)l naé}ﬁl&nﬁgﬁg&%cﬁ ‘E‘S@’Q}i,mﬁbﬁ@l?ésmy itsxewmt i on,
st art s. dThen sequeneeecfibgtecbde PTRE b3feeae Fof A hod". .t he conpil ed
machi ne cods js executed instead.!  Ther eolf'ga g?ett]{;@n&ec%%%ﬁ@(gc? fefuenge of
initial corrpiJ InsHruckens.JB 01 instruct ions, to machine code

i nstructions.. fht hough thiﬁ may |i e done: during"the preparation of the a
licati h pp on fatTeHC{EWSC %%Wﬁl!ﬁiﬂ%lmcmbmmmstlﬁtmé&@e: Once the:

o "R ST b TR b Eomnomsoryit o

} anguages s Uggpnisi@f of p@%ﬁ%@%\?’&}%ﬂcﬁg&w&? E@%B&T@h'@ﬂ b loaking abeash BBC

conpi | 48 just biestmetion in surhj dedoding 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.



used. 11 t MAR 2"k Sone:JVMs use a conbination of the two schenes: where;
only program code ich! is being executed many tines: is; Conyi
the rest is: |nterpr2%ed Linking is.--the process: nﬁy which a r f§?2¥22m04
fromone 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

devi ce, Dynam i SS S~ | oaded the first: tune
anot her cl ass fléin(k@ f om?eéfl vﬁ% cn[%' WS{‘“@} r%r@z:e(gpmsgn@ ctigs &C 1 tenrmether
met hod i t hi cla€2)C2- (oM ftarsr i.s | oaded the first
tinme a JBC instruct |(?)n (or (ﬁlklgﬂlgg?r%:qugggresgl‘zeﬁséﬁé" IWAPE Alreadyeloaded, iT2

(or, sone datSa oaudcémrcd compfled if using the comipiles sep&Hs 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% orrs@memmemajfrdmlyr benéthsd ﬁ&?@fzg Ppi]&ﬁﬁ% Ss |F

the required ent, then "the class -file'

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

froma network)s Lipaks | ed.~into t e JVM Then; the required
,met hod can be found i dv ék%%ﬂlgév%etc%‘iﬁqops?l O%% IREtahsanges of lildng! ass:

“Oncel@ he rsthemesd net hod

o} Static linking: The loading and linking of all classes of the application is
performed when the application is prepared. This scheme is typically used
when an application is 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 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 contro] ; 1s retumed to the |

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



has been found, the Java bytecode of that nethod executed! until a return

is encountered. whergupon the nethod has ended) andr, control; issr. n
to the invoker of the -nethod. A nethod invocation, ‘cah al so be 19?%&2@&

" by an. 1 MAR 2Q exception being thrown which ins not caught in the method,,
Figure 1 illustrates a typical prior art, inplenentation in.which the JVM"
makes use of a JIT conpiler. The JIT conpiler~ 120" takes the- class
byt ecode 110, just before it is to he used;, and translates it: into

native code $¥FPUCBkHNG tirownexhichtis a6t Ssught SPARI iR 0cessor. The
remai ns, of the class, ,140 (or possibly the entirety of the class)

remai ns, avail abl fgure 1y Straies qotypidah prioc aseinible RALHGR i Q0 shoul d
need to ref eg]aj(gs queW?i l‘ﬁf unning. Typically; tlthlel,‘n rgn%sﬁr{gqggﬁp#gle-ms
that may need to be referretPBUencIThe #d compilert h20gskeathe fé@asfsadéjtgc&f& dat a
f.i el ds and thp),cassh re .'static linking is used, th oadi ng
and 10;95 POSSi bI? sorgeger Rg :‘0 g}m‘gﬁg’ @'E‘gﬁﬁlﬁl&&cﬁéinm&amm wbde | BO@eady for
appl i cati on é¢xecotiongn prsppéifie agatn, the origingl class file (or
parts of it)_ have, toy rergai n %}ro%%ry?ggrem% ‘étltg‘ﬁt‘ﬁ%s bﬁbléompossibzﬂyer to

the tabl e ofthedentirety ef the atuss) hanaiaensia oh.. FLgure .3 illustrates a
pical pri o s 81RO, oMY i gse dhoinasivencat

typical prio r M i.npl epentation in a:

A 'se'rver érfﬁﬁnfﬂq}ﬁ\fm‘“‘g%ﬁe F%ﬁestmhmmm)nﬁming, h'!)%'ﬁbﬂﬂytﬁi@ rByh&eod thof t he
various cl asggs gﬁrtm;gayl @(F r:;gui red' by the clien processor s ¢
240.~Wthin the: class sfor & Oref%”%%&\nm@ud%/pﬁdathiﬂgyasQhﬁ&&ble data

cont ai ni ng vii¢lds ranidt the. coi | ofxr ndi Vi du et hods. 212 q The server
210 suypplies: the' cl a_sg. %ﬁl %éMZ‘lfﬁi?gr SStﬂté‘E:iJ’é’l‘ﬁ}gy}s asedsthealoadfly and

“commuriidcat i eSSiby wome geabrafl the ddidi he clients , 230. 240.
In this. exanBI e, Eﬁe ezr ocessors 23 %%;Zcﬁgogéemgg%&}{hf BPRYication: ist being
“nanely cli dREPATEGy ACangrl thenerigimab clads fide PEEhANEbY it) TR 8 rebllin Gh' €Nt

mai ntai ns i i
eV so that the native code can refer to the table of data fields and the

constant pool.

Figure 3 illustrates a typical prior art JVM implementati(;n 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 client

processors 230,240.  Within the class store 220 is shown a typical Java c.lass

211 containing within it a plurality of individual methods 212,

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

communications 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 referénce 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



BE respectively 231,241, enabling it to conpile the received class file 211
to, its own version Hof native code 233,243, and to-store that- Lf@@g?zap?
native code store 232;2412. In addition, and as previously desar h
reference to Figure 1, the. remains of t h, e class file 211 (or possibly
the: entire-class f|Ie) will remainin local nmenory,, as generally

i ndi cated at 234, 244" in case the native® 11;1 MAR 2004 code 233',243
-should need to: refer to it while running on the | ocal processor In an

“alternative mode233:2483 yhbuhiwﬁ@t At nt JITs, 231,241
may be maintained _on the ''server r5310 m%mﬁm%ﬁ‘ém'%méi‘% Qﬁ?lpéoq@éWIV&

code being done tHBran raétCHmtmeh@morgm drfan t 0 her
several . di sazgi 4taa_séls Wi th either prior anr églr@r nggsﬁlg)% u'lfl rcl‘FP Pn%
each case; a%el ¥k Flﬂimémdr @nﬁbntsen&rraqylw,gd U8 c8RSEs R wﬁatwe

clients. it va class file 211 or the native:
.versi ons 233%§§§%%d0q\ﬁtp erﬁ e(§|t %‘ka‘f‘hﬁlcéleer?éIOrMOZ34244 need to be
transm ttedii acr qherd Ne CQVEHY]] ﬂ?stafi 25'0, and remain in" client

Q,g?t net woy g
nmenory. Either approach 10 1s unsa 48T rYith reithescpriee, arpaarrangsménty; i n

t he context (Fﬁrsvhyrﬂi esch cdsegAtlargen - nobi | e eI | ul ar ~ phone
- net wor ks, Bce then class fil o %Eéggﬁ@&?lg?@p@lepwsggqug@ M each of the

first aspect CHENEH nmfkiste@n citheethe Tavatdhas ile 2 1P o YA ARG v thOdz:;%e%ﬁge

| oadi ng an O?Lect Q nted' c uter pr ogr am conpri si ng pro mns

provi ded in £18& B ellaa% § TEEWINT 334 24 mepdatp by @nshyitefi 5%?5 gze t he
e CcO

met hods conpg hod, of the class into, conpil and
_hol di'ng t hat cl?)i e, l%ela y °§&§§§t ii%remalﬁ larﬁlmémmmy erfithenappbadii ch
‘does M6t neieamsatidf¥ctod) SA delr the said cl ass

Typi cal l'y, al though no?} negggsggl %ﬁadpa §PRtexh ofy avireless ioliant

i ndi vi dual cPEB¥Orks |suchias widbile 26MulaAsmohben t OV' des that the'
execution enyiro t does. not necessgﬂ Iy %%};ﬁgegl fhoql@sst Iq‘iesoﬁfegl nal
class file. 63% &m code: representing the: original class and/or class

fileis in the PASEERY; Y t|on not quired to allow the conpiled code
to runin the ke néfbf Irst aspect ofI tﬁe present invention there is provldeda

method of loading an object-onented computer program compnsma 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 necessarily also hold program code of the said class. Tvplcallv although
not necessarily, each class will be defined by an individual class- ﬁle 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



execution environment. 25 In the preferred enbodi nent,, conpil an tm
proceeds by a two stepy process. In the first step, the~prograr (3084
t he~exanpl e the bytecode of the «class) is translated’ |nto vi rtual,

" processor code which uses the instruction set of a. 11 MAR 2004 vi rt}ual
processor. la the second step, the virtual processor code transl|ated
into~native code, which uses the instruction set of a real, phsical
"processor. The invention in its various aspects inproves nmenory

utilisation byrtdabpenesstg. M tHesed inal class, file, to be .
held in nemory-, in case, 5 it esﬁgﬁls%ﬁbteﬁeﬁgglghgweﬁ?éc@i%bﬁ}fmﬁ@ted

appl i cation. B9 mY@CQ%Wmmusﬁsabemstm@ﬁbﬁtsbpaf 5’?%%?@ fgperibed above,
appl i cation progr\?\fge can design program s in a FiGagpEqce sl%ﬂguage
~(such as Java) hEHenHaw imis Varions aspeetsantprovBenieyiirs ati ?1 aticﬁlrlgf size of

t he Java cl a pnventio nits preferred forma
appl i cation t%?)s}%é l'szrs letgﬁpﬁnﬁe‘ﬂf(ﬁﬁﬁ? guginakglass file to baheldanlﬂemafyogﬁ

| anguagé suchy skisulddéa anme,.time- allowing the resu tant
programto be TUn Wit hler?ng%b?&ﬁxeetﬁgﬁgé§RBlIFa“?'bo§ﬁNSmgt e TWostdge

parti cul ar| y transfationvprenedshizsaitld £kvie0 ysed in an enbedded
system such; as for exanple, a nnbllegb&}gcﬁdéfo(ﬁa}?ﬁm@ﬁfa@ depigner ., or a.

garres--consoll’éf’gfmﬁemah@rlwezlrlan elfsuchsad4 th a nunber
of different , 1 51 | n n sch gtmgf l(gr exarrpl‘ﬁea)g‘?glg?u(}q* ﬁ%wwoﬁy g
|l oad tine ||ﬁtﬁﬁ" %ﬂb’ %h"r?é’ VBuCiﬁ:’»Srfgses Atherinkentiohn &tsfovéfhel aspect

of the inven conput er system for l'oading an
obj ect ori en'?‘dggﬂ ayg%n{?ﬁatn éﬁb l&ég‘?%gﬂ g%%me&‘ﬁgahtﬂbdévﬁrmvmdadmtmdﬂ?@ f or m of
‘cl assedOeachpeegrasiminidladgiddé'sabh by 19 a ?ﬁtreoglf%mt és st em defini ng

an~execution environment and. being opé ?‘T‘Eauowmlh@d of the

class into cmmluaetjpmgmm tarbé run wichifl ah*&tx‘é‘?ﬂé];' shthiFagds téalr{ ﬁ’r@r‘l?
not

execution. in_the execution environnment. the e ecutlon
necessarily B?’glf‘“ “g(!'-‘gi” bER the applisation is to-be aatdilrpérﬁér%bedded system,
such as for example, a mobile phone, a hand held computer, or a games console.
- The invention may be used in conjunction with a number of dxfferent

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

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

According to yet a further aspect of the invention there is provided a
25 distributed computer system comprising a server in communication via a
transmission means with a plurality of client devices, each having a respective

execution environment for executing an object-oriented computer program



Accordihz to yet a further aspect-of tht invention there is -proyi %ed a,

di stributed conputer systemcomprising a server in igomunican 1 FMA!R 2004

transm ssi-on neans, with ~a. pluralitv of Cient devices, eac4 havine a ..

" respective execution environnent f6r executinganel object-oriented conputer

program 11 MAR 2004 conpri sing program 9ode, provided in the form of

cl asses each containing a plurality of nethods, the systemincluding: (a)

nmeans, fors I(i:orrpi lLi.ng the::program code into conpiled code; (b)~ nmeans for

sel ecting f orCOBIEIRE prograrocmey provided in gret ' el . 5 of the nethods
b e fog‘ﬁ\ﬂf%?% F%%C%Bﬁﬁ‘@aﬂtgwe from

of once of - ITe iil as?es a&f ilﬁ% ‘nmeans. ~for transm

the server t® VRAEQT metheds, the sysemdnchndingout necessarily transmitting
program code of th) serbsct cl ass,. According: to yet a further aspect of
the invention there is Provi E&OB’Plbngéwmmgramyedemté eompiRdiddge: an

object-oriented c ut i sing .program code provided in the
form of classes gg)gh ?g%‘?{éﬁﬁfggregﬁﬁg S?Ia?"ieg'}ngﬂ on gae lof thee clitm devideyopki ty

of clieldt devices; the ofelé aREhERCHF b ~a__respective execution
environnment, the: system conpri si ngwapn%]gr?za%??ﬁ’ aegrrpi ling sel ected

met hods of sel ect €€) | t Ineansdor tansrhitting@GRidiRd ondfd (D) meaps for
| oadi ng the conpil ed c%&%hr eady for egecutdilon,cglag?oon?ﬁbes(elrgé?p'@ ¢ yaid

execution environnments ‘éﬁ}ticﬁé‘dﬁw&nﬁe}ssdxﬂgdfmmﬂﬁhggﬁ??ﬁq %ntg}et he
execution environnment SSCIEQ% i‘aventi on, in this aspect; ~al 'Bws a§% P ion
prograns to be multiply. 8 ﬁ?soaded into a plurality of individual client

- devices for exanplAecerdihbk o I T oj.l ed cqde matt- be uploaded d
‘into: the phone- menori eg Wt og?ﬁ herdifeiBFhe fiverfion there is provided a '

computer system for loading an object-oriented computer program compriéing
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



any need for the original class file or the program code to be p{)da‘ded :
According to another: aspect of the present invention-there is ’gr Mkﬂagﬂnlp
met hod of | oading an object-oriented conputer:: progradmconprising code
provided ins the formof classes each. containing a plurality, of! nethods,
the : nmethod including (a) selecting folg execution one of the; nethods of
one of the classes; and (b) | oading the selected | nmethod! into an
execution,, envi r\(l)@gegjnt .Without: necessarily loading, into the' execution
environnent ~the WR3I ©ading the seleeted anettiodlintsan Ek&uﬂ@ﬁ@ﬁ@’ireﬂx{}kﬂfw'h ’

i nvention, provides 3}I}I Ofr@hﬁ d(%/inam'e features of the Java Vir uéﬁ_om :
Mat hi ne (JVM ), but WTRSETSYHRAHRRIIBIO therexsgution tmdtqmien tho MMER Y4 D
conventi onal approacrg%;;ectedcl L% its -- preferred form the invention
provides fire : granularity Sl idi ng/ i nki ng, |oading,. conpilation and

transm ssi on acr oskhenkted 6f ' net . r cifically;. the
granularity is at_the 10 rret.hggé/%ooi Upg\}%@{lﬁgﬁ%&&ttﬁg yagmic eafires of thevel
asithi ? w céavenViraal dMpeine ERMN)] Qﬂltslﬁﬁﬁrefﬁs-suﬁé%&tla@lfg%(b%@ qu ?‘?Q}B’{inl

|

-particularly although .Rgt exclusively applicable to::
Machi ne (AVMPPTRAEY SrthetAnventipral appreachasn provides for the entire ranee

of JVM |inking, sghenrgs ly' 'c static linking dynam c bad tine |inking:
and dynamic |late g?n% né’?gtg%gﬁl dpgmy @Pdéﬂvﬁlﬁmnlwr@ﬁpﬁtd cfate arandijaf
Qgrantl@fity of

preferred enbagHinBNinkifs t hnvent | i.ncl ude wirel ess  communi cat’i ons
(wireless: cli en?gﬂet \}vo ’ks;],gagfr;:l ’ spggﬁﬂlféﬁppy &Pf‘hoﬁ@ﬂsmﬁﬁlonexwmﬁsvela/

mobi | e cel | ucemmunications wistwork., ThRIArBY 85Edi AFIRYH]! %Pdnu?a%ty is at the
Y 10 method/tool level rather than the class level 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

In one embodiment the
System may consist of or include a wireless network, whereas in other

y 20 any other type of networked or networkable device.

embodiments it may include a private or bublic 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



applied to other enbedded. devices preferably networked~ld, ~vi ced. 15;\1;&;{{12%4
(W thout limtation) hand-held conputers., ganes, con\sol es, caneras.
i ndeed- 20 any ot her type of networked or networkabl e ‘device. In one
enbodi nent the system may-, consist of or include a wireless;: network. w
~whereas in other enbodinents it. ay inglude a private or public fixed
network or t h6 Internet. Were the client devices are. not capabl e of
Wi rel ess cong?@értgtl 0? rovision may be made for themto be, coupled to.
the Internet gEiof &am tﬁ‘%@&%d eyicg that candredsaneeipgmpigmm or | SDN | nk) !
In such a way, th@den &E)I icable to: a wi de range of ~
enbedded devices,, | nc 3 & a eex’éWEl‘ n,c 3thenaspplied evi wirehss ¥asti ng

machi nes, , nnémOx\l@hllglmgt(g rtual .y .any: 11 MAR 2004 ot her type
of conputer operated device afﬁappoggﬁiu& tr?ﬂ?mfé‘%&of)fa aretheditont) dgeofol t he:

i nventi on, wﬁ@mﬁcambt st&nltdr@lurat o fied t works, is that i i i
ansni ssi on: .l( ne&ﬁg% hgg&{“&}?f systems iggwhich ghe entire

each i ndi vi du t

si gni flgant I 9F3§Fﬁé{l€ él’ﬂs Eﬁjbgﬂbwmlmadnd WiThis mes

vhichi =the efLifGo%eehdBe vikha il D A e e Aok bR fdesinot: ¢ e
net wor k provi % ? ? Vllﬁg@ldc*r‘éilll@e@f)thmaetwmk opkn Eor rbﬂgsp%;fbfd t h%agﬁt wor k

open for ‘lon I |1s. hod/.too to be: tra mtted ca
‘necessary beg[rnggt egé@d{tgg’?gonpggﬁ nFH“ gﬁeceﬁﬂé}'tbca'nnﬂeﬂschfféfenﬂ&, sgl | er
di screte -chaddisionf tiatransmasiont Ha aﬂ%hle&? E‘r”g@dyfé?nd error correction,

is required. The | oad on: the network can ahe means dhat loyven

greater armufﬁ@mtdﬁaeb’ wod| efrdre corrpeiords v @iked. by ration of the

dat a tggnsfe L es I n |t referred formqt he i n\]/‘gnt{;%dr:%f‘qg etverk éEF‘Fy

~applicable f Rets u%f’é)it&@ieamtaemlomnrmaﬂ ould Bde &6@ yabr},e
on.

be conpiled § t ed prior to executl

invention is %@gég&faﬂbpﬂ)gﬁ&%ﬂ&a%&}?ﬂami@ di stributed conputer system the
i ndi vi dual net hods fr@ re@ﬁ-egqufh ef.ore or after they-are sent
across the:network to the client’ Qﬁw gtggﬁ{’%fseP Ylarly ppplicable forarsei with udes
the prelim n@b}@ct:pspnmﬂ computert ipd@gfad® that are to be compiled (rather than

interpreted) prior to execution. When the Invention is used in the context of a

-

15 dlstnbuted computer system, the individual methods may be compiled either

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

Preferably, the invention includes the prehmmarv step of translating the

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

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

20

} ve\ecutlon 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, or
alternatively the individual virtual processor tools may first be comptled and 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



classes into a plurality of virtual processor tools which use the~- ...
instruction set of' " g virtual processor. Then. the' ystep: of Skqum one
of the nethods, for 20 execution may include selectitng one of the virtual
processor tools. Wien used in the context ;;of -a. networked system either .
the virtual processor tools may individually 13e transmtted across the
network:: to the client device. or alternatively the individual virtual
processor tools may first be conputed and the native conpiled code

transnitted exeasimg he objedtvaridated @5m i j rther extends: to a
conput er system adagt eo?}to carry out E;Glgr r?gi{ﬁgh{ ggmhﬁé\ﬁo?f’ﬂ%yp@@ Hed.

The i nvent i othef farmher classesneishtconeitiagrausiasalvy S 9met ! of, 101" |
executing an otrg%ect-.'ori ent ed conput er~ ;)gograj}/n conpfrlﬁsl’ h}g@%lgghgnggg’@?%d in

the form of 3R FEECHIOLGRYITRYRERY andrhpingioperablel fotseleof foredx@eston bREof BYSt €M
defining an %)ﬁg‘f&t ioznoenvi nrregts, and being operable: to select for
_execution, ong e “HetHots 6s¥se 8B tondoad shes sslecteddntethddasto! g
sel ect egl net ' eqLt envi ronment w t hqut necessarily
| oadi ng i nt o%r%%eécﬂt}?{éo%n&gnw ?}t')n RECESH gpé‘wﬂg e slBE eExecutidmass, ;

Accor di ng t cenvinmiirhent thgpelidle of thd @ ldcpadhdson there is provided a
di stributed conputer systemconprisirig a server in conmunication via a

transmi ssion rreans‘t_c\ﬁpt 'I,lgatoplanoﬁnlei' taspedt of itk tindeMmione Sherfash Wa%g
respective &XEI? ut.i 8n envi ronnent for executing an obj ect “orPente cgarrput er
progr am conp?t 'Cl?ﬂfe ot RMBHISY | Wstem neampprising m skrer ains esmeaaticAivi #i4i N9 a

plurality. d : mJ.ncludj ng:, (a) nmeans. for selecting for
executi on, glfrl{m(l)snﬂen.%:gmg‘f ﬁeﬁépgl%%b?%QWc@qﬁﬁg dgyices, rachdevingsa ofspectivef t he

cl assedd andeddclition) ehvrEhme d i nt he execution
envi ronment in the seai dcli 3%?6%2%@%{“ ?ﬂgé@ggté%?ﬁ%‘ii‘i%‘%%rdipﬁggnam 0

t he~~sai d exe@mprising eodd pmvided in the dorny \WIR)&s& eddhCeoifthifififeSs pﬁlr%ﬁ%’ 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.



The~i nvention extends not- only to nethods and apparatus~for l'afgﬁﬁ%
obj ect oriented conputgr pro anms. but also to,, nethodgs and apga Zﬂ&‘
conpi |l ing, such prograns, binding such programnms: x executing such prograns~
and transmtting such progranms across: a, comuni cations networKk. ‘
Finally.-- the invention also extends w ya conputer program for

i npl enmenting many of, the descri bed neth&gs~ whet her or no f, enbodied on.
a, data, carrier. ft also extends, to a data streamrepresentative of a

conput er, progAecordigleaut Withdu® UmitdiR o, Lt ds-10, be
under stood that, | V\/ngelfe used in the dé‘égﬁ%ﬁrgﬁqj%df O@ aififludesiguch, things

"code" i ncl udess atmstantssasatilbaamestad tipespaaps, Yoidthd, &Y AN S 11.
| MAR : 209A Accordjngly, but without ﬁsem ta i(?cr?' oot elaglxr%ﬁeéésa?@ngd 0&'

"code"i ncl udes such!Rhigationgmayhe garriedv into girheticeaine yadoes Mtaé(@e&id fdROS,
poi nters, object i}?rres and s Thgei nvention may be, carried into

practice in vaPcSHE vabe IHWBPWEE';HO% describedhbywayrnf exampley ovitlbeeference

descri bed, by tmncggf(ﬁﬁu@gﬁgf%gg%gésgﬁ%e to the acconpanyi ng draw ngs,

in, which Figure 1 1 n of a conventional JIT conpiler

within a Figure 2 iFigust T Ahs&atesthe bﬁ&aﬁbﬁ%éé&ﬂ%ﬁ%aﬁ?}éﬁ?@%ﬁﬁgﬁﬁgﬁg%

preferred:. enbodinent'. of the present iInvention;

typical 'p'ridiVMirt client/server system Figure 4 illustrate the
operation of the preferred enbodi nent of the invention within a
client/server syst eﬁi'g}qu:- g‘éllr“étf%iﬁs ithe (3¥a-stege teansketiont provessf of kige rbfgiddent ,

shown in Figur  Fi i llustrates the operation of ti present
nvention wit hef?rrxﬁ%dmfén%f fheprédent Fived ion;

10 'Figure 3 shows a typical prior art client/server system;
Figure 4 illustrates the operation of the preferred embodiment of the
invention within a client/server systém;
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 préférréd operation of the-present

,,.,v.‘,_\

20 invention.

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,

-



15 wireless network:: Figure 6 illustrates certain aspects of the-'g AR
transl ation frombytecode to, internediate: virtu, al') processor co eM v 2004
‘according to the preferred enbodiment of t Cinventi‘on; and Figure 7 ..
" illustrates, schematically the preferred operation of the present 20.
invention. Figure |. which! has been deggribed above. shows the way in
which ~a JIT conpiler within a JVMtransl ates ,from processor-i ndependent
byt ecode to groc(igssﬁi%tt-sde eg(ljgr]t na;tdi ve code fors running on a particular
processor. - Core 010 as traagiptedalsyh a ¢difipil @ rﬁ% af | cl ass.,1140
(or possibly-ghe entir eté%ZS of, the cl az??; hdggp.to Oéﬁtgt%%tkr}%dc?‘ﬁi kﬁory
in case the: - aFPRRIler saavertsall Rbthednecepssey! pacts roffthe Origindl M @tﬁm ng.
alTyin

Thereferred i of: rese .invention, shown schemati
Figure 7, tag{emgﬂg&gﬁ‘%e’ é%érlgﬁpgaé%ﬁﬂ’ Ehthe \gonstant) pool; . KR 2p@dcdde2736 e

cl ass byt e- cedepléfe inl fsd I | iler 720 into native code
730. Thg conpi | el? Colrlllvgﬁlféaaglﬁldog%%&k Hgg%g%ééfgg?ﬁbaw Pags afitbe origimaladlagsass

| hvt ecode Fi Ivhémitoisrani VEhe earapilet 7005 lL.in..the constant:pool'.
The native code 730" _is conpl eit)e in ilts?ghe?@{aeﬁac]ﬂ%%éghﬂgp SCIIFQEH“F@[?Yé‘b’er to

any, parts ofn¢ AEFO¥f 7409 kudisearddbe entirs oMwsrithiat id, $he &t Téélfi‘ﬁh lar . 720i s
t herefore- atﬂ(lg)ngﬁnfhom schematically bym. t he aer rovn\;e!/y4 %%@aﬁlﬁsst he
entire class g{e‘q%jentirety of the original class file) from
menory. The conpil y ranged! effect: static linking, dynamc
load time linki ng’}ﬁ{graﬁgy%g%yche @?g bﬁiag’a’i“ﬁ 1t eligglstatimlinking; dgnamisioad

directly inttimdQinkitg ve dyeEmi®ated; atvely, as described bel ow itinay
~carry out the c_onversgl on ‘in twoa St e{g@g@ .1.t rﬁflalytcr?élv &e@&ﬁlaﬁsn@@ﬁtbbmtol

' convetdi on NAYKE coge et.alternativeiigtas desceited beP @ ls\érﬁ lace in two
separate sta%gg\gﬂégﬁ%gnver sion of the class;: filﬁgﬁ?o a %ﬁ%gF?ﬁYﬁr%@

processor-in :
In the 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



15, form This will be referred to as Virtual Processor independ?m’ .
converter itself is knﬁwn in the preferred inpl errentatlon as the ‘MRIQUM
translator". Conversion fromthe internediate VP form to the natlve

machi ne~ code.. The converter here will be known as: the “native
~translator''. 20 Figure 2 illustrates ig3nore detail the translation from

cl ass bytecode to native code. The class, byte code 101 is first checked!

for validity- by: a class verifier 211. This checks not only the

i ndi vi dual : s thensel ves, but also checks, for valid external and

internal referenc The class verifier ifinecessary, |oads additional

cl asses to check: eﬁh‘é B?P%‘F%FI 19 eapprenigtesthalibe dliss veriGiepas] Peqye 39&&é<ed

it is passed nsl whi | chi converts it,
descri Eed in t%‘rs iegl&éljze ai f“d E)l-éel g? dgf‘ﬁé aVEPE:‘I]FPERS’G%802-1r1d;‘:pe1“ildent VIR QQdﬂ 2ﬂe3 is

t hen, converteﬁtwttmlt r o th tive code: 11 MAR
2004, 13 230. It is |r$pg‘?%lzi4/nf§n(§gp g%‘%)'?ée@\ f '@} “a?%ﬁocf%%a(bwéwl iseprioicessor211-,

the jcode tmspeeifist or 212: and The VP code: 213 are all
processor-i ndepen nt.. It is only the: native translator 214 and of ,

course the :final ven QghBHEnMdchfF@utHD%@%Hemﬁl@%%éé

. tighat’ °"
the right ha f,Figurg 2 is a schematic: representatirron-o qnn% ,
obj ect's that [ﬂi? bﬁ%’é‘? ﬁB ‘n‘g‘?ﬁ gﬁlPSt wanipulated during Hbe ttranshitivni Brodek§CeSphel N

process star theoMdskit formof a Java: class 1]le
201. whi ch ?:%nsﬁst Sar%s]t‘@étﬁ lﬁé%laallgﬁ’ﬁf &e iWF&PBE&If apfavR sdass2iz. 20ﬂhwhmh)de
t ransl at or. l:ﬁnsllsa;nsfaé 16cdlite 6 dfdividyae ur al
~indivi‘dyal virtual: prq)ocesiggr t 00l & %‘ Iﬂ%dse%@# JB'E%JCQ% tﬁ?ﬂﬁlﬁt@ati on
to be dln a é’é‘ﬂé@t“?&)ﬁhel@mﬁﬂe info, aphﬁﬁﬁy‘dfrﬁd&@iduapbﬁﬁﬁ?ﬁ;%césg& §00%0§0§\h| ch
.wll) be re%uregi and those sel ected-tools (and :
cpending upon the application to be run, a selectlon 1s made of those virtual
processor tools 203 which will be required, and those selected tools (and only
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
13 - 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 ﬁ.le 201 buf

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

St
19
O

methods 204 remain. allowing extremely efficient memory utilisation.

The use of the preferred embodiment w ithin 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 server: in particular, the server

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



’ those tools) are then translated by '1 the' native: transl ator' i%g&’* -
i ndi vidual native nethods 204... It is inportant toy.appreci at1e : t200he
entirety of the original class : 13: fife 201 is not 'necessarily being

* passed through the native translator 214: only those virtual processor

tool s: 203 which', are actually needed % .the: application. w1l he
translated and ultimatel y~ stored for ranning one the client. Once the
transl ation process is conplete. note only the entirety of the class file
201. but al store 4A3. VAR dmitial JABcREE fildliy hEQ s ly fhe

i ndi vi dual n$gi ve nmethods 204 remain. al Fg’%%ggg§%r§ngl%ym§§ﬁ %Qﬁth?ﬁ!ﬁmry
utilisation TRb-1siEnsiated Nig thpﬁ%estag&ipmb@dmﬂbed/‘g&miéhﬂy t’l%oeﬁ_ﬁﬂg.g us

mul ti process&‘ﬁpvi roggfnt .i.s shown schematically inh Figur€ 4! I oul d
be conpared $f tH 1992 &8¢ Mbich Ars sgrast wisthinethe WP storedb3shone VP (frogedser-3- | N
Figure 4, th i Vi two c¢lients 430,440 (having 25

di fferent pr gxgg? gféer{ﬁ‘) #)glsaé%rgm&%aﬁréfﬁé individuatlys 55, requited, afcrodse the
processsr- i neleRaRASY td HeGHURLY i I Hhe out -on the server: in
particul ar: {nﬁﬁ seri/er mai nt ailn‘gﬂadlgpgsgs Tg’tngt tﬁ‘;é,a“’aﬂ%?fhgﬁns,léﬁeﬂfb)etheﬂfz
1, a jeode avislual elientl tddslacord 4242500 R4 510 1., A0 initial
Java,, class .~fiale 480 ', consisting of- a %@i‘v&rgﬂeﬁ}% %&’ﬁé?h‘%@]‘ e s

‘transl ated, PUMised fQfotheingrsppetive: proatesarsi beThege MtV Usethods Q' gre
plurality O&itﬁ?nhﬁeme 4%2 which are stored within the VP store 4$} ) dI'he:
VP (pr_ocesso. - eggﬁ Dftatvesadestored 432144a. be : * served. individual ly,
as regiired, acrogp ‘ 0, . to the individual clients., The VP
“tools gée thetr_l! traﬁ??gpgywbﬁﬂé%r?%dﬁwmﬁ’ "&t%’r’ﬁ tr albaws the verifieatioes
Cinto: hAtivvef thet binds 8834 4B iRkl SHoAT ipised. far. their: respective
processors:" These native- neth ods. a%% ogttggggHB\l}mﬁﬁﬁP r@?%go?\é@ﬂgﬁ‘tﬁo\/yp

native code S@df)etp 22 parformedhencesendf byPipnséfier ser ' ( '

Figure 4,. atl oUs, . : . t{1e'. erigfi cati onb’_f 18/. of st hercl a\slge?’l ?’Z‘?sgﬁ%%%ré’eﬂ rst
stage of the ROHPI Pt %ch'/‘tﬂ fgsnoesaiding o e processter) typeloeepas f @y rgd
once only' b¥erfh8ned 8HRE clidhEBevidl ¥ %ng&tio\ﬁ? Such an arrangement makes

1t easy to supply updated classes at the server, without the server nééding 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 maanacturer 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



"translation (which-~ differs according to: the- processor type) eed. to

be performed by the client device before-execution.--Such an arrz E QMM
nmakes it easy to, supply updated classes at the, server, without. the
server needing,;t~o0. 1 S~ know anything, about the detalls of the.
particular clients that will wi.sh, to ngg use of those c:lhsses. An,
‘updat ed cl ass needs to be anended once ly,, inthe . class bv-tecode,
and then transl ated once onlly into VP. The: VP'i transmitted Ito the

client devicaweddie trensmisiad icrapdhd Rervdrki a Ahskat b to native code’
can be carné&wout at! the c{lent in adr\i/f/alevl\}% Ha'ir?‘il\@n ﬁ%{nay B¢ sitherar ent

to the end usénlpadeton sgwmand ¢for, examplewyomesss bf? &Fﬁoﬁ?r (TE'E-BITBH{C& the

VP"'code is r .ni the event that a new type o I en the
mar ket whi chei?%"HJﬁFFifgn RACK tp dh semeer)ver altariativeTienay bephngimRelashel fe
sinpliv pr OVISg%h &Iqﬁlhgﬂ {h an %oprl ate native translator.

andt he: . devi ce- oper &t 15 0ge dRrimenembediment,efor enxangyle, fe the
server. 5Wths‘emrma aafdni i S no necessary to downl oad’
“across the networ kﬂf he Jav%%ﬁeass ftb‘{’lén‘lzf G‘F%‘P‘li lgforderstq npdate dinal i

met hods 481. appligatiensqye whidhsis W si I t.he
i ndi vi dual cl J ent, égpl [ cgmns M&I?? Zoog?n?hg%thlré]g{edﬁgfa&?’ﬁﬁg %{’@dnéé«ﬂoss

the network. i IPyWAY ahistpisientirelyteanspareat tde exﬂ%&# &-pﬁﬂvm

(for exanple c?{qp? ﬁ ﬁ?‘éﬁér ol si, aI transmtted rom M back
to the ser ve%ﬁc cndivi |9'ans d- W& ttpalss mayt eepredemd taRI-ife! V'

det er m nes t RaHitid l.n one enbo nt,, for exanple,, the S

_server 1gay t Irh;nls mnta|l 3%8 ﬁgﬁ@ﬁ}{? é’serag'l'%fé tOtaaé t‘héﬂ\ﬂﬁpkcatmmprb&gramcm

{ updatelBn a Imnamndrescm;ggrm on theclient That could
be done inreal time, in away Wé |%mbel§1 :ériag:vgf%e?tr%l?fgﬂ%t‘?bedi’h%m%ésﬁnd

user.: A t ataﬂFm%tQ)makc mse aﬂ ﬂlrtcnonalﬁ amh St J VP
adﬂgﬁ? i Ongi?ﬂ%déﬁg{l%)ré]éﬁﬁn {& ‘Lﬂ’tc a‘iotdﬁeuser

tools may re
wi shes to, §§F a%ﬁ P&é‘%‘? Blﬂﬁmapﬁ@gﬁ tant ravtamatiemdlyr transoitd Beglgﬁéll @Mhe I N
one parti cuI b r‘éa@é@?i%et'ﬂtat P ggecsg ar\grh% ttgloels ut;seeEi OWnloaded 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



attenpts to neke use offunctional'ity in an application program 1fl)rMA{R1|2@g'4
code is: not avai | abi € at the client, the client automatically
transmts:::a signal to the server requesti ng t hat t he- necessary VI? tools
- bet downl oaded. The server responds by transmitting the requestedWr. tools
which are then translated into 15 natixg formby the local nativit | e
rans ator 424.42;. Once the class file 0 has been converted to
appropriate VP tools 4182, the class file may be discarded fromthe server

rerry. Li kew3kiaSrioepmividok obMBrakhGOLsiiedgs L, dount oaderl oV Lool

have- been converted into native MopIy

di scar ded f r oWheni emar&mllmonew ofFugdited 4dehbaVVga t d| rrent in
which '"thew indj" &6{0 native tgransl at orsvgr galﬁééil ﬁ(g,ngi tég Cg‘eﬁ‘?t fe1s
t

server:. |n HFAHEE Sqnéfbé’r ecssrverutier appropeiaee idividanE ndRa)| hﬁQh@@ is

n one.versioniofthis embodinent.. aif

t hose: used
col || ec'tJ i onofS Flal%\g(éS%néI[ EhoyRmuBjcations. nepyogkn 4 56} i ems befme,seﬂlys individhugl ed:

oni.,itke semny t e [ de.stores 432',441,2'. Since
it cannot necgdshgg?la%%ﬂt ﬁeﬁg?%ﬁﬁéﬁaﬁf 2’8\‘)&@ thginagine methadsiwhiéh have

needed y 't hdeen-created fidnmthecdrigiidlscladst is preferred: that the entirety of
the -VP tools 482 be passed) )through; the!l respective natlve transl ators

11 MAW 2004 1&; 4dn, this Emqument;lebmhcthﬁpéxﬁh% i0fethe ¢ % ‘Je{’df
native nethods 483 A}%% gg articul ar new or upda n| e i the
called for byf ‘El'ﬁ’é 44l; ¥R tools 482 may be disgarded’ from seeverantmbyy ohee #6d Htive { he_
appropri ate, ] I e thod nt across t 4e communi cati ons'
Rebwork’ 450 nhéAl?bgbé 9%%49@%% bdes cqrﬁgpgtleguﬁaphould be noted that no part of the
10 - class file, nor any VP tools are downloaded across the network. Likewise, no
part of the class file nor any VP tools are present in client memory. This
ensures particularly efﬁcxent client memory utilisation.
In 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

g’

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



S nmethods are sent, not the entiire class, nor~~ail of they natiye methods
whi ch have. been created[ fromthe original class.' 1n this: enﬂcﬂiimml,
both the:=:entirety'* of 'the class. fide 480 and' the: "individual] ,
" VPitools 482: may be discarded from server nmenory[; once the native:
met hods 483, ,,484 have been constructed. 7It shoul d be noted !that no part.
of "the' 10 class file, nor_any; VP tool sl are downl oaded across the
~network. Likew se, ,fno plafrt of the cllass 1'il!e nor any VP tools are
- present in cléeapt of 3 specifor sequébl o : ti: v.efficient client
nenory utilisatio n yet l%:qfurthe?ﬂglétﬁgrgﬁgtgﬁé%rgrg{’%%%élqsﬁé“’g%g r need

| | hot mai nt ai n- al '"MPSHRPEMING 2 ahokide itelaplodnepicdwbiatsy or each
possi bie cli gm, lgggoggle%&or B’?ﬁ J nst_e'adl,) when a pag??i @Hﬁgdr H@g@fqggﬁ Eygesofa |
needed,, it o ¥ Tansiat SgtWerk)iinethis wayyaliaves thepmpieaps ioaa@wﬂﬁiaidvﬁ.cﬁi}iﬁpél' at or
424; 425: andipd ﬁngéaw%fr{ggﬁﬁd tratrf i.tted | imediately to the :client.
Once specific, i|nplenentati on, might be, &or; example ADEitpteseinslenigth) fidteadfo@
mobi | e Sphonhavigigwor downlB8d 4 il ones, 530,. 550 using the network
each 20 i nc%‘ udtegyza r‘ggg‘gd(i:;éih\%}ﬁinrg{?%ges @?’ﬁﬂ%ﬂ%&%@t,%@kaﬁwme@bm@j ve
codest ore! 53ranspaptingNipdividual i mietlesds ol pgi.ad =functiopality

of I hephones, updated VP code  is suppl iugéﬁx%sr gvr#ag(ﬁ g#oggvgﬁggﬁﬁ @rcm ral

server:5 '0. eSS BEWOBk pveviden sincesvistmal cirtisiss do nbd Ry hat
a reless tr ansr?i ttgﬁd)q@%% maintained.

conmuni cat i ORs. rk 51 .l.to.a W

"stheni i packet 26, ety ptriod Serle e $ilescareheing) transmfitel t Bac kfall: 5
A ndividual phdieidualCOheftRREidt b VPecode: i s automatically translated:
‘into native and g’?orgd |G£%%°%€'§Egéﬁff§rgnﬁxde$]5§t greet.fafﬁ%lsw%nl@fmmldmss

may belOt r anelmantesmuf data tddneepti Geed iR e ively the: updated
code' may be &ent: on MAR 28 ' recei pt 5?dlg{dsa§ée)£:iﬁ}qaén iEestion eehpiques

phone user. WeEERhCIRasmIgdhe capakitys bSthe NABOEOBVHr iaRg- i,l.e.1 el ephgne
net wor k. . (OB kggee%? an Io%)her type of wrel ess Cl@?éﬁ?&%ﬁt\/@)@\yﬁmt hi s;
way gal | ows. T fieh ¢l Lty Ydotipinpatison of raw datdtrahsfer ratéd)0dEhe HRE that 86

whi ch m ght : phe of gl @r@iﬂﬁi aa}@%lgy&o?ihéw ength) nstead of

‘ 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. .



having to downl oad an entire class (which m'R-ht be for exatnp,l|I
megabyte), Transmitti-ng individual, nmethodsin 'this]-way alo has, : o :
advantages for the . ..wreless network provider sincer virtual ci I“!:LMAR; 2084
not need, to; be maintained open for lengthy priods while large -fifes:
are being transmtted Each small i ndi 'hdual met hod can be routed - _
~d'ifferently.. Al so; the transrnissionof“smaller W chunk. s of dataredu-es
th d f e nee or redundancy and error, correction techni ques; thereby :

i ncreasi ng the cafdei IYMand hike botasoaK iAMEIctR 1??;§¥§ep%$§{ ége\’\gépgg t;’\aggéd be

expect ed rrerg/lrhltigl_,bm%/qmg,tgoirrparl sgn( of 'raw data tran

that::n:o p p§ gperands(rassberk epoifedrs & ed: to
remain yin cé)i ﬁ)@t}. Hgﬂor . .. heans t hat thepenti re??b}oé?tsi)%g%%ﬁg%Pﬂgﬁc%e
dedi cat ed t o*PHEMS ﬁéét'étle“hﬁﬁ be pustednen isotdts, firanm b@?émdréf‘f.”.jk%%ode
applicati O”Siﬂsp'uﬁﬁbhv iéé'ﬂ&' l&gn%et eness,, a detailed! ' description wll
now be given of the t‘Slpe err P IOE B MORF iansrande fromsthefstackk epdrforms

convert®d i n;f,mnb’lféc@i@ﬂ, the X r verted jnto. naitive. It wll
be understood that this i sp\igﬁéée) fsreeilél?rpq?’gf@ﬁ, Gféﬂﬁ t"ﬁé‘toﬂ tae pragkefin the

i nvention i sother HandniVBds regisesr base@didRRdt {tMyaMi here is, 20 a

t wo- st age. t\r/%igl ati oa; first gf rom bvt ecode ti ir*?tcl)as\\% Sgﬂ(?tf!ngﬁé‘?fS ‘Vﬁ’&h\ e

into, nati\RAdressed diyectindy HenMB ilsthutions 2 A Hstrub86n tglﬁﬁgh#stggial%l. be

gi ven of theo eg_éﬁé@érﬁ;d tvvo-s&lsge transl ation from claass, byte 1510
into native U3 [TOTRJegISIeI(S) i Spgsifieddiasihei insttuctidie petfosml <onkd ia@éi@,% ;211
.checks the- gidsutd for, 25 validi~ty. The class verifier may In sone
“enbodi géants be i%rillco?{%g(r\rgggh O\%e{%’l%n(&t%) m{%@e%msx{%s@ dpeaifiediinhthease
t he- cl Hds byinstrodioR ] (Oitds pegkesd Bhdcdl . he. j.code translator 2 112 as
sh'.own by' 1the arrow, 240.:g M ARego%g‘?h'.{f%E‘rE fs hniote “simifar” to' most real

processors, except that VP has a very large number of registers, large enough
such that any system converting to VP does not need to worry about how many
there are. |
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

Newm’

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



The JVM I and the bytecode instructions it inplenents are stack based,.

whi ch neans that operands. (nunbers, =;pointers to,: obj~--}e(;ts) are l%pqt MAR 200%
stack, ,. on which the Fast:itemto be pushe' &wi s the firstilto be ,
poppedl I 1 of f. A bytecode instruction typical bremoves one~.:or nore
operands from the :stack, perforns 51 spge action, and pushes the result
iopprand (if any) back on th -: stack. On: the other hand, VP is,,:

regi ster based, lin that it has a set of, registers which are addressed
directly by the Passiofitbe class filmsnstead of aimatriey chidrefs 4 YTeRALE Yo h R4S Whik
operand(s): from r@giiber(s) specified In" the instruction, pertorns sone
action, and.. PUCYTEhEE™S esult operand! (if any):. into a further

regi ster, spegi fy iR th 0, instruction., This register rased
architecture ‘ics Ihgcg.éﬂdsifo ?‘é&' 2 ﬂ?ﬁ)é’f’"}ﬂeaf%lﬁrgﬁssé@ superelage pndtamyt divecthas
a -very -1lhrge rgup‘gﬁﬁtegfacéggi sters; large enough such that. any system
converting to. VP "does not need to worry about how many. there are. VP

i nstructS ons ﬁr@&bﬁﬁ@ﬁﬁélds%ﬁﬁﬁﬂfmgﬁ%ﬁ h(ﬁleSi n 2le instruction 15
typically has ogqeqﬁ(;r tﬁwo oper ands, and each operand.. can be a constant, a,
register, or @n eof method3n wathpindsn oG, .oper ands,
each ..of which can be a constant a, ﬁ%ﬁgg?ﬁ??%n%ﬁ%%@%%&&%ﬁ&ﬁss

way, an, ar bitr aiSigode segtigmt dhaus theare are severalaodbsedtivnst ondifor eﬁbﬁhﬁitﬁ&l\’
follows a rmre-det?,hngd d scrhpt.i bn of Qfgw §arts of aclass 20 file are
converted The d i i & a\fa%le% SlgLonverteta ¥Ptools asfollews: smal | item.. of
~data attachedyt jeul i.nt _'in the conpilers output cods or data
“which instruct g\ﬁ?ggg‘iﬁ\l/l t kg{spﬁgel&cgmeoh“ﬂm ngthipg 4e deowith the data to be

needs, ti@ be- modidse@ by the class. Instead it contains information about a class, including

but not limited to the names, parameters and types of all constructbrs, fields,
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.

;
Vet

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



sone way before it Can be used. Fixups_ are used to: change -a iqaqirgﬂ& ng'
instruction. or a. dat"'q item such that the native. :code c'aniiobtarn &’
:direct referen ce tooanotheri. class, or to, a field~of. nethod Therein..
" Ajavaclass file consists of the Follow ng parts: A constant,pooll which ~
contai ns the constant nunbers -and narres-ﬂi n other : I 1 MAR 213 11;09:
pants of the class file instead of a namg', there is a reference to a nane
which is stored. herde_. éile{tlfornation such as the nanme of this class,. ,the
super cl ass_and, lariseditpeleternsinpahé pifRe i:St. fields., wth

i nf or mat i on .on etgg S,;s?“qg%@@&lih%t of _rret{hgﬁgﬁnv?nﬁ\t#ﬁ%f(gjrar H%‘Fic&}fﬂrcﬁ\eldacﬂ'lrene.
i nformation incl X8pctinento Proxsde al, .cqde . :
sections, one fv%at&%%h . rreohtéodu The Jav?cl as?ﬁgﬁfgge?’sﬁg%ﬁbgr?@aeﬁbnw
tools: as fol | o TRSGHS, Offset Intpelisi eedd that naarms tbhise RaS; QL 8 9sel % 90
wi th, ~the~ datgpiflefe tl%th“sggﬁ gy ta,e clags. Instead it contains cd 1o

i nfor mation about a "Class i diflg” ansd “pw aifietd énl' the dyitbeddeNaMRfore

paranmet eds and tgepemllyf thé Iﬁ;.g@,n atield t hods_and ot her
entities which nake qtgtt heAPI oﬁ%%{cﬁégs@{%‘ﬁﬂs&ﬂ gg'élés f dhist bars onbylbé be

for reflection (de.t@'mmqéat tixapi tima! andyndthati . reflect.in a  Java
Lilaiary): Refl ??C i.on tiels~, a programmatic | n@éﬁlkg{gﬁfo. .—thzEI ‘ﬁ%@v,m%’ iglude,
“progranmer to el L'J‘iré?ﬁ? 1ygd itostiie izeaofa chas iR AR RE Dershi &J't?ns t hods
and ot her enti tiiﬁﬁax‘é}‘.ﬂ?f‘e{a gﬁ ong to a class: The data tOOFI 54 gbagi%sé by
;the verifying jcode Tr ﬁ ators,. in situations where either the d ass,
file is; not aTdel @dthqodr ¢ : lags firle has, already:! been--
transl ated. Wiere the cl asésﬁplséedﬁ%a?&eﬁl ﬁ}?W@aﬁh@moﬁn isokrdvess ot itd Qise

1® ; YT - . . Ise
anyway.!2@ A cedsmn faciities elyCATeRt)N housekeepj ng i nformati on
used by the JVM (incl uding (ﬁ?‘g syicze op’ %Egg{?e ‘f‘ngo‘gll ?%é@ %.lscaﬁi;tdt fahe

size, of Java application is to be embedded in a device which does not dynamically
load further java classes.
The jcode translator uses a VP register for each item on the stack.
VP code does not directly implement the class file’s mechal;isms for
15 d .

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 field. i .
) Id.  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
25 passed) or non-virtually (the method called is in “

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



- i faces)
: ' tati if any, and the superclass. and superinter ‘ -
ang clgssfzr :gﬁélco?agﬁl of t%e non. static methods. Zero or.nnrakqenﬁﬁdzmu
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tool returns; daqaée%ggtan-fs?ucﬁ??htgid;re I'I'?le dat a may1 include; but is

fixup time angd |~not at. c 2 oo ' ffset within a
| nL?"Plinited gofSFH%e§F9§‘gﬁhﬁcﬁnaﬁgiEN?%gmmﬁgﬁn%ghﬂ?ggarded, if the javal
class, $”St?‘”Cgmsz}?@'gg{lét?@%%gﬁﬂuw ¢lass Bleds canvertedias fbllowkar ge: Y i
application is _ S di d if the Java applica
s to be embedded | rraRy 00! AT SintaifioR - coasaamumbey (intégmaof Woating
is to be enbedded in:a dé i eqi.st or each itemon
java: cl asses. Tipoint)ddeintoposated Oty St éﬁgﬁg%q Ve I(iq %rfcq%gsgBCf ins¢rustion
the stack. VP code does not directly |'ri1r11;5 se. method or field | from
mechan, isns forVhigh referances thy comstare muhsieass, , instructions for, but
peenan. S byt ecpde. In th? bylteeode there are., in

R spist

! #Y pool gatry s@ntainingstsng alatewhichqs uséd &ﬁéétlxlgf tgtjgﬂgot he

/not limted to,

_ ; i ] - ther class):, pushing a A
contentgy of " &, ihiRldiohlil ciled i hd" achedigl theseampiteg’ st fepucegdeent s of
t he stalcszt{(, popp; T NgA va?uélb. dinto the data,aik ditd theswmpitey’st detp

j { ] ; these-into::VP instructions 2?0
-field. Thes | atler st $ool 3hfie NGNS, L not diseotly. but
ahi I:Ihemay do.ojne of the foﬁ oW ng ?Stg{)]% 0% Srg datmatesnot weed disedtly, bu

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 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.

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 using 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



~- Call a, non-static nethod (Le''.' one to whicHn an obj ect poipﬂeném‘
be. passed) in: a class. VP has;: the concept of a class w th nmethods.
which-'is wused to inplenent Java classes. Such: nethods can be call' d
“wvirtually (the actual nethod icalled depends one the:class of: the.
object!i whose pointer is 25 passed) or.s9 non-virtually, (the nethod
cad.led is-in the class specified in the " call). MAR AUNT 21 Call a
subroutine. Thi zoipgtaga,%% E10i iinplenment the byteco&7's calt of a static

meth od (ke. on . ©hicntnyoto odfer pa.M B Qg k- need.be -passed)~, and
in some - cases Qvlﬂg@'sﬁati c.nethod. Cet the vdzzlltl ?aedc}o?‘hggté‘bencg&aﬁﬁlli%ﬁum
from the. fixup too1el appiviesthodixup, abtyias lacvéss o MetRogMpss file i &
converted as-~ fg[lcg 'nf‘ ﬁopstant .pool entry~~ containifig™ a,~ COnStant-~
nunber (integer or troat PRY SNEYiGYINE 3 samgcandotypet efiai ikl o rﬁ&ﬂoﬂq%ie&
version, of theukéd dB6cet] sgl{tqghg@dﬁ whi cfh -retitences the constanvnu r~ A
constant_ pool entry: cont’al ni ng ~s¥v|h|eﬂée B‘EFQth?D’(Qibeﬂ@nstmeﬂook&d&)e%lgy by
a JBC 10 instrocother pastsafRhed|ass fio the! data attached to the compiler' -
s,,outl Dut code. Qxher constani t~.pool entries contain, ing stri'ng Foata
are~ not used dir kg dectioaweithia@bIMEIHe%E&er&de;%@II: t he constant

pool ~ types Qel ﬁw’d’ £ by other parts of the class fl HOWR: const ant pool
entry referenci Q%% W&@é‘r@ma&cahﬂaﬁpﬂs(fee\ifﬁé&rﬁiei:kgis. Ot%? 15 cl ass
" C (or tUJW's jpat %g&q,b l[]ams~ for the ~ class) to be: ::attached ¢6nee o
cornpRer’ -1 1,°~ s”oulput M dafa Yassleted  stoaight & i ibylcblSt iQD usi ng

th, is" constanéorrggwnd i refer to; C' is conpiled to a, native A
~code sequence which. A,ﬂgﬁ é’%):)e’tpyi ng the fNup. obtains access to class C

"~s ~cod@® andedaAa'sho@nAni ffeogt I [ ‘rencing -ai fieldH F in
a class C...causes, a fi xug- whER the Blfebdad gb&has a reference 610 to a field,

at 1s 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



referenCinc, P 4" k- 1 | e JVIVI Is intemal name. for F. kC) toyb attached
to - the conpider'’ out put codb/dlata! such that, -al JBC ingdt LMA

using thi S~! constant pool enU-v to refer, to F, is /conpil ed to a~
native:: code sequence. which, after applying the fixupobidins access to
field F~ A constant: pool entry referendrﬁ ~a nmethod Min a cl Ass G-! ~!
causes a fixup referencing Mi'n'" C (or *the JW'intemal nane for Min | Q
~ to be attached to the conpilers output code/ dat ai suI A that -a JBC

i nstructi on~! SubtauginehiinstrictioRhi2pHa nfnLr Y |
referi~to luil iéogoggl led to a, nati veszggggsﬁseq g’ \Bﬁltf?h Fit?—élimatton

t he f Mgl § W!szabesbs statiozit nt pool entry +
A RA f’"“‘f“f RIS iR i y.

~~ givi~ng ai e.of aii field or méthod

but is used V\BQES’E? ip Zﬁ? g@‘%’ﬁ“ﬁ? agdpefureowbenat rqpbiakbirudivn iy ek¥AfsSy 5 O
other parts of thecg @'55""@0%911 E‘] code section wthin; a class. 9|IeAs
converted as: follbws §AlRGrotPnyeptedasdpllows: cal cul ati ons
(ie.iwhefe; t&erFhé Game of'tR external method) is, trans gated
strai ght from bytecode it oaaﬁ&ggfert% BEﬁBt?g"%%PSqdnbweWmA&fehwmet

Figure 6, \Aherecctdhemld)dafa:od@u@Qchgagﬁgﬂsf erence 610, to a field!, that
is coniverted;at_ftxup-tine! by a-eall to-the fixup tool. The cal |

to the fi xup tolale name ofi Shesuerclassbécdies §0‘?ﬁ@f§£ﬁ§§e @Sﬁggca Ogiﬁ!élg:nt t)he

field Thus, e instruction its :run i

contain the cor Etwh%faf‘g ata pytput/bys thet cmnpﬂtmwthégﬁféﬁe&ﬁﬂgﬁe;ﬁgﬂa{igna

correspondi n t t.h. added . fi xup code~6
| P 9. Yhe cﬁﬂﬂ)ut B% X\ontams a pointer wf[t)h a fixup attached such that after

10 linking, the pointer points to the superclass code and data.

The name of each interface becomes some reference to the interface w1th1n

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 the same format used
for non-Java parts of the system.

The final VP class comprises one or more named tools, normally
1nclud1n° 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
25 Tumning back again to Figure 2, further details will now be give.o of the

native translator which translates the VP code into native code. [t will be

understood, of course, that VP code is never itself run directly in a live



A non-static nethod 630 h!a& added to it, ai fiikup for, a rretﬂoﬂ;ﬁcall

(ie. -a reference to the::netl od na, e),:',, This,"wlt eve{ t AR/?M#
become an. atomin. the€ final native code. 20 The callin g conventions;
are rather different in bvtecod and VR In, conventional. b te. code such
as .Javaby4e, code. theiparaneters to b _passed to- a subroutine
are-placed one the stack, followed by a reference to the nethod. toy be
called. A byte code instructions to call a nethod is them executed which

t akes the K¥atipas at isradways convéredshaele as. d starts "
executing the Fem‘: met hod with the par arrygt erg{oﬁ%@{?%%ér{dgﬁgeﬂt.“.'e Eanslator: s

returned to ot YFHAPPIOPHRUEHSHVaede or thieypracdsssit orahict iﬁo@ﬁe %%gfje& fo®
“registe

is converted- to LG 0a t he,  paraneters: into, rs
bef ore executing :ﬂé%\@héig%tt%nﬁﬁ?m%g 23 a5iisrosmali piedenef codé i(@mundi pIuK, " has

~been fi xeduplependi drPthe stinati.on nethod this fixup may be

stati Calf5| y or egsngmgggll)l y fe&hgﬁspﬁéégqﬂti’gf;@q §35‘1M512-Fs$§@reddntmetnsqbwmtih ne
ands rebdur ns anhembeddedesystémst THE ttia98] 4 O her parts of the file
are- converted, as fol |l Oas: The nane o?lﬁﬁefgf%é?g%&fﬁlww&; gdegistess ofed

by the JvM tBe narieulap pragessorchelng andd. dpfea conpisi | er: . The
nane of the §_§§?r cl ass., beco mes gome: r ef epgﬁilg%o‘}gg%g@gﬁi%ﬁgg%%gfﬂ‘?hi n;

the code and TRt OSEISONT EgiStercarehitasiurerto denidenat each point in the output nativ
preferredl| h@BUE%@h%?égis e{‘]sh% oz{i BUt dat a, contains a polnt er 'th %
RX up attac hedl |l such, - offaould pemappgditp ike ragl ptdvessuy! teRistrQ] 4@ t O

t he supercl asditichehent Batkdpt & RfEoR .interface-becones. sone
ref er'eﬁée to the::int erface wthi n,oﬁ](evg@(épdétss%%getoeﬂ?&eﬁét a Thertranséator

preferd@d i mlsenpraviddsomachine-depemdint Satignisatiah £ + poi pter for each
interface: w tH a fixup attached! _suc%@t haltsz,! Yda}?%gfpg&?ﬁmﬂ%ng?}'ﬁ’ﬁ%%‘tﬂé?
points to th&° fitls rhound B dbvelldstihmermally contain sections of fixup code. On

binding (or sometimes 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



15 . The debug information attached to each nethod (and the sour e ﬂhkqﬂmqe
which is stored in the glassfiile); ; when present, is: converted 'to a
format suitable for the environment ins which'the JVMi$§ riunning. In the
preferred inplenentation, the::debug information is converted, to the,
sane format used; for- non-Java parts o 5the svstem .... O The final VP I
c ass conprises one or nore nanmned ..toolS7: normally. including at Beast
‘the data tool, the' .class: tool+. then fixup tool - and' zero or nore nethod
tools, The té%¥"¥wﬂﬂ%£QQﬁe--: generated;::automatically by the jcade

transl ator. each nane being related to ithe:riame ofithe class ands-the
functionof each: tool within the inplenentation ofthat class. Turning back
again to Figure 2 fuuriher details will inow ;b-e given of the nati'Ve
transl ator which translates! the-VP~ code ihto natiVe codee. It- will.. be
.understood', of course, that. VP code: is: never itself run directly: in a
Five 24 application, it is~ always converted by'the, processor-dependent
nnative translatoF into, the appropriate native code.for the processor on
which it is to be executed. The native translator 2'14 lis. qgjite-a
smal Rpi ece: of code' ‘(around 150k; dependi ng upon the-processor);, so
thatiit can easily be stored in nenory within 5 an. .enbed dedl|system The
transl ator 2141 maps VP registers to the-registers of the particul ar,
processor being - used!'it The: translator uses its knbw 'edge 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 which shouldl be kept ii nenory: (which pis slower to
~access)~, 1.11 The translator 10 al so provi des nachi ne- dependent
optimsation ofiinstructions, Until the native: code is bound in, it wll
still normally contain. -section& .of fixup code. On binding (or

sonetinmes; at, run-ti- e) the. fixup - code will be replaced with

p—



appropriate nachi ne-dependent instructions. Fore exanple, the ff xu 'LW
anon- static nmethod wil{ be converted to .an atomin the native :cod ARSZ[]M
Both the jcode translator and she native transl at or areé thensel ves

" preferably witten in VP code and can thus be translated (using the native
translator itseFf) to: run on any, desir platform Fromthat initial VP

code, conpiled versions of both transl rs maybe provided ins
native, code; optimzed for the particular processor on whichithe
transl at or idQE@dbdﬁgcuter 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 xranslator, that code is passed through

the native trlans| aAomethsblof 18hdik WNoB red enbodi ment uses the
Javai Virtual Machine, the over a? 0\7’5%‘%%&%%8@&&“ 113 p’iﬁ&r%mgmplasmgand

it i& not essentl aproyanwmietmevmeum theforgy of fldegd
Java' i s used, W@ dgh nvent| ons desccr,l‘lsaled alf"llgﬂmgogfa %%&%ﬂy
a

appl i cat ors progr Commmomplliﬁgea ﬁnembgmrtﬁﬁg]&gggggage;
wi t hoeut having to: Iﬂﬁﬁ&i I\?FA@LZ 051 ven to ; know, anything 1! 4'" |
25 about, VP code. (f @?‘d4 Edé’ﬁl tvsode, rlread}od'onfe)kewﬁbﬂg inafn

obj ect - ori ent ed cosRe¢ifibn RE i pr o ram code providedllin
the ~fi rmof.classes each tﬁggﬁﬁé‘%“rﬁf‘ﬁg@ﬁ &;%Fg?%ﬂ Recessasily palso dunld program

t he~met hodl conpr ieadegpfthesaid ¢lgssa met hodl | of the class into conpiled code
and holdiing ,that code, ready for execution, in -an execution.
envilronnenti: which does not necessari |y al so, hol ed program code of the

claimed in claim | 1 iniwhich the program

.sai d cI S. 0 2
Ticod. e@)lss nat 1od ré&ﬁw as clalmed in claim 1 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.

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

loaded into the execution environment, and is then discarded.

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

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



into the execution environnment: A nmethod as claimed inlcla-ismZ1 in which
the program code is | baded into. the execution environnment" and[ -ﬂl MARN2(84

di scarded.. 15 A nethod as clainmed in cl'aim | |n Whl éh the step of

" conpiling the nethod conprises translating t'he ':'nmetiodll into
virtual Il Il processor code whileh roses gfae i nstructl on set o;ff a virtual;
processor. an, dilthen translating the rtual processor:codle~ into

nati ve code. 20 A netl'od as clainmed in claim 4 |nuvvh|ch vt he virtual

processor code . i scliantt devieel@dross - @ofr@fuf Al gnment. A nmethod as
claimed inclaim:4 in :which : the virt ualft pr o@égys@c}%i tbSd?erogEamIMGewtnto

the execution envi PEFEREARILY beiag se trahsmitdidscar ded. A rte ~i bd as_ cl ai ned
in; ;claina:~1 in whichli the execution environment resides-on & client
device; the conpiled code being transmtted to the; MAR 2a~ 27. 10 i1(}.

11. 201=". 13 - clA v act os ommuni cations network,, the
program code not n@@éé‘?}xgﬁ‘{} qaﬁ ial{nr ndnhichdthepexaeutiog advifdménred

inclai m541, ! in whésidestdifa clj nment resides on a client
device, the virtual pr 0CESSOr coge é‘ﬁ@?cﬁgﬁhazﬁg(?ﬁeﬁoéﬁo%betﬂﬁetrcmsmmted to
devi ce across a cotheuolientt device aﬁfde@rakeoﬁlmurﬁca?foﬂgrxﬁWv&&?%he ot enesessarily

being so transmitted. program code
not necessanly being so transmitted.

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 | including coupling a plurality of
- methods of the class and dvnamxcally linking them on loading of the

complled code into the execution environment.

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

compiled code in the execution environment.

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



A method '"as clained in claim 4!:1!'in. which the execution envi;"ginﬁzﬁt‘
resides on a client device; the natiive code being transmtted to’t ZUUK
client device! across a comrunications network, the program code not

" necessaril,i being soltransmtt~ed A nethod | ~as cllai d nme jn claam 11|
including conpiling, a plurality o nethoglg ofithe | ¢ ass-and statically
linking tt em A nethod las clainmed inr'cllai'in | including coupling a

plurallity of1 metRods of the class and | dvnam eally |inking them
di‘he C

W | oadi f 9d @I ceesutingo:a chmpeas ‘ i ror A net hod
o i g o he B £0:3 compae ot <A T g o0

cllainmed in claim}’' H_ includin anpiling a plurality ‘
cl ass and i dyhani céiﬁ%é.lﬁb#ng#affge& HBAYnoRs oF the precedinghdaing) Hpd! @’&’Cﬁﬂg%n
i n-the: execution m@‘ﬂrﬁgﬂﬁ?mt %&ﬁl odl as claimed in claiml 1 _In ich
the classes are Java cl asses. fe qusnyirqoment. net hod of executing a
_ conputer: program conprising- |oading-the programas elaiiinmed in: any one
- of the S‘rsececliéng clainms, and executing the programin the execution

5

envi ronrent . A\ cenmpister ppoggmaﬂqﬂaattg(%a}&%‘g?gr&;é&%éégaa@ﬁ gl(*)rgﬂg?

claiined in an one of.the: preceding clains.
| oadi ng; an obj a-Blb E Precsidiag elaimsogr am conpri sing;; code provided in
i'iihe formof classes each containing; a 10 plurality of~nethods, the
system defini ng an execution environnent an dli being operable to conpile
“a' ' method ofl6ét he & @fdpi [ "code and, . )

phtef ySRAP ft)F qoa Ing 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.
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
classes each containing a plurality of methods. the system including:

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

S’

(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 hold the conpiled code,,, ready for execution, i a: the execution
envi ronnment the executipn environnment not necessarily-ako-- hol difng MAR 2004
. program code ofthe sai d class. 15 17- A distributed conputer system
conprising a server in conmunication via, a transm ssion neans with
aplurality~of:iwient;devices, each ha.vigng;a respectilve execution
environnent. for executing: an ;;;objiect-oriented conputer program
conprising program code, provi.dedlllhn tlle formof 20 ctnsses each i
conta ning- ai pI urality of nethod. the system'includirtg (a) neans fir

conpirling thejg"rogr to co Goode:; (b) neans for selecting
for executi oﬁl on o%e%h}pﬁ%ges}}é élhtq i ggypegsmoﬁlélmf 17 tihewhiehhes nffangNfyrof
the cl asses an& (cgo r n | | ed code fromthe server
to the said client Iggs?icgz tﬁm@t%&gﬁ}ﬁ éﬁé g‘?‘f‘?g} S apeanst fomgranstagingm theode

of the : sel ect edproigramm.code MARIrRA4rbS er systeml |j as- e a
med in gl aim 17 ifai which the meaf]psr f%s;sof‘gg(%% d‘usteﬁéﬁi)ﬂ%ﬂ&%m of

conpri se&s neans f of Virtual papesissor, agdtrheany fogtedRs ual I | processor .
code: which uses t e jnstr ct| on set of a vi rt&?ﬁgﬁpgc&ﬁ%rpm& OF cRdans
for translating. t¥%4h Ft°l9 - processor code

19. A computer system as claimed in claim 18 in which the méans for

transmitting the compiled code comprises means for transmitting the

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

2
20, 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

21. A computer system as claimed in any one of claims 17 to 20 in whiéh the

transmission means consists of or includes a wireless network

22. A computer system as claimed in claim 21 in which the client devices
are mobile phones.

e )
)
e

A computer system as claimed in claim 21 in which the client devices

are games consoles.

.95 9) .
25 24. A computer system as claimed in claim 21 in whlch the client devices

are hand-held computers.



to native code. 10 15 19'. A conputer systemas- clainmed in cl aiqs%&%
whi ch the neans for transmtting the conpiled cod e'«.)corrpri ses, ' g‘f
transmtting the virtualllprocessorcode fromthe' server to the said

" eikntidevice.. 20... A conpute systemas cllai~med in claim 18 ins
which'!! the neans fors transmtting', jghe conpiled code conprises: neans
.for transmtting the native code fromthe server to the said client.
devi ce. 211. co ué er Ltgéstem a?fscl ainmed in~ any one ofclajns 17 to~20 in
whi ch the tréh6nidstemputgesystecorier doading anopbiepe) irel ess net
vork. 22. A cornputerni .System as cl aj rred;éi i ?lbjgleg%)}r%glgt%dﬁl&hﬂ?tgﬁ RiPEdm ent
devices 20' are n‘i%mrés”bé

. . e BOREABTAM cendsupeovidgtstimihe Eordh | BP0 ol S/ gi @211
ins which the. cl '@ﬁ&aigﬁé' éeiﬁ %rsefq_ﬁgtﬁs consol es. 24. A conputeri 9 em
as claim ed ins claim PRty ofRethods intaita plawalitysof elienth@idedielirle
conmputers.,, 1 | N¥¥iced®dhIJoBtai uter systemfor |oading ah

obj ect-oriented conputter p?’ggﬁfﬁﬁqﬁgcéﬁ%g’gg?‘ﬁg@iecéﬂegreaweomnprmeisw@mi n
ii [the ¥orm of cleagypessiggich containing a. plurality of netho'd s unto: a
plurality of cli err%%)edevi Cﬁé, the devices each con, taining a respective
execut i on envir onfAtR€ans hiersgempiling selectstd m&thHgs qfor gi i
sel ected" nethods of sel xi%ged classes ifito corrpiagf e(ga)g(e)%‘eé,?ef&sg sf%)mFﬁaans
for | oading the: co WP‘ c@%é",n,d ready for- execution, into the ,

respective- executhpPal ' rents w t hgut necessarily | oading,
. (bPHheans Ry ISR the compiled code, ready for execution, into the

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 environmeﬁts
15 27. A computer system adapted to carry out a method as claimed in any one
of claims 1 to 14. 4 '
7 . - - v 3
-28. A data carrier which carries a computer program adapted to carrv out a
. method as claimed in any one of claims | to 14,
b 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.



10 program :code: into the execution: environnents. A conputer sﬂsﬂﬁgﬁgs%

claimed in claim?25 arranged to, statically: link the selected net
~the respective-execution' envi'ronments 15 27. A conputer system adapted!to
carryout a nmethod. as clainmedin any one of clainms |I. to 14... 28. A data

carrier which carries a conputer progragladapted' to carry out a netlho& s
claimed in, any, one of "elains Ito 141. 30 A data streamrep:resentative of
a conputer program adapted to carry out a nethod as :cllainmed in any oneof
claims | to 14. 1'l MAR 29'4 311 ABSTRACT A nethod of |oading an, obje;
ct-oriented conputer program i conprises translating the prograns into
conpi | ed) code and hol ding, that code ready . for execution, in an
execution environment which does not necessarily also hold the original
Program code., In,, a. preferred entABSTRACT he original class! file.
iis, 10 discarded! frommenory prior to-:execution of th program The
invention- i!& particularlly applicable to: wreless conmunications
network$ consisting of a plk.rality of client devices; such, as.!nobile

: phones” each--of which typically has only a small anmount of nepory

cavaiilable.. Usingy, metimd oplcd | 1 QF e _original classs;~ file
is discarded aft'er::conpilati ogfg %%g%tsmn%r{é&é@énﬁ%gbe@g@m copipaisesd i n

the:cli eiitdEAASking s Pagsan Antgucempiled \SHAE Adhblding i Road Er%aﬁly 'for
execution, in an execution environment which does not necessarily also hold the

original program code. In a preferred einbodiment, the original class file is

10 discarded from memory prior to execution of the program. The invention is
particularly applicable to wireless communications ﬁetworks consisting of a
plurality of client devices, such as mobile phones, each of which typically has
only a s»mall amount of memory available. Using the present invention, the
original class file is discarded after compilation, and doés not ne;,d to be

15 retained in the client device memories.

A N | - | ' (Figure 7)
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