" e3e<: W6T<hgdl 2 JUN 2003 TRANSLATI NG AND EXECUTI NG OBJECT- ORI EN&F?
COWUTER PROGRAM The invention relates generally to nethods of an JUN 2003
conput er S translating (or translating and executi ng)

. obj ect dm%mm‘mmw%ut er progranms. Mre specifically, although not
excl usi , ention is concerned wth object-oriented prograns in

whi ch the cd8®9%*s provided in the formoftclass files. A well known exanple
of an object-oriented programm ng | anguage is 10 "Java" (a trade mark of
g G ~J bR € Ly S ey

Sun M crosyst T- ORI G5
allows a softw

run. files must conformt PREROGRAMSI on of the A-. standard
Java“" 'ﬂ’ﬁl@#«ﬂ mﬂhi ne Specification, a5 publtsned by Sun Mcrosystens Inc. A
cl ass es the data and programcode required for a particular 1 S

‘class. AMW®ugh there is sone interaction, the Java jnplenentation can
conceptual |y be di viteimvention relatep generallytaametheds afrandagompueter spstemavjor

R o Sy

Vachi Speci i o h b . A I
may of er ence VAL SERABGRTS, Hindif AGCHtiG Y P T I bhbihrded R
nmanages such rgdi@tiRRaidprdphmean whithse coddes proradéd a8 Shbifor@r ¥f cTdlss
is a set of predefined classes with data and program code which act in a

way conforni ndilem Sun's Java Class Library 25 Specification. These library
cl asses could be inplenented in sone way other than _as real c¢lass files,

f@ exanpl e usi ng thevall KRows<exaninie of asgebissi-arented qragemmming Janguegeaise

“1 JVM t el e, th f Lo~ 2~ 2aa3 , 2 t.heir dat d

(O ogram iibde wapie; @ e BANEOLAYT NoorapSemidned; oA ieba duRifmeRBeRgtna: cd
fromreal cl a%éft@dalrf§ystgxﬂewﬂfcﬁgﬁlmsc£’9§fé{év'afﬁa 1Rtioh d(ﬁas}s;inggbf%he or more

instruction format known as Java byt eco , Or sinp byt ecode.

Each met hod i rldsbdfiles as behas. i tEhesercldsssiiiguanest affosheaowdeme Vorsidry ofcthde
for a nethod consists of a sequence of JBC instructions. There are two
schenes whi ch stpderdidayat birasab Machinendpasjtieatinne as prhlishrdby Sundvlicrpsystems
schenme, the JYM cont ai ns.an , pterpreter, ich is a. piece rogr.am code
oht oh execut edithoAnsees b e B e adchrararm e Rhfited dor RofiRtlag, n
decoding4 t, apdcperformng the actions demanded by it. While this approach
is the sinplest to inplenent, its disadvantage is that it is slower than
the alternative, siAlgRughnyhateps soind hatdra¢tesmr elier Javaodgmpleraéstatieuicagd

to interpret a single JBC instruction.
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
()} 20 version of Sun’s Java Virtual Machine Specification. Some of the
instructions contained within a class may reference the data or program code
of other classes; the JVM also manages such relationships between classes.
e The Java Class Library. This is a set of predefined classes with data and
program code which act in a way conforming to Sun’s Java Class Library
25 Specification. These library classes could be implemented in some way
other than as real class files, for example using the C or assembler

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



A conpiler. In this schene, the JVM converts the JBC instructioni iuhﬂﬁﬂﬁf
byt ecode into machi ne code instructions understood by the CPU be'ég
(native machi ne code), before any execution starts. Then, to execute the
- program code for a nethod, the conpiled nmachi ne code i s executed instead.
There is a tinme overhead fox the initial sconpilation fromJBC instructions
to machi ne code instructions, although this nay be done during the
preparation 20 of the application rather than when the application is
started. Once thg heffRiatRAAPPrdppsmReds witkiif theshmé Reay @ fefekec sy ROslagaezode
runs nuch faster, at a speed conparable with other traditionally conpiled
| anguages such awhith drigipeteddromasa obdsstfiles.conpi | er schene is a
just-in-time conpiler (JIT), in which the bytecode for a class is conpiled
just before it ."Em ipregrappeedietn a class file jgin anjinstrgetion formatikmsyie ag\hayause

a conbi nation_ of the schenes, ere oply, program.cod ich is.bein
execut ed rmny BeRds IBEIngr Py A tresdee Heth RGO By Dectlast bk igoTa
the process b i S h 5

(o dataor ool 6 bEEFOSL P BEeORE, bt Bomelfiod BoRIRIGE apsckiyfide o |
| oaded, and cgmar {iRbutfionssi Nng the conpiler schenme, and itself |inked. Then
the reference in Cl1 to C2 (or sone itemof data or a nethod in C2) is

nmodi fi ed such t hEherchaee éwd scimmesawtichadMfMpoisate exeautevtilze kytecoder C2 is bei ng
referred to. Sun's Java Virtual Mchine Specification allows for a range of

| i nking 10 sclends: integpretere In ithilkisehemehthe] HaM aentains an iermyetsy, whickisigses
of the application i

i s.perforned when,the appljcatjon,i repared. Thi
( Seqere 15 typi caPFge BLESREA WpSh Sy thEBileRodn be ToBRienthaac) MCa
i ce. nam c;_ | S| I.NkL NGy a i f i .
anot her lcqjéss i smf@a?%ét%g{datd\m1 é%&r%é @té ﬁﬁ%%ofrgbp@%%ga%a}ﬁlas ‘?f{@%ﬁl%érdrﬁn%tlﬁod
within C). Dynwhik thd 8pprohéH nOthe@impiestlo imipledadirdits MesddvaniagkiifRhat #BC
instruction (or its conpiled equivalent) which refers to C2 (or sone data
itemor nethod wistfioweCH)ani theedtarnatixk, sinceomenyutsteps, ofutlen irteraeter qurbgram

met hod of a particular, class is invok«id, 0, the particular class required
may or may not aMESSENATHLI BT R sinele BGWRITUEHOR.he required class is not

butsido the 3o e b dfis Sheing rERE BHfend i RLTi-aRARa o The
i tialigged i nt opjibesdtiio Hithind B6d¢ AMbEREnBRABYIGRILDShE €Y Baing ogki g

down the list of nethods for the class. Once the required nethod 25

been found, the day@atbyt@aciiae abdt})dieforetdnyderiesutingstiredd Theni ko @xeaitarthei s
encount ered, whereupon the nmethod has ended _and caontrol is returned to the
i nvoker of the rigtogeam cadendenadmatheddhe compilgd madune sode intxreqused bistead.

~~ 2 N ~oo0~ 4 i bei whi i not. ht;4dn.th .
wethod- Fi gure 1 Thsat paresoxifishd K e tRisir so BefiieE e AEG insesionaioy e
JVMekes use of ﬁaéﬁiﬁe%eaems%cﬁxﬂ% althSu R MRk el b@%lohe@%ﬁnghﬁe ?chr)@ﬁa?ation

(9y$ ecodell0, just before It is to be used, and translates | n native
code 13Q@0ready foff Hexapplicationorathers fleati fwhenpthec applicatiobhés rseartddasOnée tthe
class 140 (or possiblythe entirety of the class) remains available in the
memory in case t¢umpidationebagdesnpesfsnied, theetodes program codpimas much
runm ng. Fgure 3per U5t hApeed Somaraite with Bthé tradifionally STRpES 18 paged

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.



'processor environment. A server 210 maintains a class store 220 for

hol di ngi 10t he bytecode of the various classes that nay be requi re]d%gguﬂl@og
client process ors230, 240. In this exanple, the processors 230, 2 are 0
.two different types -nanely client type 1 and client type 2 respectively.
The server supplies theclass files, as necessary, across a communi cations
network generally indicatedat 250 to the tlients 230, 240. Each of the
clients 230, 240 maintains its ownl5JIT, respectively 231, 241, enabling it

to conmpile the cl i it i f, pnat.i n 0._.St

that inits own r§§ |evi=vc Sd{éges%' o@ﬁggﬁééfgwge%agéli@n%%ggh%ang?lh/epllsq@gaﬁhn
on the individsde GHIENS- EBiIRgPELE R %hﬁyttﬁlﬁegbﬁV%Oﬁ{m&'&? AR the Srdgpals |t
requires a | argeexecution environnent on €ach of the clients. JIT conpilers
are typical | ylinterpfete®0l arge, and it can be difficult if not inpossible to
provide the requisite space onthe client, particularly in an enbedded
system in whi ch fhekiogiiethe poorsssby whichor refetensecfrom anpiclassphbrte.anather

O Cha"s o ARSI  RALA I SR ol S ekt
o< oot M VAR SEROPAES A 8l b 0

at the server.sirBfeferRRGA G1 fo £2 (B 9608 SRIM SERBRCISNA méthed SR 14aRbdiflcd
such an arrangenent have to maintain a d h ~ Z UuuN

ifferent JIT for eac
zoos 5 processwh thytphetehanow gbirectqepunteetd whhtevsein €42.is Bhingereférmed to.ght be
possible in a fixed network, it is unrealistic in for exanple a nobjle,
(Phone system wheS¥nZ Jairagd Ul Maching iSpeeificatiopraleus for alirangs ot linkings
a%g make are_constantly being connected and di sconnected to the server.
The ownem of stci?gm'f@“rver 5 woul d have the extrenely difficult task of
mai nt ai ni ng JIJs L. kn il.e n j.Nt aiifi apd
updati ng t hose JIS sfcagmﬂgg/ g?:@nﬁe)émg néé{dogpgfqghgpﬁgr 8?&%%%%%@@5‘@%8& it
is preferable fopeffBm&Emirth the Hpplichiwor® Pieparedd TIHR@Cheme!ids§prafiused0.
and for the individual clients t0 undertake the processor-dependent
transl ati ons. As whentanapplicatbay s, enhlosdeled permanenthyam d depiceved difficult to
i npl enent in practice because of the |limted nenpries available within .
enbedded syst ets Dymemig load tampdiking: Glags G2 as depdedtbhe firslimstanoheytclags is

Accordi i to a §19ES sEREIER B (driEnt U il o PGS ORBARH et nou o
15 translating, apaRieelaObikfiteCRATRY e loRadhaREATRE I inélction (or

transl ati ng the program byteco i nto machi ne i ndependent virtual processor

code whi ch uses #p dongdilfedcéquivalemt) valich refets valCP(ocCcesmerdatamidn by method
translating the virtual processor code into native code which uses an 20
instruction set fithdn pRY &y excuedocessor. It will be understood, of course,

(o L S SR A S G
> . v code’ 1 ' - Al d
types, 11hgs, BePRr Tl IR TT et L Ay 901 SRBTATRL ool G AP SLEET

enbodi nent, thhe @@a&ﬁfé& elaseitesd residpnt, eherPtiRoclas fite Vo1 tHa€Rldss nd@stefirst be
(trademark of Sun crosystens Inc.), and is designed to be inplenented on

a Java vi rt ualloadahifiom Edtsige the FVM Jmt expmaple from aidisk or from a network),
linked and initialised into the JVM. Then, the required method can be found

by looking down the list of methods for the class. Once the required method
25 has been found, the Java bytecode of that method is executed until a return is
encountered, whereupon the method has ended and control is returned to the

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



“Wiet her or not Java is used, however, the two-stage translation process of

the present invention provides a first stage which is entirely - JU 2003
pl at f orr ni ndependent and a second stage which is pl atformdepend‘lsZt. b?’he

-Virtual Processor code which results fromthe first translation is

P

{'u}-grtranspar ent, by downl oadi ng the necessary updates in Virtual
€o

machi ne-i ndependent, 5 and hence is corrplftel y portable. The work required
inwiting a newtranslator to translate the Virtual Processor code to a
new platformis very significantly less than that which would be required
to port the bylesentlen Bhihe!thrdiie wiidh Rldtlci e iUk frofifo | s helng used, new
applications can be wrltgen irectly in Java, by Java-experienced
programers, who neggufaV élliiratés & ngpyiksldgtordratimpinegntation i Wwhith uhé TVM
Processor code. A new native translator for translating the Virtual
Processor codemiakesouseaof @ d1E edopikernedtiedIheonipler d26r takae theplaiss batdomde

e Pesul'ts i M ikherersil is fones uaedh mgd tregtatssal ipio pAIHE, oo Surepiors
for sach Somor YRt SR bPELALE sroaRE0E ol e Rrhaing BL BBk R B bR
purchase the rﬁ%%ﬁét&%ﬁﬂﬁ)@l&ﬁﬂ%&%ﬂé BEAIPIHAE 6% SRE SOVt lbak88hé native

applications are desi alternatively, the nati've translators

coul d be suppl¢wit B89 shbahbadadl toireferttoét while nsrringrachi nes t hensel ves. I n one
enbodi nent, the present invention is particul ar% useful where a 20 conmon
application is to béEguien3 dHusteates al tynwahprioe drpl ¥dEdmplementationriana meltbn

f byt ecode to Virtual, P q b o |
fséfC"er,y B S A R Ittt QREC g | AL A BT e IS
ki)es. t RTUEPT

di'stri bulba «aope ek o URETARTs ARSE: A8 nh NERIIHY, el phessors,

25 broadcasj[ ax3@lyer nHﬁﬂhVﬁéMnﬂik%ﬁ&ﬁGcesE@@@S@L Qﬂé(f)TardDbﬁCtQ&ﬁ@i!ffdmitrt oS
its own native translator which it uses to translate the recei ved Virtual

Processor codendmgly dliest type peandi digndrtypa2i eespedsiveliat i Thecssteer Jupplies the
net wor ked cl i er]t devi ces ~ 2 ,~~N 2d03 rr% be heter ogﬁneous, thr?ﬁ' i S
they may use dipfseliieht 2% Peressay, prigeeasommytigations Refvorkgensralhy indicaed
preferred enbadi he, | thONo. Si |l evi WL

ransl ate i ntoteny BaBe shiefa XA 20C ashaTinf eSS paBith s sbomp.
Wth sucsan ayranegeBiivelyt 1181, SB4 N eénabdiag Roy compilbahe &8s filetidalts own
processor code. [t need ndot know, ‘or caré about, which processors or
processor typesrsior digiatiye wsdd, and thetonethabtrikets @i enativd eoideetoreT2R2, 4% ent
invention is expected to have particul ar. appli.catiqon in the field of

wirel ess commmutiGaativerrodecan therebe re o Hhe wgivigraolients,g specifical Iy 10

one pr of erred enbodtHerrodP A e eBhe RehleBafir . Meu I S5 RE & MRe i

nobi | e phone vdyebutiéh dHVRBBIMERELhYedtRdaE @b cliBn@. WaYITWabflpilePs AR é&ﬁi'c)illy
rocessor

e frad2ft he laege and itseanviee difficeltdbwot oapossgble dalpdovideahe requikde space on
intervals, or on 15 demand, or ,as necessary - for, exanBI()tﬁ when t he user
attenpts for tthe dliepspartigilarly inga aB stq1g IR JHRICh RS Gliept wansistst ab

aken w th ot HOF CHETRG REIHBIERS: SABHTRE yctnbttiat (neF BBr AT waRioRdpq
comput er's, 9angsCORSRLATT A[ADn O 1OEASE, 31 BLIRRIY YRS AEnROLHRTHEC

or networ kabl I ment e netwo y consi st of or

include a W rqlagivs veRiiowoReackela®aas reyqudteder Watiiteoigrstjusres legtaspaté ohwdeha
private or public fixed network, or the Internet. Were the client devices

are not Zapablaf the alients, ésdogsoham pther idisadventages,i mamelyysuhstardind additianadm
to be coupled to the Internet as rg uired (Igj.exa | e via a,standard nodem
or I'SDN Ii nk) Copplexity ah ggervehe SHRENEacHn' 2515 BRACESIL-depsnaentpithe Server

w de range of dde Vj.C I I far , lcevi si.pns,
washi ng nmachi r@g,ﬂam) glrlgl\%eni %?rglsl,g&%rwfljr}l@geedt%vf]ﬁ@gm% ﬁgg%et?’%ejrﬁ[f;?e/ eé*:ﬁ’
conput er - oper at ed devi ce that can be conceived of.




"~~~ ,J UN~~~~ s The invention extends to a conputer systemfo:l ZW&
out any of the described nethods, and to a correspondi ng conpute %m

whet her or not enbodied on a data Garner. The invention further extends to
«a data streamrepresentative of a conputer programfor carrying out the
descri bed net hod. SThe i nventi on may be c%[)ri ed into practice in various
ways and onespecific enbodi nent will now*be described, by way of exanple,
with referenceto the acconpanying drawings, in which:Figure 1 illustrates

the operati Onﬁg&&séﬁo@e 'ﬂﬁdt%‘%’hf Eéqﬁifeq'amé s%ﬁvé'&.]& Wﬁilewhatmgﬁletg;g ng%’%ﬂalé in

illustrates t two-stage trafslatton process of the preferrT I ment of
the present invipdd Actvorkilit ¢ enehbivtic i forixaaipl®airmobidé phohe ﬁgﬁtéﬁﬁwhefe a
system Figure 4 illustrates the operation of the preferred enpodi ment of
t hei nvent i on \argeinumberl éfediffesentvphoney,sefediffesetitoypes and Ithakas; are sonstently
operation of the present jnvenfion within aw rel ess twork; angFigure 6
i | lustrates céeing gorrgsied anerdisqoaneety stpa&Fo?Fr‘f"From %@Pe@%@st the SRS at e

Vhventi o, 2or gand HAYE g EfFothEYdiBiciiE et SO R RTTE efakiGp prpes
which a Jli TCO’Hi’%@éilé"%Mﬂe” afid WV fal RS Bl D IhHREH RS RCATS Ak -deaﬂgﬁ&{eéewme

byt ecode toprocessor-dependent native code for Tunning on a patticul ar

processor. | n onephe$edarket. NV &ok ithat, reagon eitsisopreferablebfiére trd sertver rsivhplie teode
takes place in twoseparate stages:251. Conversion fromthe class file to an
i ntermedi at e praibntads or ginctiepdatsestofeo2d, Al fonvshel individedlecliends to undextake ual

Processor or VP code. The converter_ itself is known | the preferred
(1) oot ar oiihe Bragessorydepgrdent transiations » o5 Wertioned abayes Howevesnthet fasn
~{romthgq4nte ' fore atl.Vv j J r
o0 O DL pRBP R B BoboAlR ARG EUg: S FRSGOMERRes,

detai | the trapgilaik WitHih efbeddss spyémsode to 5 native code. The class byte
code 210 is first checked for validity by a class verifier 211. This checks

not only the indiviisain byjees of ltherpedsent inveution| ad deadtdokallevoatevsmmel of the
external and internal references. The, cl 3?% verifier if necessary | oads
addi ti onal cl f5edemsyvidh hapidark meripned 28p¥eences. Once the code has been

T as descri bed 1 AcnBranber A BPE RNt en s Dol AR T
is then 160nve&xtaﬁ@laangtah%y@tiomnwdamhﬁi@fp?olgélaﬁq%otng\ﬁﬁﬁ%i ve code 230. It

is inportant to appreéeciate that the class verifier he | code

transl ator 212 and(d)hdraviBlatingeth2 18 ogram diyteqode dass arachite pedependent! virfusl
only the 15 native translator 214 and of course the final native code 230
which is processor spBEIEFSr cpde Wlishgyses g8 ipsEpetionaetepbaditiial PiRaessor:
het er ogeneous nul ti prQcessor environnent is shown schematically in Figure
4. This should be cor‘rﬁ’é ed with the corresponding prior art approach shown

L)goFi ggge( ﬁav?n;,’ (bR Rahflafih® WEvittual PRoce8itodeLifltd Ratfs ¥bMI wihibh G5éLHH S
(N "o

instruction set of a physical processor.

It will be understood, of course, that in the description and claims the
word “code” includes data where that data is part of the program itself.
Accordingly, but without limitation, the expression “code” includes such things
as constants, variable names and types, flags, pointers, object names and so on.

25 In a preferred embodiment, the object-oriented computer program is
written in Java (trademark of Sun Microsystems Inc.), and is designed to be

implemented on a Java virtual machine (JVM).



di fferent processors) via a conmmunications network 450. Al of the
processor independent calculation is carried out on the server; 18 JUN 2003
particular, the server maintains a class store 420, a class verifier 421, a
.jcode translator 422 and a VP store 423. The VP (processor-independent)
code can then be served, as 25 required, across the network 450 to the

i ndividual clients. The VP code is then translated by the individual client
transl ators 424, 425 and the appropriate native code for the specific
processor stored w ty : A Wa-Ga s,

The use of VP on th?ﬂggiré\gg? ,ﬂtgsjagﬁéé\zgg@ﬁq{%ﬁr%re’@,g t}atvlol %\?\gyf%?ég\?gp ﬁgq@gtg ?Son

of the class féf ¢e Presenbanterition proddesta st ergpi Watdhons (driizelso p¥atferingn
to VP code) to be perfornmed once only by the server. Then, only the native

5 transl ati on ingdepertdent fahdras sacowst diagg whichhis platfosmsdapengdent. nddes Viidubk

performed by the client devi.ce before execuiion. Such an aryangenent kes
it easy to supﬁweiﬁpa&péa M}l&%gwﬁﬁtf?@rﬁéﬁgﬁ%vw o i MR BN RGP i ng

S
to ke usb of MthdEBAE 8 SRRy heftart® PThE GG T Al R Bfhne s bW ="
only, in the 10.cHASS (OUHARAAE theVirhEPrbEARSE R0BE BNF DA plaifBih ¥Pverhe

VP is transmtted to the client devices, as necessary, and the final

transl ation t osiggificustly debe thamnthae wadch wedld bt reduitdibtocpore tlie ibytecodryJIFioch
is entirely transparent to the end user. In addition, no anendnment to the
server or to tthe ngw platfering rWharer kayaiin being usaghmephapplications toppdeowrigtanent
conmes onto the,.market, ich {)gq ires di.fferqe}nt native 15 code. The client

. h
manuf act urer sPFALY R ol 'des O nda¥ar SXRATIERFES BROSHHBIISHDi XY gedy dave no

ty dnsl at g, a j j G '
AL I GRS pOLIR o RS phAl ARG
that of a nobifoe tRIGREingetheoVirtudl PHovestdalcodpbinte niiode9de 3@, nddaled usétnfort he
network each a 20 include a respective native translator 524, 525 and a

native code stayveey B8®, appliRativi@rogram, dut egly fedevaryumyr plrsferne on which the
functionality of the, phaones, updated VP cqde Jjs supplied froma VP store
523 on a cent RIPEEER (K0 B0, T&glﬁfﬁé‘&fse’& signifisaat fimesaxings;far the appligstiond

cacketi ved andagiiEioss 1 iRl it RS MYE b itokr SRS, Rdiiee
On receips, thea)RbIeOfe dashassmmhi §Bk!of proRBsdont 86l dpplitaticis ¥EpsINgs Stceked

in the native code stare. The whol e process nmay be transparent to the phone
user; or alteromdyimakchatehéhepatievadt dodslatays fer sbat powessors on which their

applications are designed to run; alternatively, the native translators could be

-

supplied as standard with the end user machines themselves.
In one embodiment, the present invention is particularly useful where a
{) } 20 common application is to be run on several networked processors.  The
translation from bytecode to Virtual Processor code may be undertaken on a
central server, which may also provide verification of the Virtual Processor
class files. Once the Virtual Processor code has been verified, it may be
distributed to the individual client processors, either by way of a network
25 broadcast or alternatively on demand. Each client processor maintains its own
native translator which it uses to translate the received Virtual Processor code

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



12 JUN . 20Q 11 receipt of a specific request fromthe phone used, )V, lﬁ\ltﬂﬁ&a
wireless |ink 513. Turning back nowto Figure 2, further details wll be
gi ven of the two-stage translation fromclass bytecode 210 into native code
- 230. As previouslydescribed, the class verifier 211 checks the cl ass
byt ecode for validity. The5class verifi er, my in sone enbodi nents be
incorporated within the jcodetranslator, in which case the class bytecode
210 is passed straight to the jcodetranslator 212 as shown by the arrow
240. The JVM a i i b §ad a
b o' moans. 15k D5 hEKLGEARBuL Al LthefiHiey bad THAPRN BegbP pRORRtor = it
stack,:.. ~1.jg ﬁotw?mmbﬁpih thBréfesied i ensbodimehtoptizhiadesion, Sindecedchr dlierto
be popped off. A bytecodeinstruction typically renoves one or nore operands
from the stacHKeviger il nesusiateantto othe apptopristeenatihe codsufar tpecwndtypef ofny)
back on the stack. On theother hand, VP is register based, in that it has a
set of regi st PFeCORPRTch ar eaddressed directly by the VP instructions. An
i nstructi.on typica takes it rand fr regy ster speci fied. in,the
i nstruction, perfor hs%ﬁ‘@ %I&tafr%aﬁﬁgﬁl ngu&% ?‘Cﬁggl)r Eggc? tonﬁbﬁglﬁgalfli%ea‘ﬁﬁ“qlnt o]

a further r egpfé&-@s&%ef : Rtheel HdfknBSL breaﬂe%ui[hbﬁicréggbéés%mg?ﬁ@gc Ssor

architecture s nore simlar to nost real processors, ept th as a

very |arge nuegssis 20¢ beag wedron thearegeodiedwdieatdévitésat any system converting
to VP does not need to worry about how many20there are.VP instructions are
based around expreJdiegprssend iavegfien insxpeded éanthaye qartigulanapphieatoon imdhe

operands, and _each operand can be a,constant, aregister, or an expressjon.
{A}n expr essi onﬁﬁﬁﬁﬁfﬁﬁge@%cﬁmr@%c@&‘ﬁa B’ér,eieéécf’rhe ¥\Bﬁ?"&?¥k§bna‘%sﬁe(‘d§ﬁ§]lt1&nt,

egi star or ' . 1 i i L
BT uct Bon cafa@BhET etiive ibhe oL pr BReRE ReliiB ph¥aehEORS. nors,
of how parts gfeferred aaffddiment 6f HRMYeEtEsh, tﬂ'é]ﬁpz;qﬁﬁx@ibhﬁbf%rél%ﬁseabﬁ%bﬁﬂén
"fixup"; this'is a small item ~~ 2 JUN ~~~ of data attached to a

particul ar pophoné nwilhebe cagsomeaticallpmpdatedode @rwant whidhi db  emstelyicesert he
JVM that the code or data,at {h t paint needs to,be podified in some way
before it can'iBBSRed, by deywaloadmg, tiegnecesearangpdates i iNiguahErecrssenhode a

nocher 5. oi el Ble ARAREEIS. C308 RIORHBRN 1 e A5 b BhELERRRIL or on
consi st §50f t BemhRll| QANEe R — ot e&@ﬂr?ﬂ@%eﬂ‘?ﬂé usmtt:emf@ %ﬁtﬂ&ﬁfsg%ié?e .

constant nunbers and nanes in Other parts of the class file, Instea

name, there it aiseefsenencspetidica fnactondlity hwhich i thestphoael hes enotl yE® been

I nformati on such as the nane,  of this class, the superclass and any direct
super i nt er f acBEgrammadsto prpvidee| dssimjjaf AppreReh sar bsiakan withiptherenctwarkedt
of methods, w,th information.on ne. Jhis, informatjon includes its
code secti on. del’ﬁlﬁgs tSH(éHZaSa \gltggk}g?@%}t%bog’g l’s‘aé]ccfb%l s?OIgRE{CF%r BALER Wﬂiﬁf? 15
The Java cl asgarhifag bﬁin@l@@&ﬁﬁ% %ﬁlércc{/ﬁ/?ofﬁedw&)rﬁéd bPhb@Vsikableditivicd. O0In one
{E)Fsplte its nane, this has nothing to d_o with the datq_to be used by the
cl pss. 20st eacmbbdunetitahe netwdrdr may iconsiabofior mchidess wirebess uttworkyurherens
limted to the nanmes, paraneters and types of all constructors, fields,
met hods and otmetheegmbadimentsi it inawrcluge amuivate opipublie|fixed ngtwopki enthese

T 20 f t hi | f f.l ecty i.e. th i ity i .

j aval aggrg. re:c is%vv%)r%leﬂ m%thr??‘ﬂf%’&ﬁfgp :aFeZB?{B"ﬁ’ engl- B’g{]?g‘?siﬁr%é‘lﬂ%bm}%‘@?‘f ace
t |1 d i t figel ds,
ot hods. and of TG mdP B AT riin BB oBHp R to' E 16RATS MCtHfitred' (B C°

used by the veximhplendal £ odadirdamedamoss ISDN Hhkyiat inosschvper £y, eht ifiverdtich
class file is not 25 available, or where the class file has "al ready been

transl a2®d. Warld bheapplimablei $o war iwtdenrangevef ¢mbeddeds devices,asiscloding for

anyway. A class tool. This contains so housekeepi ng i nformati on used, by
t he example cameras, televisions, washing machines, motor vehicles, or indeed

virtually any other type of computer-operated device that can be conceived of.



.9 2 JUN ~ 13 JWM (including the size of object to allocate, the si,ze of

the class's static data if any, and the superclass and superi nterfac sJUN 2003
and code for none, some or all of the nmethods. Zero or nore mnethod tools.

. Met hods whi ch do not appear in the class tool 5 have their own individual
tools. The decision on whether to place agnethod inits ow tool can be
based on a nunber of factors such as the §i ze of the nmethod. A fixup tool.
The fixup tool typically returns a constant fixup value which y is used to

determ ne the off 4.4l i i fd i
called at fixup t;5ﬁfEhét"ﬁoﬁJngsﬁgaé&%}Ldécfgffég@pﬁ%ﬁﬁ&?ﬁfé@g}rnﬁg}ﬁ? % -r%gra hgg(%fcﬂ{ebsl >

this offset indgctibed mﬁoadgadnd/wa%omsyfyémihg -cpni;iutéxs%wgﬁanu\‘vhetﬂe@ or not
i npl enent both "get a field” and "put a field" in the bytecode. Mre

general |y, therhbadipdtaoh datd carrserdat Bheismcention foirthepsxtefids socamdatmbiream
determ ned at fixup time and not at conpile tine. The data may_include, but
i s not |initedeptesentative of sicpmpitenpiogsys fonearsying oyhtherdescabed methpdhin a

cl ass ins%ance of field. . The data tool. can, be di.scarded.if the Javda

appl icatidn is knowhihdrvanionsmadePe aried,dnio; Prastics i, vricps, arvs.id oy
Che fi t ool o ) ) : ) q
na dovi co wriPERTEnBORERASAIL dow BE GHRULARIY F2Y bEBxdidpld with RISRUHR

j code transl atterthel aesompafyingdibidigsf @rwkiehh i tem on the stack. VP code
does not directly inplenent the class file' s nechanisns for accessin

anot her class, met Higumrl illustmatdsr thmopieradtion offeecommentioval JITncarmpilery wathinl @
there are instructions for, but not limted to, calling a nmethod (in this
{1 anot her cl ; getting the contents of a field (in this or another

{ass), pushi ng | ye, hg .st.ac oRpINg: ofd st h c
gn% set tﬁ)ﬁg t he cogf}%'xl{%sﬂ o'flﬁlgirﬁeél %‘.e #ﬁcgléfaggdtgﬁisri]agln@l éf%cr%g% ogrﬁlglret §r$ﬁ§§§
into VP instrugibQiimenhbethe Brésdif iRéhtidh; t he fol lowing (this is not an
exhaustive list): "~"~ 2 )uN ~aD3 14 Call a non-static nmethod (i.e. one
to whi ch an obj ect Riguretleshowsa tyymcagssedyt clrerd/setvas systéfid; has t he concept

of a class wth nethods, which is used to,inplenent Java classes. Such
met hods can be cal Fagnrgi 4 tlfaptrgtes tthe Qperatign pfthe Prefrredd cabedimeniont t the

class of the opi &tonWRRH PO Ferld system;
15 Figure 5 illustrates the operation of the present invention within a
wireless network; and
Figure 6 illustrates certain aspects of the translation from bytecode to
intermediate virtual processor code according to the preferred embodiment of
the invention.

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

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

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

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



S passed) or non-virtually (the nmethod called is in the class specified in
the call). Call a subroutine. This is used to inplenent the byt eccﬂl& JUN 2003
call of a static nmethod (i.e. one to which no object pointer need be

- passed), and in sone cases a non-static nethod. 10 Get the value of the
constant fixup fromthe fixup tool. The cgpnstant pool within a class file
is converted as follows: A constant pool” entry containing a constant
nunber (integer or floating point) is incorporated into the conpiled
version of the JBCyqnskatstet i on which references the constant nunber. 15 A
constant pool entry containing string data which is used directly by a JBC
instruction i 9, copiGshvierdion tfivan dh¢ antetrhadibtedVPoforimetoc thepndtire maohinpudodeode.
Q her constant pool entries containing string data are not used directly,
but are used when rRfesomadrtenhirg wilkbekmewmas theoGlativg geamstaédrdw, or by ot her

f th I le. ~, 1 2 , f [
;éf”atsih?; canses a 1 e AL TRE OPRUCDe (CBRIRB Hm Qort PBeRaTe fare
2 35C 1 et ructiebe 480y MARCA LI SRTRIO B iy WeBley KR P LA RIsRsC

to a native cqggifRePienCcerNidick@hbeonRPHeYinAtilhA bytss RheAMIfEd) MACHESS
to class Cs code and data. 25 A constant pool entry referencing a field F

in a class C choslesfoa validenterafleaehintergalrefereficesor ThdeladdMesfienifarcoedsamane
for Fin C to be attached to the conpiler's ouéiput code/data such that a
JBC i nstruct i dpadssidditiensil slasses to cheglythe-externpbrefergncant pool entry to refer

{;g_%;i e accbss Lo Cedhp.cos 1g6 heBR ek *ﬁ%fn%s?i#oﬁﬁs%@ﬁhéit%%ﬁ%‘%oéiﬁﬂ
T 1 be vaneR skt FCFGERTIN M gbl et MGy BBl o e S o

instruction usimgoddRg3cenkémebnpaedd Bntthy nhtive @fadslater M4 s eRatiedcdde a
native code seguence whi ch, after applying the fixup, obtains access tv

met hod M A c@d8tant pool entry giving a nane and type of a field or nethod
is not . used directl, i S used when r onst an ool

entry types (. 10 o&F l%iiﬁgj‘}%t@ 3PPIagEate | fErtgl?e?%l%g&r%r‘g?ggﬁggcf'eodcﬂt}\ﬁighi n
a class file i5,capNo1hehdthe P LBYE213 are all processor-independent. It is only the
15 native translator 214 and of course the final native code 230 which is processor-
specific.
The use of the preferred embodiment within heterogeneous multi-
processor environment 1s shown schematically in Figure 4. This should be

compared with the corresponding prior art approach shown in Figure 3.

ol
Bt

W 20 In Figure 4, the server 410 is serving two clients 430, 440 (having
different processors) via a communications network 450. All of the processor-
independent calculation is carried out on the server; in particular, the server
maintains a class store 420, a class verifier 421, a jcode translator 422 and a VP
store 423. The VP (processor-independent) code can then be served, as

25 required, across the network 450 to the individual clients. The VP code is then
translated by the individual client translators 424, 425 and the appropriate

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



Code doing purely nunerical calculations (ie where there is no reﬂezgmngm
an external nethod) is translated straight frombytecode into a ~
corresponding tool in VP. 15 As shown in Figure 6, where the bytecode 600
-has a reference 610 to a field, that is converted at fixup time by a call
611 to the fixup tool. The call to the fixup tool returns a val ue which
references the |ocation of the field. Tht!Q, by the tinme the instruction is
run it has been patched to contain the correct offset. 20 A static nethod
620 is convert‘ﬁ? to a corresponding VP tool, but with added fi xup code 621.
A non-static nmethod 630 has added to it a fixup for a nethod call (ie a
reference to the mabBe PP on Hé Serdel|as@HBHhUAHiYurRaL AByAhE vefichtibhe
final native code. 25 The calling conventions are rather different In

byt ecode and WP.th¢ rlaserfilentandnthk finst etpdeofSthercaanpilion (lié oadersidmhen VP
paranmeters to be passed to a subroutine are ﬁl aced on the stack, followed
by a referenceode) theanpentoamed-~once -only Zojosha ererbe ddiengcnlp thet vetivie

instruction to call. a hod j.s.then exgcuted which takes the method
reference froﬁﬁapg]létlgPag‘ELI‘]%eéiSff?@s acgo stoathe RIPSESFOr n@’pffhen??é{%/ et Red
ith the para h . . Ol 1.S.: L et d ol od
when o ret o nPEHOPRed BThE Rich) 98 Yico MO Exdefiioh S08f ah Syrghb SRRt p¥el

| oads all theipadsyRy Qigply Nifkialéd ERGLEH 8 thebRIro81S vARRAN (the Gefed Gicedi ¢
subrouti ne) i%lstructi onﬁav\%i crﬁiahas been fi reed up fo point toet he dgstﬁi%na(t)i on

met hod (this knzwpanmbingeatsidatths detadls|of the pdyticabaradieings thatmd)l. wiskeouhake i s
passed to the subroutine and returns when a "ret' instructjon is executed.
‘=~ ~~ 10 O hebspaf thossrelassess i Aa updated plass needsal Beopmegnded once omlye imghe of

Sufput D) ¢ hecBRITIEEPOS, ALet s e Bhes ity aRigsCP cRhvE S SSRifed thce
to the super chiassyidivicdsSs GRUBHS A et hanbikibl9oGATRE Bide dih bD

preferred i nplementation, e out’)put data contains a pointer Wt

fixup attachedagimhoitxathe afiéririnlal wky mdhicli heenpoelptteansparent ® the enldeaiser. In
supercl ass code and data. The nane of each interface becones sone
reference to addition; apfameendmertiita thesewgt puto thed¥Pnededarequired inHhe event

f d inpl tati h t put dat t ai i nt f h.
it er face wi ¢ Fe & otk pheRed it pRiarnERadel Vhltibiatine; AffireRESdive o
points g Lhechal or FREyea0F ANt Aalc? simIEn RS OINCRPR: Ay RLbARRFL O

each nethod (and the source enane s stored in the clas

when present, nhtive aaMsiai@daddttr deviceshaild bpdlage Withotiheénemhi SN ehtion
which the JVMis running. In the preferred I nplenentation, the debug

information i st theseevered to the same format used 25 for non-Java parts of
the system The final VP class conprises e or re. naned, tools, normally
i ncl udi ng at |east ‘1%& SBS?‘gfictWﬁ?g@ﬁ@tiﬂnagliusfm‘{?qﬁ’@uﬁnguﬁ 8bpf aﬁﬁogﬁ?o
or more phone network. Individual mobile phones 530, 550 using the network each

(;-) ) 20

—

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

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



-~

~ 2 ,~ltl~ 2~~3 17 nethod tools. The tool names are generated
automatically by the jcode translator, each nane being related td ghguqqmmg
of the class and the function of each tool within the inplenmentation o
.that class. Turning back again to Figure 2, further details wll now be

gi ven of theSnative translator which translates the VP code into native
code. It will beunderstood, of course, tHdt VP code is never itself run
directly in a liveapplication; it is always converted by the

t
Phe’ processor BHERhPER byt rpRRsE L s hulohs R PP W reliS) K 1375 | O
quite a small pi ecﬂ‘l;ﬂ/';lgg)ggcl& AbAURAFTbaPK 21 BHARSNMELAG: WRRbe! BifeR ARSI -

so that it can eas stored in nory wi tthi nan enbedded  system The

transl ator 2| &tagganéPatic fivhe chist bytdtede 290 Shwr sativet drelep230.i Ak previously
processor being used. The translator uses its know edge of thereal
processor's rs&ssnbcd,dhcmla&scvmﬁert 2l Hebecks the dasshbytecode ifor valedityit pdthe
nat i vecode which VP registers should be pped_to, the real, prqQcessor’s
registersd an BBV eHTiSh S 1B eSQIBG teTPOGHEIGHES, beviicerpqrated idin Caitadss) |

Unti1 ' the nati GUBGUBHS ERRGIR. B £ EPREprr PT00Fuarte Bufent S e o™
of fixup code.q(Rapitodh Wad HowR B5!thdBioM 24in-ti me) the fixup code will be
repl aced wit happropriate nmachi ne-dependent instructions. For exanple, the

fixup for a non-20sFist I'¢Mmandotebiltécdide metruetidredittimplemahtsnarenstatie based,ve
code. Both the jcode translator and the native translator are
t hensel vespr efwhighi mesis thak eperandp (awabersn poduersttauebjpeis) pemkept: enl a(dackg

ndt i al WP codd B educhach dnb e Bed it SR P e Hepoft off: o thiFads
tial Vb codE R0l Ped: B8 !
Cranstator | s TarSER SR RnBis o ofanlcaaRians Ronl e Sudek perfopms

that code is pagwedctidll, Andhpudhes tiié raseltr ptthid Gif-anlP baekiuin thet ftac/FOa0GR
for the native translator, that code is passed C~ 2 3U~ Zoa 18 t hrough

the native trath¢rahand,i VEelst registeh basgd, tihethpt af bas adsenbbdegisters eusht dre
Java Virtual hi ne, t.he overall Jdnventive congcept is nmor eneral, and it
2 ot essent s dRERS. Bae oY ) Akt ors, dua pnsirCtiam SBCA, dokes dSed.
however ,{4 he i i ON i: : : = ski | L i :

or ogr ans ot SPEHE YRS S AEHSP R A RUE i E R CHER, BEALHACLBRE. potion; g

t o under st and,andr pgféethet foskiitovpaaxd NiMgnAponto, a Mdribedeegibtee sdcified in the
requirenent is that there may be a native code translator avail able for

each physi cal ipstossisior This wgister thasedppichiiettion 15 smoee brimilan. td tmosg real
envi saged that such native t an%tp ors w Ill] beé)g’gneral é avai | fa?r' e, and, 10
appropri ate t PARSESEPESr EXETUItHALIVTHES B PUIHRE WW fneeeisipns; Lares smough
devel oper or ti Ve j iandi Vi !

(giyi ces such EQE% |Idgyp%tnegﬁsgéirl%gg%géoéélﬁggﬁfs??to&égqg %b&&%lbfghgg%many
CLAIMS: 2 A nRéleqgle Of distributing an object-oriented conmputer program5
characterised by: (a) translating the program bytecode (210) i nto nmachi ne
i ndependent vi rtualVProstestonc ade §t28) anouindhexpressioms.i Astsinglei instsietionf a

virtual processor;. (b) transmtting the virtual processor code froma
server (410) typigally;hast ong axelve Operangs; andcach) opsrand| can R @ rronstant.ual

processor COdereéiQ ef, graetnil \éfpr%gggn.(gﬁ%)xpmisfoﬁ then has one or two operands, each of
which can be a constant, a register or an expression. In this way, an arbitrarily
25 complex instruction can be built up.
There now follows a more detailed description of how parts of a class

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



"uses an instruction set of a physical processor of the client devige, 15 2.

A nethod as clainmed in claim1l in which the program bytecode i ncl Léez JUN 21]93
class file, the class file being converted into one or nore virtual

. processor tools which use the instruction set of the virtual processor. 3.
A method as clainmed in claim2 in which the class file includes a 20
plurality of nethods, and which sone or A2 the methods in the class file
are converted to a respective virtual processor tool. 4. A nethod as

clained in clai in i,ch the.class file. ncludes,a I hod. .and
in which the i‘“ftﬁ\ﬂééggé‘&aﬂ&%‘&lér BPIG iy the Comifer %%‘ﬁﬁuiz%‘%cgeo&r@%&ﬁogﬁ"ﬁ‘g
tool. 5. A net; ' ' ' ' [ : fdal8; des a
025 SN 200d SR DY thal Ihco e By ¥t ol Reddsg e oSt
processor codeopieoWwhflbefcrefii ¥dtibbé asdd. ( E:xdypsfa@é usgrto chahge atiatigetingtriittedal.

6. A nmethod as clained in claim5 in which the fixup tool is arranged to 5
return a constaratddta em sumdhuthathieatative aodpicas ehtain adireotf reafbrenoe is anotifert he
said field wwthin an object. 7. A nethod as clainmed in claim®6 including

li nki ng the vi@@ﬁﬁa@f&%gé%@?n@ fEfFl¥et er mi ni ng the constant fixup val ue

From anot her cl ass A4 Gass WeaPRBE SER ERRE M, 3 6 or claim 7 in
unyh he 11x3p MCBlnAFIN, 4 Uoublhl Sua kil iR Y e
whi ch the virtuapard efgrsissclideiniesd dfchaiedhidetibiatefdrede @ Phamalwhichof
points, fixup instructions whi ch i ndicate that
) is stored here.
{"3‘ 10 ¢ Information such as the name of this class, the superclass and any direct
superinterfaces.

o A list of fields, with information on each one.

e A list of methods, with information on each one. This information includes
its code section. Thus there are several code sections, one for each method.

15 The Java class file is converted to VP tools as follows:

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

i) | methods and other entities which make up the API of a class. A typical use
‘ 20 for this would be for reflection (i.e. the functionality in java.lang.reflect in a
Java Library). Reflection is a programmatic interface to allow a

programmer to enumerate and manipulate the constructors, fields, methods

and other entities which belong to a class. The data tool is also used by the

verifying jcode translators, in situations where either the class file is not

25 available, or where the class file has already been translated. Where the

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

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



“"the code at the said points has to be nodified by the respective i'ﬁﬂﬂ
I nstruction prior to use. 20 10. A nethod as clained in claim?7 i~ th3
the fixup instructions provide instructions as to how the native code can -
.reference another class, or a field or nmethod in another class. 11. A

method as clained in claim9 or claim10 in which the fixup 25 instructions
are transferred, substantially functionallBy unaltered, by the native

translator into the native code; the fixup instructions being replaced with

e U AR 2 5 Rl AR 5P GBS
0L n et B, BARNN 2 BN e sod) R AR e

oriented conput epr BN QR HeBkRYsl Si ng translating the programinto native
code as clained in any one of the preceding clainms, and executing the

native code on tFerdby fictalmdthod essier . Methodd whichatd g6t appahnittlienclasaicnll3
when dependent upon claim2 ( ~ 10 including binding the translated tools

into a tdsk, andhawethein oyntihdividusik tools.n Thevdecistateonm whetherphylacas method
processor. 15. A conputer system adapted to carry out a nethodq as cl ai ped
in any one of thHl Kf ¥yt C@niren@ase @@%.numqqﬁpﬁéactags A #e elﬁz%.ﬁl? tgge
of clains 1 to 1&’§miﬁh further includes: (d) transmtting the virtual
processor code f Q%e server to a second client device (440); and

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

(; is used to determine the offset within an object of a particular field. The tool
() 10 is called at fixup time to provide the offset, and the binder/linker patches this
offset into the code that wants to use it.. It is thus used to implement both

“get a field” and “put a field” in the bytecode. =~ More generally, the fixup

tool returns data used for fixups. This can only be determined at fixup time

and not at compile time. The data may include, but is not limited to, the
15 size of a class instance and the offset within a class instance of a field.

The data tool can be discarded if the java application is known not to use

certain facilities (largely reflect), and the fixup tool can be discarded if the

java application is to be embedded in a device which does not dynamically
(¢ ) load further java classes.
‘ 20 The jcode translator uses a VP register for each item on the stack.

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

25 pushing a value onto the stack, popping a value off the stack and setting the
contents of a field. The jcode translator converts these into VP instructions

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



20 (e) translating the virtual processor code into different native code ,
whi ch uses an instruction set of a physical processor of the seco'gﬁi cﬂUHn’cm)g
device. 17. A nethod as clainmed in claim13 or claim 14 includi ng executing
-the 25 different native code on the physical processors of different client
devices. 18. A conputer system adapted t(i4carry out a nethod as clainmed in
claim 16 ~9 z ~~t~ Q03 22 or claim17*%19. A distributed conputer system
conprising a server (410) and a plurality of renpte client devices (430,
440) in conmunycCagh, oy e l: o€ Lant. dew) | |

client processgr;aédclﬁgr ﬁ%{lgﬁt@egﬁmgfﬁé‘f' t%&g tsgew&é@{]iarqc %gg ﬂéﬁégtegﬁgﬂ?tor ©
storing virtual Ra9&AYSAra 6REE VP2RAs theatshceprlof Betlags ¥iffaldtheds, WigRaNent
representation of an 0Obj ect oriented conputer program using an instruction
set of a virtual ysedeesmplementdavg classes.i echt metisidatcan §et2dlledi 2Brualy étiged
to translate the virtual processor code into native code, which uses 10 the

i nstruction set dctuahanethed<elleddependnonpthcelassop! thmabiecharhase peiatersisor e
(432, 442); and in that the system jncludes. transm ssi,on ans (,4SQ), fgr
{ransm ¢ty ng t he RSt metERedy (hberacachREr B iy e o5 Rpedifiedlin' e
devices. 20. A dicﬁil?]i but ed conputer systemas clained in claim19 in which
the 1 S transm ssi ofi neans consists of or includes a wireless network (S
13). 21. A di 1yt SWst ; L& | ' | he
ol entdevi ces ave TSNS TTISYEAR0 30 IRl e Jheiliey obl) oy St
conput er syst em amtleddaine bnentocaich 26 dbjeattpaititet meed Ibeepdssdd) i anelsiraseme
hand- hel d conputers. 23. A distrjibuted conputer systemas clained in claim

(19 or claim20 i easgppdwnrHatiemethed.devi ces are hand- hel d ganmes consol es. 2S
(\"E 10 e Get the value of the constant fixup from the fixup tool.

Z

The constant pool within a class file is converted as follows:

A constant pool entry containing a constant number (integer or floating
point) is incorporated into the compiled version of the JBC instruction
which references the constant number.
15 e A constant pool entry containing string data which is used directly by a JBC
instruction is copied into the data attached to the compiler’s output code.
e Other constant pool entries containing string data are not used directly, but
are used when referred to by the constant pool types below, or by other parts
0) of the class file.

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

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

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



"24. A distributed conputer systemas clained in claim19 in which at |east
one of the client devices includes a first type of client proc@s qﬂ”&ﬁﬁafn
whi ch at t~ 2 ~U~ ~a~,~ 23 |l east another of the client devices includes

.a second type of client processor, using a different instruction set from
that of the first type. 25. A distributed _conputer systemas clained in any
one of claims 19 to 24 5 in which the sed®er is further arranged to
transl ate the object-oriented conputer program from bytecode into virtual

processor code. 26. A, nethod .as . .clai.nmed in. any opne.qQf clai.ns 2 to 11 . or
claim 12 when deﬁ%l}?aaéﬁtp(lpgo?f‘ta 6“3 ik ,r &’nfl ﬁdF%Bp@%ﬁl iq?yq ﬁ’ﬂ!utvﬁecq(iﬁ %queof
the cl ass bytecodg: %1% #Faé 7 thod as cl ai ned
in any one of cl gﬁlﬁ%h}gﬂt@ggq@?l gﬁﬁ‘% ?g{al enécgsespén%?élﬁtpffpon claim2, in
which the class fl bcﬁasta’ilt?olﬂ‘éﬁt@' Rfsrehting. a ARetRdd M\ iRt flass @ calsek e dxup
any one of clains 1 to 1Z, 26 of 27 in ich the step of translating the
pr ogr am byt ecoderéfetencingr Mual Cpiooths $¥M 'sadterna mame fedvVbint Chyto bef attathed

translator programwhich is itself witten in virtual 8r.ocessor code. 29. A
met hod as cl ai netp the eempdaes Quipwiscade/data suchathaba HBCogstrpetiomivsing thishe

out by a Second ERMHNGRI! BHBGI SRR Dr & FOBNPAP, § MEHYE GG feslence.
processor code. n@1°¢aﬁ§§%19%%§q§@’§§{aiﬂf&w f&gm@th%ﬁtﬂ(?d as clainmed in

any one of clai 0
e A constant pool entry giving a name and type of a field or method is not

{ used directly, but is used when referred to by other constant pool entry types

(3 10 or other parts of the class file.
The code section within a class file is converted as follows:
e Code doing purely numerical calculations (ie where there is no reference to
an external method) is translated straight from bytecode into a
corresponding tool in VP.

15 e As shown in Figure 6, where the bytecode 600 has a reference 610 to a 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 it has been patched to contain the correct

. ) offset.

i\ } 20 e A static method 620 is converted to a corresponding VP tool, but with added

fixup code 621.

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

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

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

a subroutine are placed on the stack, followed by a reference to the method



"31. Adata carrier which carries a conput er program for execut iij@ %ﬁeg@ad

as clainmed in any one of clains 1 to 12 or 26 to 29. ~~ 2 JU ~"~
32. A data streamrepresentative of a conputer program for executing a
-method as clained in any one of clains 1 to 12 or 26 to 29. , T 3 .A [l

.Ale. A3Y . AF, A3l .A( .AF, .AY .A5 .AY,%\6.AI . AF. AFAE . A

to be called. A bytecode instruction to call a method is then executed which
takes the method reference from the stack, resolves it and starts executing
the new method with the parameters from the stack. Control is returned to
original method when a return instructions is executed. This is converted to
5 VP which loads all the parameters into VP registers before executing a gos
(goto subroutine) instruction which has been fixed up to point to the
destination method (this fixup may be statistically or dynamically bound).
Execution is passed to the subroutine and returns when a ‘ret’ instruction is
executed.
{ C} 10 Other parts of the file are converted as follows:
e The name of the class determines the name used by the JVM to refer to the
code and data output by the compiler.
¢ The name of the superclass becomes some reference to the superclass within
the code and data output by the compiler. In the preferred'implementation,
15 the output data contains a pointer with a fixup attached such that, after
linking, the pointer points to the superclass code and data.
e The name of each interface becomes some reference to the interface within
the output code and data. In the preferred implementation, the output data

contains a pointer for each interface with a fixup attached such that, after

Eana ¥
e

1 20 linking, the pointer points to the interface code and data.
¢ The debug information attached to each method (and the source filename
which is stored in the class file), when present, is converted to a format
suitable for the environment in which the JVM is running. In the preferred
implementation, the debug information is converted to the same format used
25 for non-Java parts of the system.
The final VP class comprises one or more named tools, normally

including at least the data tool, the class tool, the fixup tool and zero or more
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15 which should be kept in memory (which is slower to access). The translator

also provides machine-dependent optimisation of instructions. Until the native
code is bound in, it will still normally contain sections of fixup code. On
binding (or sometimes at run-time) the fixup code will be replaced with
appropriate machine-dependent instructions. For example, the fixup for a non-

static method will be converted to an atom in the native code.

0 20

M

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

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

translator. To compile the VP code for the native translator, that code is passed
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CLAIMS

1. A method of distributing an object-oriented computer program
characterised by:

(a) translating the program bytecode (210) into machine independent
virtual processor code (213) which uses an instruction set of a virtual
processor;

(b) transmitting the virtual processor code from a server (410) to a client
device (430);
and

(c) translating the virtual processor code into native code (242) which

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

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

tools which use the instruction set of the virtual processor.

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

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

corresponding tool.

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

field within an object.

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

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

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

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

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

prior to use.

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

method in another class.

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

instructions when the native code is bound on the said real physical processor.
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15
16. A method as claimed in any one of claims 1 to 12 which further includes:
(d) transmitting the virtual processor code from the server to a second
client device (440);
and
{M ) 20 (e) translating the virtual processor code into different native code which
uses an instruction set of a physical processor of the second client

device,

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

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

18. A computer system adapted to carry out a method as claimed in claim 16
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devices are mobile phones (530, 550).

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

devices are hand-held computers.

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

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

one of the client devices includes a first type of client processor and in which at
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program from bytecode into virtual processor code.

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

10 and of any external calls.

P

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

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

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

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

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

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

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

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

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