WD 01/ 20449 PCT/ GB99104413 | LOADI NG OBJECT- ORI ENTED COVPUTER PROGRAMS The
I nvention relates generally to nethods of and conputer systens for | oading
obj ect - o%&%g”conput er prograns. More' specifically, BOWEBWPMIAOL 5

excl usi ve e invention is concerned with object-oriented progranms in
which the code is provided in the formmof class files, each containing a
plurality of nethods. A well known exanple of an object-oriented
programm ng | anguage is "Java" (a tradenark of Sun M crosystens Inc.). A
"Java i npl enent aLOADING QOBJE 2 DR ROGRAM

application consisting of one or mor e class flles to be run These cl ass
files nust conformto sone version of the standard Java Virtual Machine
Speci fication, agheuilenfibis telliés geferifty tPRERRAT DS ahaccon{imfér%?aeﬂ]s'fa defi nes
the data and progranlcode required for a particular I'ass. " 15 Al t hough

t here i s soloading ebgct-omented hempancaprognammenmmcapeclﬁnally;cahhepgluabt y be

di d to t : The -J Vi rtual th
Ol vsaB | s CxotiSuRRI R dnvenfion 1§ Faacimec i DR MrogmS in a? h a way

whi ch conf ofmchde ﬁoﬁﬁvdéﬁrnﬁ'tﬁ 10im V¥ 2jads AU \(bl'i%ﬁimrﬁﬁ%'ﬂ Grality
Speci fication. Sone of %he 20 ?nstructllons corft al ned r*fnaac1 ass may
ref erence timethiedsa or program code of other classes: the JVM al so nmanages

such rel ationshi 2‘2 @t ween cl asg Biu) Cl.ass Librar Y; This.is a set
of predefined cl ?AHE an &ﬁ{é’ﬂefﬁ?&e"rﬂﬁa&fm&ét 2RFPIge Ry
conf orm ng mv%vr(asra&amr@oassn MibfodystemSBRE). | IAC 8lava implEhRhtatiohD isd ¥
cl asses could be inplenmented in sone way 25 ot her than as 'real class

files.1&or eaﬁwpreesxmtmgfmcﬂeal@waa@%\ea:bla@phcqimwmmg of angongwee i n

whi ch case t ‘]t'\{ ensu f'erences
ass files t e run. ese c ass tles mus 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.
15 Although 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 program code
of other classes: the JVM also manages such relationships between classes.
e The Java Class Libraryv. This is a set of predefined classes with data and
program code which act in a way conforming to Sun’s Java Class Librarv
_ ,-Specxﬁcanon These hbrary classes could be 1mplemented m some way N
25 ' " other than as real class files. for example using the C or assembler

programming languages, in which case the JVM must ensure that references
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wo 01/20449 PCTI GB99/04413 2 to their data and program code work in the
same way as references to classes which originated fropgnemoeshsss files.

. The progrme@0a9d4? in a class file is in an instruction format known as Java
byt ecode (JBC), or sinply as bytecode. Each nmethod in the class has its own
5 sequence of bytecode. The bytecode2for a method consists of a sequence of

JBC instructions. There are two schenes which JVMs use to execute the

bytecode: — Atoliéif Wiathd progrint Qide Wik iThe shiie waMscroféreiats ége%aégz}er preter,

which is a plece of programco I ch executes the byteco ooki ng at
each JBC 10 whichroniginaved fromt neahclaséfidesli ng it, and performng the actions
demanded by it,. Wile this . approach is.the sinplest. to i;nplenenj, its

di sadvant age -hf prgram codg in & ‘E}ﬁﬁrglleﬁér\“taﬂé“%‘f“ﬁﬁ?'h PimAt knowacas YAy st eps

of the i nt G ucBHEIBERYr Ao s bRLIE Lk meM@f ff e Aadti ! i I

instruction’ A conp S” sche the JVM converts th
i nstructi osequence hef bytécddet dhedwytecude fornahinethod edasistssof astquanse wfder st ood

by the CPU _heing, run on (native machine code), before any execution
starts. Théﬁ,ea WgtrB‘ité‘Eﬁte the programcode for a method. the conpil ed

machi ne code {fer@4el HheSkhertits YAflch TR Re kF eiechieThe ByRESEAD for the initial

conpilation fromJBC instructions to nachine code instructions, although
this may be dAndnthrpretsy. Inhthipseheme ttheo IVRDcarftaing en dptelprett, whichds laer t han

when the applicatign is started.. Once the onpi ) ati pn, has been rforned,
Fhe et hod & pieat PARTAZH <Pils Svhicl pxcoptss ths bytarods Yy BOKEA FaFREBE. it h

ot herygraditi ' ' of the
conpi }%r sch eﬁg‘ﬁihgﬁgp W’Fdn&? %L{g%gi plegfréﬁﬁm?slhgacﬁoﬁso@&hﬁ{deﬁ DI

(JI'T). in which the“bytecode
for a class i Whitenhid apprpacht isithé simplest to smplenent, iBtdisaduntage 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 instructions 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 is executed instead.
There is a time overhead for the initial compilation from JBC instructions to
machine code instructions. although this may be done during the preparation
20 of the application rather than when the application is started. Once the
compilation has been performed, the method’s program code runs much
faster. at a speed comparable with other traditionally compiled languages
such as C. A special case of the compiler scheme is a just-in-time compiler
(JIT). in which the bytecode for a class is compiled just before it is first

25 used.



PCT/ GB99104413 WD 01/20449 3 Sone JVMs use a conbination of the two
schenes, where only program code which is being execupeicBRmM4lsi mes is .
conpi | edWo#i0448e rest is interpreted. Linking is the process by which a
reference fromone class Cl to another 5 class C2 (or data or a nethod in
C2) is resolved. If C2 is not already3loaded, it is |oaded, and conpiled
I f using the conpiler schene, and itself linked. Then the reference in C
to C2 (or so L €TV e | ' L £ hat there
is now a di rren?&%gi nt e? %?%av\%n%%\l}er |-§ij@%§e§1§%¥%¢$®5y i,ggé} un's Java
Virtual . Macbdeewhighcisf ibeingi erecatddowsanfyorintesr sngempiled, i and mige rdfl Bchenes:
Static |inking: Thﬁ | oading and |inking of all classes of the application
is perfor ma¥CHNEESt he application is prepared. This schene is typically

used when an | LAt ' ] ' am c

load tinme |i nkgﬂ.g@dggﬁa@gfb&éﬁsgﬁpggggxg afﬁg %I rrs]%&%‘idrlrlg cgarfgft#e?oe(a:?%tgés( is 15

: oadeg SM(;i ch:lasg]m $0ttdat£ﬁrj(imeth?jﬂrmha)fis resotvedo If Ok ishmd alseady loadétd) .it( Dynami c
at e bindi ng: ass is Jo ,t irst, ti a JBC.instruction (or its

conpi | ed equf \mdsaw 'Enﬂ?f@ﬂﬁf%n& @ecsmmk@%edap itsgld Wolsed.7Ehes

Wi thin C2) ifie fetBet hiR® ittt G4 lefidla .

particul ar c %ss | seélaﬂlvcog%@qggg?'ﬂgnpart | c%?g‘?éy assq?gc?éﬁgg%d%efaor may

not al r eady sbeh thas thgesis riow 4 direct\polinterf to whatevee inuC2 iscbeingaeferred toot r esi dent .

then the class_fi,le for 1haf .class st..first be | oaded fromputside the
IV (1 or oxanpPeR's R oY ek, Mpchine, Sperificaely afows ik atmemat IO | sed
into t JVNGheih&- the required nethod can be found by |ooking down the

list of methods for the class. Once the required nethod
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.

e Dynamic load time linking: Class C2 is loaded the first time another class is

15 loaded which refers to C2 (or some data item or method within C2).

e 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 executed.

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

20 - the particular class required may or may not aiready be resident in the JVM. If
the required class is not resident. then the class file for that class must first be

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

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

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

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

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



25 has been found, the Java bytecode of that nethod is executed until a
return i s encountered,. whereupon the nethod has ended 1?(%26&9)3“19' S
a h can al so be

- returned woovidd? i nvoker of the nethod. A nethod invoc

term nated by an WO 01/ 20449 PCT/ GB99/ 04413 4 exception being thrown which
is not caught in the nethod. Figure M4illustrates a typical prior art

.inmplementation in which the JVM nmakes use of a-JIT conpiler. The JIT

iler 1 . Q, .4 ust . bef it istob d,
Snd tr ansi ASEPGT SLAE WRbAR A EERH Sauddin e’ BpendRL 000 1§ on®on”a spect f 1 ¢
processor. The rEigafensillusirates aQlypieal pdét 4r0impRufenkition ih RWhi@the M of the

class) remains available in the nenory in case the native code 130 should
need to refrapkesouse Of/mianeC‘?‘Ban.n’Fi%'ﬁr@"@lkt 1138 ttakes ake elassybytecddepri or art

2ol ase. ot o105 befthe s T ok 8 ER0Ring ARG £ BN Ralie OB T o el Rt
may bes r equineedtibly onhespekifitnpropessons SDie reiding 60 theV¥1hdd 140t (of pobaBIy St ore

220 is shown a typical Java class 211 containing within it a plurality of
i ndi vi dual thetsrsiretyabthelass) serpains 2yailahle in ithe meweory|in09sd theemativel, as

necessary, _30?3’01533) ﬁﬂ{g&} | | k _generally indicated at 250 to
the clients 0, outh gbfﬁ%%gigﬁgégﬂﬁﬂg processors 230,240 are of two
different types Figasengl jilustlaesst at yyifical prier Giri FVMLt YRfleten@BOECInl W€l y. Each

of the clients maintains its own JIT, respectively 231:241. enabling it to
conpi | e t heMPHEEPGESIor-eniironment. > A sepvsr 210smaintains aselass woren2dQ for code

233. 248, a r ey 1 . ' ore 23 42 1In

addi t ?agn, andlhia}lsgs %&eﬁ‘%‘%@% f’l fgléésé'rﬁ?g'é%d\g\n&:e %Y)?aéﬁ@%ﬁ%é&;{ugﬂ% yépéﬁﬁgml, t he
remai ns of lpﬂmelesdoms%(i,m(b zummmnﬁoaw dibpe 220§isesﬁoivuh&a &/ Javd &hssw Ihl
remain in |local meppry,.as .generally indicated at 234,244, in case the
native code! bg@?téﬁ’lﬁg‘é’ﬁﬁﬁllga Rﬁﬂ%‘ttyd’f igidugbmethodp21% 1 unni ng on the | ocal

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

communications network generally indicated at 250 to the clients 230,240. In
15 this example, the processors 230,240 are of two different types — namely client
type 1 and client type 2 respectively.  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, In addition. and as previously described with reference to
20 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
code 233.243 should need to refer to it while running on the local processor.
In an alternative prior art arrangement (not shown) the client JITs
231.241 may be maintained on the server 210, with the conversion to native
25 code being done there rather than at the clients 230.240.
There are several disadvantages with either prior art arrangement.

Firstly, in each case, a large execution environment is required on each of the



In an alternative prior art arrangenent (not shown) the client JITs

231. 241 ng?/ be mai ntained on the server 210. with the  cppyepsgpst o native
25 code b %nﬁﬁﬁe there rather than at the clients 230.240. There are '
several disadvantages with either prior art arrangement. Firstly, in each
case, a large execution environment isdrequired on each of the WD 01/20449
PCT/ GB99/ 04413 5 clients. In addition, either the Java class file 211 or
the native velictdninaddiéd eint Hidavh bilsd I 201 37 theldae /R334 244 need
to be transmtted across the communications networ 2§0. I 't her approach

i s unsati sf astbngywith the atass fde repainisi 234,244 peddntat be tramsinéttdd adrossi thel ess

client networks such.as nobil Il y.ar 5 phqne networks, since.the class
files are ty‘fﬁreawalt‘ﬁf‘@@?tw&fgggﬁi nﬁlﬁ'&f ép?‘{%f&l 1S4pRetiptagiory i PRACBS®nt
i nvention thetgchifrR Ve @dniext %Rﬂ%s@fclikﬁ?ﬁktﬂgrlérhu@ma%%alfﬁé Edtufd

conput er program conprising code provided in the formof classes each

cont ai nSng aplpdner ndtivorkspsineethesliss filésare typidally largel udi ng: . 10 (a) sel ecting
for execution one,of the nethods of .o of the .cl asses; angd b, oadi ng
the select ed et HOACTHINE Wra B asbres HLaRG PROFIGRY CHOR BGFE 5 RbEted fr |y

| oadi ng i nt Oopjelifod® e Cldalilg @:E‘VdeéHiinféhteHhé’odﬁ?ﬁéle g%grhae coﬁn?ﬁ?ﬁge&)dél ass.
The nmethod of the invention provides all of the dynamic featurés of the 15
Java Virt ual pavidedhin tlge/fgrm bfiiclassesheachseantaining i apluralitydof exttliodst thei nt
conpared with onv.ené“iﬁ nal approaches. In its preferred form the invention
provides fi n@eé?oélnw 'f%?'of ~bindi nJl'inking. |oading, conpilation and
transnijgsi on acr o@y selectinpforixeaiticténe WithOmétholld b LorrddsTtht icsdesy and he

granularity is at the 20 nethod/tool |evel rather than the class |level as -
wi th conventi onal (R)bjaading the selected method into an execution environment without

necessarily loading into the execution environment the whole of the
selected class.

The method of the invention provides all of the dynamic features of the

15 Java Virtual Machine (JVM), but with a substantially reduced footprint
compared with corivéntional approaches.

In its préferred form, the invention provides fine granularity of
binding/linking. loading, compilation and transmission across a
communications network. More specifically. the granularity is at the

20 method/tool level rather than the class level as with conventional object-
oriented systems. The invention is particularly although not exclusively
applicable to a Java Virtual Machine (JVM) environment. T_he invention
provides for the entire range of JVM linking schemes. namely static linking.
dvnamic load time linking and dynamic late binding.  Specific fields of

25 application for preferred embodiments of the invention include wireless
communications (wireless client networks), and specifically although not

exclusively mobile cellular phone networks. The invention may also be




oriented systens. The invention is particularly although not exclusively
applicable to a Java Virtual Machine (JVM environnment .pchitgaobmasent i on
_providesvﬂbwﬂpﬁ@ entire range of JVMIinking schenes. nanely static
i nking. dynamic load tinme |inking apnd dynam c |ate binding. Specific
fields of 25 application for preferreﬁ enbodi nents of the invention include
. wreless communications (wWreless client networks), and specifically

al t hough nofynieckd!vithi@! ¥mbRtdelicdSatdsy ppéfeBRN Rerh@tEAr HévicesSubRVANt | on may
al so be i VE?01120449_PCT/6899/04413 6 applied to other enbedded devi ces,
preferably (withowrlkmitaton)ihapd-held,computers; \games censples; ¢améras; )orHadeedhel d

or ot wor kaBiE CAH RS Of AEBHHEREH a5 B AkAE devied oy o premboiest U5y or
include a ngﬂ{ﬂﬁsmyekwh, ot Gifude aOWiRkles® REPOR RRirSas' tn MGiher NCl ude a

private or Ic fi'rxed network, or the Internet. Where the client devices
are nots capafribedizhents itainay snaludma privatei asrpublic dixed networkseor the Intdnetf or t hem
to be coupl %toﬁﬁhel.llﬂt@rnet as_r.eqgui,.ed (f.crl exan n’eﬁcvba a st andard
modem or | SOKPFEARY Clirh dEYISRS AT RSH CapHRIC O YAFRISSS FORBIRIFaHE™ BROYIIMbl ¢ to a
wi de range ehayebdpEde tordRith &6 be conpsled € the IhRinet ksveghiRed Gof StiMpIE via

tel evi si ons, washing machi nes, nmotor vehicles or indeed virtually any
ot her type @f standardtrapdemaralSEN dink)ce Inhsach cmwvapethsoinyentiond coyld tane

q ; ; ; C e % s, |
Chat each | ABPOFRHIS) 187 p e B3, BF Bk it o tor, SEREE (7 ane
short efg dur hirfast Faévivibhd) wddRitg thachinds, Botorevhicled oMihddedViudnt afye 15

class file has to be downl oaded.” This neans that the network provider does
not need t ®therdype pkcamputeroperated devise tat eancberonerived ofpen for | ong

periods. Each smgll laﬁ%rﬂ?éy (3Othe' (?mpe%titoﬁ?%mnt Ssgﬂie(&a?o ' irBREESARLY Pe

routed differently.
) networks, is that each individual transmission (of a method/tool) is of a

significantly shorter duration than with conventional systems in which the entire

15 class file has to be downloaded. This means that the network provider does not

need to keep the virtual circuits of the network open for long periods. Each

small method/tool to be transmitted can if necessary be routed differently. In

addition. the transmission of smaller discrete chunks of data means that lower

redundancy and error correction is required. The load on the network can

20 therefore be reduced by a greater amount than would be expected merély by a
consideration of the data transfer rates.

In its preferred form. the invention is particularly applicable for use with

object-oriented computer programs that are to be compiled (rather than

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

[S*)
W

distributed 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 preliminary step of translating the



addition. the transm ssion of smaller discrete chunks of data neans that

| ower redundancy and error correction is required. Thepgf.ﬂéﬂggﬂg“ghe net wor K
can 20 t hWOoMMBH4 be reduced by a greater anount than woul d be expected
nmerely by a consideration of the datg transfer rates. In its preferred
form the invention is particularly applicable for use with

obj ect-oriented conputer prograns that are to be conpiled (rather than

i nt er pr et ed)l43sésOintd 8 phitsiitytofvirtualpestessor todly ehidhouseithe ihs&Ectich debBf Cont ext
of a 25 distributed conputer system the individual nethods may be conpil ed
ei ther bef @ ¥l frpesssomey Thea, shastepcefoselecting pae \afr thet methiods dof ent

Cranst ati ng TRONA BHF e HisPRe oBF o 8E e Mol B3y WgRudle, () oo
virtual progdeshercontext of whnetvorised system,neithetithe oirtubiprétiessor tedls tay

processor. Th&p‘ t he gte of sel ecting one of the nethods for execution
may i nd ude 1B8dividually b nkansmitted agress the mebrerksdp thsorlientvdeviceiser in the

cont ext of | ' A I y 5
i vt dual | PEEIARENRe RUALRIN Fddlirodedtor tholy By REPELEREHIRROTE™

al t er nat i velpative eompiled codeatransmittedhacrpssahendtoiork.ool s may first be conpil ed
and the native cfglrrpi | ed, code transm tted across the network. The invention

further extends tidn tfurthes extends 10 3,computes system adgpted ta camY I8l as

previously %erﬁg?ﬂ'oa‘?zg réﬁoﬁ?d&&i‘iﬁ ion further extends to a conputer system
for | oadi ng and/or gXECUtI ng an object-oriented conputer program

conpriH) ng code hevinventionnfurthke ektends f a chmputes systein foorloading and/er
plurality of methods, é)bhe s%st ea1 defi ni 2&8 an execut.i on envi rqaﬁ;@nt and

bei ng oper afXECHPE B QOISCHINCURE SAMRYFT HTEBEM FARPUNEEFOAS REPVIBte b t he
classes, angp¢ ?oﬂn?%@'cfa?é%s%ﬁl:l_?e&ﬁginﬂ’f‘gti‘ﬂﬁrélﬂ&%fhﬁhéé, thesysehPdeffiiyg " OnnMent )

wi t hout necessarily loading into the execution
an execution environment and being operable to select for execution one of the

methods of one of the classes, and to load the selected method into the
15 execution environment without necessarily loading into the execution
environment the whole of the selected class.
According to another aspect of the invention there is provided a
distributed computer system comprising a server in communication via a
transmission means with a plurality of client devices. each having a respective
20 execution environment for executing an object-oriented computer program
comprising code provided in the form of classes each containing a plurality of
methods. the system including:
(a) means for selecting for execution on one of the client devices one of
the methods of one of the classes; and
25 (b) loading the selected method into the execution environment in the
said client device without necessarily loading into the said execution

environment the whole of the selected class.



envi ronment the whole of the selected class. According to another aspect of
the invention there.is provided a distributed conput epcg)BbRduBONpPri sing a

. server iwooiddhi cation via a transmi ssion neans with a plurality of

client devices. each having a respective 20 execution environnent for
executing an object-oriented conputer8program conprising code provided in

~the formof classes each containing a plurality of nethods. the system

types, flags, pointers,

i ncluding: (a) : ' f ok i on_on_one_of «th lient

devi ces one of zﬁe%}r\éﬁlgg?xgﬁd%ﬁgn 00?'13( E&é%ﬁqﬁ%éée@fm@gs ) angbﬁﬁ ng the
sel ect ed nmesbject orientedheompuien propasy bitOBRE D Methol€ an8dghatdthL By devi ce
w t hout necessarily |l oading intQ the said execution environnent the whol e

of the sel ct@mRimE;such pyogims Rindingaucicpyograms.| execgting such peegrams. ext ends

not only to . I ing. Lect oriented conputer
progr ans, bﬁﬁ%@%ﬁ}@%ﬁﬁé%ﬁ aé%%%? %?@@b?ﬁgé%wmlﬁg such prograns,
bi ndi n§ such proBinallp, thxednventign Saled Pxtefds2B- a @BfhputerN programNFoSUCh
programs across a conmuni cations network. 5 Finally, the invention also
extends to HMPISHSBLBE 2y of thedeseribed metheds whether ernot smbodiedder ardatee d
met hods whepjes.. or Shbasdi el el t. 3 extends to a
data stream regf'esgnrbt%é)t rve oftgz;$ %?)arrpgﬁ@ ?'Ea"r'%sgi‘%#h% pfacor “5‘%‘4’&%‘&{“ t he
descri bed nfdrvatrying outsthe deseeibad deetissdood t hat, where used in the
descri ption and fl-ai NEPF tge 13 word_"code" includes data where that data
is part of the pHd§tebeiundersiood thatewhereriged in ther desrriptinn and elpims, thm, t he
expresg on e, Japel ' a S t s, |.abl e .najpes and
T P2 g eddg® HERReS dpth, WHeR oy "B 30 e 0¥, it ST ST
carried i nt Acporiinglyebutrwithout dmsitationstherekpression “code™ includes such things

as constants, variable names and types, flags, pointers, object names and so on.

The invention may be carried into practice in various ways and one
specific embodiment will now be described, by way of example, with reference
15 to the accompanying drawings, in which:
Figure 1 illustrates the 6peration of a conventional JIT compiler within a
JVM;
Figure 2 illustrates the two-stage translation process of the preferred
embodiment of the present invention;
20 Figure 3 shows a typical prior art client/server svstem;
Figure 4 illustrates the operation of the preferred embodiment of the
invention within a client/server system; '
Figure 4a illustrates a variation of the embodiment shown in Figure 4:
Figure 5 illustrates the operation of the present invention within a

wireless network; and

(B8
(9]

Figure 6 illustrates certain aspects of the translation from bytecode to

intermediate virtual processor code according to the preferred embodiment of



specific enbodi nent will now be described, by way of exanple, wth
reference 15 to the acconpanying draw ngs, in which:" Ficadse9d44id | ustrates
t he oper 0820449 a conventional JIT conpiler within a JVM Figure 2
illustrates the two-stage transl ation 9Erocess of the preferred enbodi nent
of the present invention; 20 Figure 3 %hows a typical prior art i
client/server system Figure 4 illustrates the operation of the preferred
enbodi ment qt.tR&nptibflvention within a client/server system Figure 4a
illustrates a variation of the enbodi ment shown in Figure 4. Figure 5

il lustrates the diiguratli ewhich hastbeepdeseibed aboven thaws the Wayrinavhiglba T el ess

network; and Figure 6 jllustrates certain aspects, of the translation from
byt ecode to campistnwihmy a W&@PSIBV’B QB o Progeiger- FRﬁ“HF‘i"FgE’Y'GC‘P Oreferred

enbodi nent ; t i ' I qUiEe 1, Which
has been de(s)é:rr0 P%%b a og}gé;ms g%%ﬁ%k%%ﬂﬁggﬁi%m%%kg%ﬁgﬁ gpd\?\fthi n a
JVM tr afis| atpresdm dmvention.cemnyersiomn panmbidecode)to mative code takesoplass ar twiependent
native code for running on a particular processor. In the 5 present

i nventi on, cYRIBFSIBEFSI r om byt ecode to native code takes place in two

separate stages: éonv%m@ﬁamﬁfd&mqlgeosﬁmfénﬁédiﬁe bec@ﬁo&-’i’ﬁd’e’b@ﬁ‘&ﬁn@t e

processor-i ndependent form This w be referred {o as Virtual Processor
or VP code. The foomyveThisrwilt beiré¢feired itmaswYiitualtBrocessarfarr YR dodepl hent at i on
as the "jcode 19:051(/&?&' i%teﬁri; 'known in the preferred implementation as the “jcode
10 translator”.
2. Conversion from the intermediate VP form to the native machine code.
The converter here will be known as the “native translator”.
Figure 2 illustrates in more detail the translation from class bytecode to
native code. The class byte code 210 is first checked for validity by a class
15 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.
Once the code has been checked, it is passed to the jcode transiator 212
which converts it. as described in more detail below. into VP code 213. The
20 VP code 213 is then converted by the native translator 214 to the native code
230.
It is important to appreciate that the class verifier 211. the jcode
translator 212 and the VP code 213 are all processor-independent. It is only the

native translator 214 and of course the final native code 230 which is processor-
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specific.
Shown on the right hand side of Figure 2 is a schematic representation of

the objects that are being manipulated' during the translation process. The



2. Conversion fromthe internediate VP formto the native machi ne code.
The converter here will -be known as the "native transl apefigrodadiy € 2
qllustrat d®94%83re detail the translation from class bytecode to native
code. The class byte code 210 is firsi checked for validity by a class 15
verifier 21 i . This checks not only %e i ndi vi dual bytes thensel ves, but
.al so checks for valid external and internal references. The class verifier

i f necessar yporob@3dsar@aith tHe cliss Uytkbas il hedbat oftaRave ¥laes ikl 201ewhichnces.
Once the code has been checked, it is Eassed to the jcode translator 212

whi ch converaossists ofisa elurahityhebl individuak rertheds 2681 ow Theniceds/pransigtor213. The
20 VP d 13 | [ . i {; ti
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0 ap ass veriftirer“ZI1l. the

j code transbapétdind dpérthet diplivitichodebe’dun, arselethion[is auds ofthdsedgneaident . |t
is only the native translator 214 and of course the final native code 230

which i8 pr gresesser toots 40 whiche wilkhe weauived; aad thopstselesied taolgdangd omdygure 2

ur ing the. 1 Pane SUPLRE ik Sallred SRR ARDE el e SRR 7 OO
starts wth iethods204. My isingsiretannto dppréciateniodt tise ditiretyCofahe ofigingl ¢lads whi ch

consists of a plurality of individual nethods 202. The jcode trans] ator

y I | .
transl ates tfile 20khisqof peeessartly bging nassed;thrpugh the gativefmanslajern3idal oplyocessor
tool s 203. | [ ' I k0n: 1 s made
of those vi r@ggwggﬁg%#q?%%@bzﬁgk%%h&&gﬁ n%gderd Zbcftﬁlﬁllf 2&“@%&4 hose
sel ect @0 t oolsll bamsnslatey and lntthratelycitored Sorarunhizvg dir theeliedted by t he native

translator into individual_native _nmethods 204. -It is inpqQrtant to
appreci ate that thBeeHis rek ythes PF?fE"B‘;i ﬁ!“ifﬁ&‘“&‘f"ésé”‘@?l é rpgengeys

necessarily BRiififroRBSSE Ehviftindtéat if SRowtldnthaticAy i? Fiure 44" TRI 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

15 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. An initial Java class file 480. consisting of a plurality of methods

481. is translated via the two-stage process described previously. into a plurality

20 of VP tools 482 which are stored within the VP store 423. The VP (processor-
independent) tools can then be served individually. as required. across the
network 4350 to the individual clients. The VP tools are then translated by the
individual client translators 424,425 into native methods 483.484 which are

optimised for their respective processors. These native methods are stored
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within the respective native code stored 432.442.
The use of VP on the server, as shown in Figure 4, allows the verification

of the class files and the first stage of the compilation (the conversion to VP



those virtual processor tools 203 which are actually needed by the
application 10 will be translated and ultimately 'storegcfepodigdfidi Ng on the
client. TROUEME: (he preferred enbodi nent within a he?erogeneous

mul ti processor environnent is shown schematically in Figure 4. This should
be conpared with the corresponding prilbr art approach shown in Figure 3. In
Figure 4, the server 410 is serving two clients 430,440 (having 15 :
different ploRepserso péfBniled Ui B B0 SGUUOr K Thel, ofily thd nhiife
processor- independent calculation I's Carried out on the server; In
particul ar, tamslagionvéwhichaidiffess raccardingade theoprwocd30r type) aredsvaoibé er 421,

de t | at 2 ' P, st 423.. An Lnitial J I file 480.
Conststing. dernmed B R s devicehedb gxcunion’, SUGH pdpmmangrment fekesuo- ot age
process desgf ehgdrPsspplp wiptited idMsSesPatdihe Isaivel, Ywiditbu fthe/BerdveP hdedhfi tg'hi ch are

stored within the VP store 423. The VP (processor- independent ool s can

t hen beS ser \Jaow amjrthing ablont theadstailspf the partigulanelientsthat will wmashctoiheke o t he

i ndi vi dual clie .The VP tpols,ar hen t.ransl at ed t he .indiyvidual
client tr anﬁsﬁtogﬁéosffggsﬁi% i 8"%%?‘?5%5%?%&%%8@%@_ QFE ALY, 18 the) oy | m sed
for their reiRlUyiatadeyMathedtranslatb®ofce bily itfo VP! MPESVRNS trah@hiRed 1?5 Wi thin
the respective native code stored 432.442." The use of VP on the server, as

shown in Fi ghe elient dgviesssas necessary.fandzthe fimal wanslationdp astivé codsscambe t he

e/ oo o4 Fried Gurt R St s iy Brbehl Shlel gt 0 8¢ ea b, 1o,

only ti@ natdddfjor, horenidneht (0/he @k bf & the VECOIdRi i Feduirel i thY SeRESOT
type) needs to be performed by the client device before execution. Such an

arrangenent that@pewitypeafdlians cemgppyto the masket shichseequires differens motiye wi t hout
th i : i : ' ticul
1T ent s thattt | The Stpt RHOARK Mo iHbidk e fich winin drbfodtild o0

needs to be rativedasslatorcamdthy devioe slisuild operate without any manual intervention

at the server.

15 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
need be transmitted across the network. The required VP tools may be either
downloaded on demand (for example by means of a control signal transmitted

20 from the client back to the server). or alternatively may be transmitted when the
server determines that it is necessary. In one embodiment, for example. the
server may transmit updated VP tools across the network in order to update an
applications program which is running on the client. That could be done in real
time, in a way which is entirely transparent to the end user. Alternatively or in

addition the individual transmitted VP tools may represent *“add-ins”, or

N
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additional functionality that the user wishes to add to an application program to

be run on the client. In one particularly convenient approach, when the user



cl ass bytecode, and then translated once only into VP. The VP is
transmtted to the cli.ent devices, as necessary, and t perigeodgbssisr ansl ati on
to nativeWOMBYAn be carried out at the client in a way which is entirely
transparent to the end user. In 10 add{ i on, no anendnent to the server or
to the VP code is required in the even that a new type of client cones
onto the market which requires different native code. The client

manuf act ur er aﬁéﬁ? ts\toRhake @kRSoft fiRctidnaBt invir dpplidatigiDproprant fet whikhicege
translator, and the device shquld operate w thout any nmanual intervention
at the serveis npavgilahle alcthglienhdhe glientrautermatically| teansmits gcsignal deythe o

i vi dual rorNshiensibid HendBGer VIS Rodl k8 SkhialBl, © X8l [ oq 1y

t he indivi duges g@hdeby mphmmglthasequeaeai VIetdol9whitht dre thedcCteistatéd entoet wor k.
The required VP tools may be either downl oaded on demand (for exanple by
neans ofS a c@ﬂW@fOfSﬂth}ebﬁ%lmvﬁmlﬂefﬁ%ﬂﬁ he client back to the

server). of alter gibicky sfiBls U5 LWANAC Solnhs ShwhRE Ve rlRhET "o

I S necessar In One e or ~exanple
transmt updaatite \fanslacdrs abe modintained dietheosdtvérn dndRiguieoda)tiatrefepehce
applications programwhi.ch is running on the client. That could be done in
real tine, |“r‘\mef§3ﬁ>haV\hﬂ'{9rPaF‘se@ﬁ%ﬂ‘?&ﬁ/‘hﬁe&\'ﬁé‘ﬁdﬂgﬂ“"@6 the end user.
Alternatively or i
represent "add- mIHOﬁgvgﬂ déﬁpgn%dpt%ﬂ%%ona? éﬁé%pﬁ f{’ﬁg’eﬁgtp{;gﬁl’ es to
add to Hn applack aifithe qhmgpmnemrs zestored mnthdweemén within tespenivepeativecul arly
conveni ent approach WE # ser WO 01120449 P &%99104413 12 attenpts
to make use SPIESRIES AAALHM3 - i Sings ig sppnQtpecesFapho @HvVEsEe s
not avail abl g, I y; gnhal to
the server reqtﬁtétsng&h&g ﬁm bftﬁgg%égc sg%rlgut‘/}gmq Péﬁt” lt&ro%%@g& iﬁ?e

server respantisetyyofithaVdhicols 482 bépassed) tiretighl thétespentive nblivﬁltrmsiatbd&en
t | at ed {
ranslated | n42% 425 to provide a comprehensive selection of native methods 483,484.

15 When a particular new or updated method is calied for by the client, or is
required to be sent by the server, the appropriate individual native method is
sent across the communications network 450. As before, only individual
methods are sent. not the entire class, nor all of the native methods which have
been created from the original class.

20 In yet a further alternative method. the server need not maintain a
complete collection of pre-transiated methods for each possible client processor.
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.

25 Once specific implementation, illustrated in Figure 3. is that of a mobile
phone network. Individual mobile phones 530. 550 using the network each

include a respective native translator 524, 525 and a native code store 532, 542.



5 native formby the | ocal native translator 424,425. Figure 4a shows an
alternative enbodinent in which the individual native translators are )
mai nt ai N&¢o Pikolidde server. In Figure 4a, the reference PCRIGBIAIIY 5ve t he
sanme neaning as those used in Figure 4. In one version of this enbodi nent,
a full collection of native nethods f@ 10 each of the client processors
Is stored on the server within respective native code stores 432',442".
Since it cannot necessarily be determ ned in advance which nethods wll be
needed by t Néhemitiiyrequised to ypgrade the functiopzlity of thecphones, upated Rt Gadet y of t he

VP tool s 482 bhe er ctive nalJ ve.transl s , 424, 425
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pre-transl ated nmet hods fqr each possible client processor. _Instead. when a
particul ar Vranspasentte thepheng user;  pmalterpativelyt the updated godq may,he sens on
appropriate Ljve t ﬁmg e | ansmtted

i medi at el yrg%ﬂémogacﬁp?@ﬁ{:?é%stgoég@%%m iu%&f %ﬁié%re%gﬂegétg%gﬁgsﬁ'l ustrated in
Figure 5. is thalmplen®entingalmobilhelephont nework (ordindeetliaty owet bypedfones 530,
550 using the netwgrk each ,.include a fespectiye native trans|ator 524, 525
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having to download an entire class (which might be for example 10 k). :

Transmitting individual methods in this way also has advantages for the
wireless network provider since virtual circuits do not need fo be maintained

15 open for lengthy periods while large files are being transmitted. Each small
individual method can be routed differently. Also, the transmission of smaller
chunks of data reduces the need for redundancy and error correction techniques.
thereby increasing the capacity of the network over and above that which would
be expected merely by a comparison of raw data transfer rates.

20 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 present invention is not limited to an embodiment in which there is
a two-stage translation, first from bytecode into VP and then from VP into

native.
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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.




is sent via a | and-based communi cations network 511 to a wrel ess
transmtter 512. The code is then packetized and sent @RaiEESoauM el ess

- link 513 YQYWEPs i ndi vi dual phones. On receipt, the VP code is

automatically translated into native_and stored in the native code store.
The whol e process may be transparentl‘!o t he phone user; or alternatively

. the updated code may be sent on receipt of a specific request fromthe

phone user, A4 previGusty dedcived] tHeKclask3verifide |2 MedNet 0t ¢TRE bReddechONe
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and puts the result operand (if any) into a further register specified in the
instruction. This register based architecture is more similar to most real
15 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 single instruction
typically has one or two operands, and each operand can be a constant. a
20 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
file are converted. The description uses the term “fixup™: this is a small item
25 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



As previously described, the class verifier 211 checks the class bytecode
for wvalidity. The class verifier may in sone enbodi nmenicy/duondaeor por at ed
within tWe¥e transliator, in which case the class byt ecode 210 is
passed straight to the jcode translator 212 as shown by the arrow 240. 5
The JVM and the bytecode instructionsl§t inplements are stack based, which
nmeans that operands (nunbers, pointers to objects) are kept on a stack, on

whi ch the | i t el . ' A . d gff. A
byt ecodo. | AER et Tash SpHinBL R ey A cdd. ol Sulaid 2 irkd reffscREb ROl 11
stack, perf @[a¥5, ork0AHichd bf Mbthodnkerpimshes the result operand (if any) back

on the stack. On the 10 other hand, VP is register based, in that it has a
set of regi st ersAniave plasy le cogsists oS the follpwingpartsy the VP instructions. An

the | not ructi B capstaht pRIL Bilict” corfih B sk AbRE' hChcs jp0lery ("
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based architecture is nore simlar to nost real 15 processors, except that
VP has a very isstqred hemeber of registers, large enough such that any system

converting to VP does not,need to woriy.about how nman t here e.. VP

i nstructi on® ajnformation %\%‘Blﬁ-‘rd‘%smgfﬁ}iﬁ .CPaﬁ\s’s ﬁ@PBefF%ﬁ Pﬁ‘gf‘f‘%?“"?&pi cally
has one or twoggReinfRfites.and each operand can be a constant, a 20
register, or an expression. An expression then has one or two operands.
each of whi eh Adistioffields,omith informatiancen eachioner an expression. In this way.
an arbitrarily conplex instruction can be built up. .There.naw fqllows a
more df ai | @ Adishol pretiowith dnfopmatian of earh ang. o1his infermationdaehudes od. The
description us A Tiuld thede are s&Veralicdd@secttiBhd, oht fiPeadPmithodat 2
attached to a %Fé‘?%‘u“g‘? polllnt I n iﬁ\e comgi?e?' S odtoput ceg%g or ogata whi ch
i nstructs the JVHetJava tlass filedecenvedad to ¥P todlanas fodloms: needs to be nodified -

in sonme way before it can be used. Fixups are,used.to.change a native
i nstructi Ony. A data tool. Despite \ts name, this has not?nng to do with the jata to be

o

used by the class. Instead it contains information about a class, including
15 but not limited to the names, parameters and types of all constructors, fields,
methods and other entities which make up the API of a class. A typical use
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
20 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.
e A class tool. This contains some housekeeping information used by the

JVM (including the size of object to allocate, the size of the class’s static
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data if any, and the superclass and superinterfaces), and code for none, some

or all of the non-static methods.



WO 01120449 PCT/ (3B99/04413 15 or a data item such that the native code can
obtain a direct reference to another class, or to a fj t hod
- therei n.wWR0y2844% c| ass file consists of the follow ng pgﬁ,gygmﬁﬂgonst ant
pool , which contains the constant nunbers and nanes in other 5 parts of
the class file, instead of a nane, thére is a reference to a name which 1is
.stored here. Information such as the nanme of this class, the superclass
of. fields, with informat}on on

S

and any direc superi nt erf gces. lis )

each one. 19 48T PsMoge "‘T‘Fﬁl‘ﬂdﬁ%‘?- \Aﬁmh‘?‘{?f"&‘?‘ﬁ%flf’ GRt Bppeanthe glass tog
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secti ons, one@‘? g?‘ﬂgegrc%\bﬁn&ﬁg&ﬁﬁﬂ% ?gl\?ggggggs |ﬁ%‘ﬁ§r§°§%ﬁrﬁ:§g?{‘%‘§8§jo VP
tools as fol | énvits own thwi an be basedemrpa nembes ofi favkors sichsashhe sivetdfithg t o do

with the data to b& used by the class. Instead it contains information
about a cl ass,m‘?the uding 15 but not limted to the nanes, paraneters and

types @f al or ' uﬁﬂ? L.ty Lch make up
t he AP? of g %g@lgwﬁ(ﬂf ygfl%al?(ﬁéjgo}[ t@é{:&ﬂ hi's V\Dﬁlegﬁ%%qug{“bwg e%#lgn (i.e.
t he functi onalis uyed to determinecthe offedtiveititin ian objectiof@pdrtibular frold. Rhé toottion is a

programmatic interface to allow a, programmer to en [ate and mani pul ate
t he construct df g;alqua%tﬁ‘ggx;: tm‘ﬁdﬂg"@g%ﬂﬁs&f’ﬁéﬂ mm&;ﬁ atehesdhidng to a
cl ass. The dat [ b » VAL fyi ' ors, in
si tuations V\hed?gstegﬁt g?e t@‘LO(e% Has%lt? |¥? {el&ielsf ngtlk méi\?glg Fgg(?gﬁp%irh edr’ie t he

class file has‘get aédislll) and&putta HeldT ot the bytdeedee the class is witten in VP

there is no class file anyway. A class topl. Thi ont ai .some
housek@epi ng i mﬁiﬁq'ﬂ@’i%%ﬁmﬂytﬂéem% @%ﬂ‘@r@f@&!‘?ﬁg tihds Ganenalys opj ect
to allocate, t{fgsbsfined at fifip*hAe and nét &ldofmpile time. The data may include

but is not limited to, the 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
15 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.
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
20 accessing another class, method or field from within the bytecode. In the
bvtecode 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. The jcode translator converts these into VP instructions

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



data if any, and the superclass and superinterfaces), and code for none,
some or all of the non-static nmethods. WO 01120449 PCH, Hffsl3 16
Zero or nweeMdthod tools. Methods which do not appear in the class tool
have their own individual tools. The decision on whether to place a nethod
inits ow tool can be based on a nunber of factors such as the size of the
method. 5 A fixup tool. The fixup toot typically returns a constant fixup
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| oad further javéﬂoc?l ggsgge? he?%cg%gg_{c?taﬁg}ﬁg?%qugggags%@i Jrhé&é s%@?g} or each
item on the stasks aYbnsoatic mehod.not directly inplenment the class file's
mechani snms for 20 accessing another class, nethod or field fromwthin the
byt ecode. | r? t Get thgyaluenfahe penstang fixup fromythe fixyptoalor . but not limited to.

Freld tn this orttis b ngdh ot & SheCgiedom it MIBIBNE: S0 205 Doppi ng
a value of f & ha sbmtdnt Pudl eatrdyl Eshtdifildg a constant number (integer or floating
point) is incorporated into the compiled version of the JBC instruction
which references the constant number.
e A constant pool entry containing string data which is used directly by a JBC
15 instruction is copied into the data attached to the compiler’s output code.

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

e A constant pool entry referencing a class C causes a fixup referencing the

20 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.

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

25 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




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

I nstructions 25 which may do one of the follow ng (theericssmmasizan
exhaust i WO @RYMY - WO 01/ 20449 PCTI GB99104413 17 Call a non-static nethod
(i.e. one to which an object pointer nust be passed) in a class. VP has
the concept of a class with nmethods, Wich is used to inplenent Java

cl asses. Such nethods can be called virtually (the actual nethod called

depends on the_c f | S ' Mol

ol Tt a1y SRR Ak Sy 1B S WTRSE Al o £ pARFE Shde Requehos )
Cal | a subrout iyhgh, dRérappbrins ¢ fixup, GBafRi¥Ridtess be fibMiFcode’ s cal | of a
static nethod (i.e. one to which no object pointer need be passed), and in

sone cases ® Aocenstant peolhenthoreferemeing ahmethed M infa clags Eorausesna fxuRup from
the fixup tool. A0 The.con nt M.thin.a cl i1 &\ ls,converted as
ol lowss " A colRiEemrmgddin T ApmE M Aibid BB 3PN ln Ghdtvé B, o0
floating poinig the compilérid baipafl cobdd/Bath RBck AHAY 4 FBCViREGuAIbnOhsihg &hisBC

i nstruction which references the constant nunber. A constant pool entry

cont ai ni ng st r caustantipeokienty tosrefercle M isceempiled, toy a ytive 109de Beguencei on i s
copied-into the,data ached .t 0.t he api | er! u ode. O her
const ant pool Maﬁ’@ggéwgﬁgﬁegﬁ’é‘mioﬁéq%achesgr%g%h%&%bs@d directly, but

are used whed reteadtffl godl bitry RAviARIShANE aR@ ¥ pd ¥PE TiehE bP hetlidd ynétt her
parts of the class fil'e. A tonstant pool en r% referencing a class C
o

causes a fi xup used direqilyi buf is msed when refersedo( by othpreconstent poaleatridypesame f or
t he cl ?S) to be g’;tag{ged trho h‘ge conpil er's output code/data such that a
JBC i nstructi oP* eﬁg ?1?% &§ fg’ﬁ' pool entry to refer to Cis conpiled
to a native code Fhasieeectidh Withinad ¢18ds fild RPéotivetted Aefollowgp. obtai ns access
to class C s code and dat a.

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 » 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.

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

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



A constant pool entry referencing a field Fin a class C causes a fixup 25
referencing Fin C (or the JVMs internal name for F inp&gchdnlpfzattached .
to the cHQMPYM® s out put codel data such that a JBC instruction using this
PCT/ GB99/ 04413 WD 01/20449 18 constant pool entry to refer to Fis
conpiled to a native code sequence whPch, after applying the fixup, )
obtains access to field F. A constant pool entry referencing a nmethod Min
aclass Cc fy i | ke name
For Min O Tash, i ody! B HARR el 4 Mcthod(ls hetentedbd PR, 0 e
a JBC i nst r uee mmthed referente frooo thet stack, resdlvesnit rand tstartsedxecuting fifeireve onpi | ed

to a native cogde,sequence  which, after applyi the fixu obt.aj ns access
Lo met hod MEEROR SHEY G PesaBieEh frop dhe, SRR FAECLAAIYREL 1 SHEMRLI d or
method is ”Q{xethH& Shefll 4 Rirh ¥nstRittiohSs %ﬁ@&té’me"lﬁs’a setfohfgtédq]p_b?’l’ Q\'}I{?ﬁ{

o} the c ile. e code

constant pool entry types 10 or other parts o ass
secti orS wi t loadsa alll thes patametdrs intn VPt registers f forevexecutingiea gos n(gopair el y

[ I I I o] i & wher. h [ f t . I
et hody | . epaieuineL oo Hih 0 kD Bel RS PPt thes BERERBGR { ool i n
VP. 15 As $hanBd(thififBdpemby aehﬁmcamg?%ug@ﬁﬂémﬁ% s aﬁie%eﬁ§:§ra§e 610 to

a field, that is converted at fixup acall 611 to t | Xup tool.
The cal | t o passed thithegbrowinerandiretuensawher a éretitinsthuction isrexacwted.t he | ocati on

of the field. Th by t ti the instruction is run it has been patched
to contain the cﬁlpgﬂwﬁ?ﬁ?eﬁge%mwe&_ﬁﬁgd $hod 620 is converted to a
correspendi Y Yhe hamk of e cldss detAREs the! nante §<2dDyGRL TVM to refer to the

code and data output by the compiler.

e The name of the Superclass becomes some reference to the superclass within
the code and data output by the compiler. In the preferred implementation,
the output data contains a pointer with a fixup attached such that, after

15 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 2 pointer for each interface with a fixup attached such that. after
linking. the pointer points to the interface code and data.

20 e The debug inforrhation 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.

25 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

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




A non-static nethod 630 has added to it a fixup for a nethod call (ie a
reference to h@g met hod nane). This will eventually begpesmsasoaizomin the
final natlB2¥de. 25 The call i ng conventions are rather different in

byt ecode and VP. In conventional bytﬁ] code such as Java byte code, the
paranmeters to be passed to a subroutfne are placed on the stack, followed
.by a reference to the nethod to be WO 01/ 20449 PCT/ (GB99104413 19 called. A
byte code i tmansiatot,i cach hamedieingretméd aothe hahtecsf the edss and v fhicigtkes t he
met hod reference fromthe stack, resolves it and starts executing the new
met hod wi t heashdophvit @FémPﬁHPﬁ“m’é’nﬁfM.d%ntrol is returned to original
nmet hod when a r | I ek ' e L S, VP whi ch
5 |l oads all theeggtﬁlaﬁhrge?%ks fatrlldtl g&f}lﬁfﬁg’l g*@?gdgég%?‘ghgyggg%/g%ﬁgfé%s (goto
subr out i ne) nativet tranglaton wiick hranslatéscthe VP >cede Umtot pathei eddet 0 It Relldigst i nat i on
met hod (this fixup,may be stajically or dynam cally bound). Execution is
passed3t o tH@@EFSPQUPﬁf@"&??@I‘ #h n§°sﬂ1é$1 ngver, aselfma: digectlyoin pslivscecut ed.

det or i nes Ppicate; 8 ey T RAVELFEY B il deplaediBalE Binat 07, 0 15
by the conpintethe apprepriatematite tdde foritherprbassortuarwhich itsiet@be exeeurdce to the
supercl ass withi the code and data output by the conmpiler. In the
preferred inpl en:gh? Ratrys, tranglgtor 21¢ 38 1quats 13 saath pagcesoficqdsi (araund 30k, a i xup
attached su L R kd . HOt It I percl ass
code and datagl.’%%geu a{;rrglr e&r a%é%%ﬂ’:gﬁ?g?tflgg% g%(i:lgrfﬁs@g?rgﬁ ?‘eﬁfgﬁtgmo t he

i nt er flice wan kinbeddébsystemut The thenslatdr 3 b4 anapk (VP begisiersfte therbgisters of

i npl ementation. the output data contains a pointer for each interface with
a Fixup. at t YhRRriSHlar, PRREssor-eing Usqd, b Grankipior sises its kogieces afdhe he

interface cpdf ppodsébitsregister 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 should be kept in memory (which is slower to access). The translator

15 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 2 non-
static method will be converted to an atom in the native code.

20 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

25 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

through the native translator itself.



20 The debug information attached to each nethod (and the source filenane
which is stored in the class file), when present. is CopﬁﬂFkﬁﬂuhQ a format.
sui t abl e W02 environnment in which the JVMis running. In"the preferred
i npl ementation. the debug information_is converted to the sane format used
for non-Java parts of the system 25 Ple final VP class conprises one or
nore nanmed tools, nornmally including at | east the data tool, the class
tool, the fixup tRRhophthé Préfefred ERiOIIMEItTREs tHeOjava ViRtfall Mathina®E are
generated automatically by the jcode WO 01120444 PCTI GB99/ 04413 20

transl at or, ewverhll investiveconsepkisaners geoerah @nd itrie nof essensiat toaess theliVMhe
function of eac ol w t.hi ngt.he i.npl enentation of . that class. Turning
back again t8F m‘Gﬁﬁ& ga‘?, \alrf"t}pt h rheﬂ%t,g\gl ¥ Wﬁa’fh%weﬁethﬁil@veeﬂﬁ% %Fﬂ:é;{’e ative
transl ator WajiGls tJadfiskiflb® Sapplicatdl pR6iEtamiices _rtatae@o@oﬁﬂ,gﬁ:ﬁs %! thefte 5
under st ood, of course, that VP code is never itself run directly in a live
appl i cabi on; preferred idnguage, cdthout thayingyto wrdepstande ©r sven dp dmgwnanytbingy e
transl ator int bﬁ%?ﬁgpropriate native code for the processor on which it
is to be exetPy’ native translator 214 is quite a snmall piece of
code (around 150k, dependi ng upon the processor), so that it can easily be
stored in nenory within 10 an enbedded system The translator 214 maps VP
registers to the registers of the particular processor being used. The
transl ator uses its know edge of the real processor's register
architecture to decide at each point in the output native code which VP
regi sters should be mapped to the real processor's registers, and which
shoul d be kept in nmenmory (which is slower to access). The translator 15

al so provi des nmachi ne-dependent optim sation of instructions. Until the
native code is bound in, it will still normally contain sections of fixup
code. On binding (or sonetines at run-tine) the fixup code wll be .
replaced with




appropri ate machi ne-dependent instructions. For exanple. the fixup for a
non- static nmethod will be converted to an atomin theﬁgg{dﬂ@ e. 20 Both
. the jcodwamamabat or and the native translator are the ves preferably
witten in VP code and can thus be translated (using the native translator
itself) to run on any desired platfor# Fromthat initial VP code.
. conpi | ed versions of both translators nay be provided in native code.

optim zed feof AfiNfs:Particular processor on which the translator is to
execute. To 25 the VP code for the jcode translator, that code is

passed t hrough the native translator. To conpile the VP code for the

native trans|lator, that c pas ed throygh the native transl ator
itself. WO O%/ 204549“%@?9‘ G%g%ﬁa& EAFIENSH SOMPHEST RTRETaRY eomBRiBgl ment

the J
goner al . andodt AraHazd HEfe Bfn deofasse SEERLOMMEKRN BLENRTBERIGGE G2, |
Wher e Java imetheddnclbdingver, the invention described allows Java-skilled
o Chout havi hg ¢ 6aL SRR EXEFut o DR LG L TBeibats 21 s ot G gatses i ode. VD
01/ 20449 PCT/ GB9
/ ; gggp%l&ng%he %&t@@mﬁoﬁn@ﬁ%ﬁ?ﬁixo&%@?ﬁaﬁnl ! without

obj ect-oriented uter —program conprisin

cl asses each cont ai meoepsarilyl loadihg tiptocthe Bmdutxdn ,enhkmlm&ltrthé hbidlel sfothedi ng:

(a) selecting for executi,on one of the methods of one of the classes; and

(b) | oading the sel éﬁfeéﬁdrﬁg?sﬁod into an execution environnment w thout
~necessagily loading into the execution environnent the whole of the

2. A method as claimed in Claim 1 in which the selected method is loaded
without necessarily loading into the execution environment all of the methods

of the selected class.

15 3. A method as claimed in Claim 1 in which the selected method is loaded
without necessarily loading into the execution environment any of the methods

of the selected class other than the selected method.

4. A method as claimed in Claim 1 including compiling the selected
20 method without necessarily compiling all of the methods of the selected class.
5. A method as claimed in Claim 1 including compiling a selected method

without necessarily compiling any of the methods of the selected class other

than the selected method.

[ ]
W

6. A method as claimed in Claim 1 including transmitting the selected

method across a communications network from a server to a client device on

AT L



selected class. 10 2. A nethod as clained in CAaiml in which the sel ected
nethod is | oaded w thout necessarily loading into the %géﬁgy)xmz‘

envi r onnewb odbds4f t he net hods of the sel ected cl ass. } net hod as
clained in Cdaiml in which the selected nethod is | oaded w thout

necessarily loading into the executioB3environment any of the methods of ,
the sel ected class other than the selected nethod. 4. A nmethod as cl ai ned

corpi 11 g al Vst Se1QFR sl S8 o8 Hfi o P dEhrIg Salihlfe ol T6ECT D! |
in Caiml imelheds ofthecsleciedreinsa sel ect ed met hod without necessarily

conpiling any of the nethods of the selected class other than the selected
met hod. 25 6. A nethod as clainmed in Claim1l including transmtting the

el ected hod ' i n .9. Senve client
Govi o on 1R PR s RRRREY R AP 1 RRIE (hamiiteineteitded 015 5
whi ch the S&h&ﬁfoﬁ&dﬂﬁsm&mﬁmmaﬁmsrmwom fromui sereectsaclibnt devideson tti ng
all the nethods of the 1iel ected class. 7. . A nethod_as clained in Claim1

i ncl udi ng t rhishithe selgete @%@%@tte&ersnmmnseqswyarmmmp6ns
network fro elected nethod is
to be run, %?h &{xé‘(‘ri;s;%f;tgggerll&%téfﬂ ansmt af&es@ﬁbt@?n{clﬁﬁogsnet hods of the
sel ected class other than the sel ected net hod 8. A nethod as clained in

Caiml in which the cl asses, ar,e Java c| as ) 0
8. A method as ¢ almedei\n aim 1 {n wﬁlclsm the c]lasses are Java classes.

10
9. A method as claimed in Claim 1 including the preliminary step of
iranslating the classes into a plurality of virtual processor tools which use the

instruction set of a virtual processor.

15 10. A method as claimed in Claim 1 in which the step of selecting one of the

methods for execution includes selecting one of the virtual processor tools.

11. A method as claimed in Claim 10 including compiling and loading the
selected virtual processor tool without necessarily compiling and loading into
20 the execution environment all of the virtual processor tools which were

translated from the selected class.

12. A method as claimed in Claim 10 including compiling and loading the
selected virtual processor tool without necessarily compiling and loading into
25 the execution environment any of the virtual processor tools which were

translated from the selected class, other than the selected tool.



9 A rrethod as claimed in dQaiml including the prelimnary step of
translating the classes into a plurality of virtual proces‘#g@ 43%0| S whi ch
use theywd pgiohddction set of a virtual processor. 15 A tdt as cl ai ned
in CGaiml 1n which the step of selecting one of the nethods for execution
I ncl udes sel ecting one of the virtualR4processor tools. 11. A nethod as
clained in d ai m 10 i ncluding conpiling and | oading the selected virtual

processor t t hout . necessar,il nd | oadinp to . 20.the
execution e \% tﬁ‘élaf Tmﬁqe "%;Ffat"ﬂ?atd %&‘Q%M‘Bg gg\lﬂ Srlefishe

transl at ed \%mm prdesz6r Rl £dosd @é&nm%ﬁmaﬁmktw&kaﬁoxﬁ lhabAREtd Aclé@i M 10

i ncluding conpiling and I oading the selected virtual processor tool

Wit hout necdedes iany videlpi the nseleated | metiodgisi et de 28t W eutemcassemly

envi ronment,_an f th irtual rocessor ich were ans).ated from
the sel ect ctianynting aft e Vil BraaaF ool ovhi) et ilted R e °) 11
|1 ~~I & C 6gdybded C1e89/ 04413 WO 01/20449 24 13. A nethod as clained in

Claim 10 including transmtting the selected virtual processor tool across
a comuni cations network froma server to a client device on whi ch t he

sel ected nethod is_t |Iy nsmittin t he
vi rtual proig wgﬁqog ﬁ'ﬂ(a,“n%ﬁa Q# §§ ‘Ej ngotFﬂnt‘ngng ‘bglsg 8 cl ass.
14. A met hderam ﬁ}o%eg&aﬂtdom aéfods méﬁmtﬁfdausﬁmmaﬁmemtatdemrws chieaect ed
virtual processor tool across a communications network froma server to a

client devidedconomiwhichtthe seleeted emethodhisdto ber guie without wiecersatily

necessgr 1|y A0 LEARS Tt LE B HRaPbrdddfiol ki Ahidl QER°200 0P hont fes ver @

selected class.

15. A method as claimed in Claim 13 or Claim 14 including compiling the
selected virtual processor tool to native code prior to transmission across the

15 communications network.

16. A method as claimed in Claim 13 or Claim 14 including compiling the
virtual processor tool to native code at the client device, after transmission

across the communications network.

20
17. A computer system adapted to carry out a method as claimed in any one
of the preceding claims.
18. A computer system for loading an object-oriented computer program
25 comprising code provided in the form of classes each containing a plurality of

methods. the system defining an execution environment and being operable to

select for execution one of the methods of one of the classes, and to load the

AR



selected class. 15. A nethod as clained in Caim13 or Caim14 including
conpiling the selected virtual processor tool to nati vegesheopis or to .
transm ssWVOA¥Hbss the 15 conmunications network. 16. A nethod as cl ai med
in Caiml1l3 or Caim14 including conpling the wvirtual processor tool to
native code at the client device, aft®r transm ssion across the

comuni cations network. 20 17. A conputer system adapted to carry out a

met hod as clsaleord methodyintnthe edecttien eneiveninag withoutsnecéssarily toadpg er
system for | oadjng an object-oriented co ter program 25 conprising code
provi ded i n intedhe Sxesubion epvizonment Wwﬁggﬂrﬁ sslpciedflagsal ity of net hods,
the system defining an execution environnent and being operable to select
for execution one of the methods of one of the classes, and to | oad the
LETTTEETHAL HoL T | 1A Bistribistdd domplitdr sidtEm\Ontprisi{pal Sersin CoBRRhddetiion 2fa

sel ected nethod intqQ the executi nment , W t houilénecessari |y | oadi ng

n enviy
“nto tre ex@dFANSTNSHOR MeRHn A a piTalipy St cliget deyices.agh heving paewpective A
di stributed r oSyl SEEME! ot eatd la 5 a
Cr ansm 551 o Selbr endif ik "OFNxeBidlth Sn> SiECY orishud BBk EP prdfrall 2
respective congrising coderprovidedrimthef formenfadassesiepchreontsiming -agplimalityedf conmput er

program conprising code provided in the formof classes each containing a
plurality ofmetheg?\gh"s?ysmg%i)/@%n including: (a) means for selecting for
execution on one @y yidiRs fdrlsBREAENr GXEcitith i oneldf thd @1ieRIdetes Bhe 8P€ Of the

cl asses; and '
10 the methods of one of the classes; and

(b) means for loading the selected method into the execution
environment in the said client device without necessarily loading into

the said execution environment the whole of the selected class.

15 20. A computer system as claimed in Claim 19 which transmits the selected
method from the server to the said client device without necessarily transmitting

all the methods of the selected class.

21. A computer system as claimed in Claim 19 which transmits the selected
20 method from the server to the said client device without necessarily transmitting

any of the methods of the selected class other than the selected method.

22. A computer system as claimed in Claim 19 in which the selected method

is compiled by the server prior to transmission.

23. A computer system as claimed in Claim 19 in which the selected method

is compiled by the client device after transmission.

I




(b) means for |oading the selected nmethod into the execution environnment
in the said client device w thout necessarily |oadi ng ippggpedidagizsai d
- execut i oWOMPP4Bnnent the whol e of the selected class. 15 20. A conput er
systemas clained in Caim19 which ansmts the selected nethod fromthe
server to the said client device w tfidbut necessarily transmtting all the
. methods of the selected class. 21. A conputer systemas clainmed in Caim19
which transmts the selected 20 nethod fromthe server to the said client

device without necessarily transmtting. y. of the nethods of the sel ected
cl ass ot her%-har*f"t%@“’é’éqregxs&“rﬁtﬁ'éﬂ?e‘gﬂ a(ﬁa%nﬁlt“érw@ﬂt ¥EVEI Wi med in

Claim19 i di‘f@ig@ it W\gvﬁ?éd ' ' . -Server prior to
transm ssi gcn. FE?St.quAﬁg%lnput r sy@g%ogzo gl(lglmrlrae A ‘&hgﬁﬁ > rllne&hi ch the
sel ect ed nethhnte said olienpddvice ibysingancutdandd slethode after transm ssion. |

Frerer rererr reerr rerer e 1l S W 01120449 PCT/ GB'/ 04413 26 24. A
corrputér systemas clained-in Caim19 in which the server is configured

to transm t .nUd&fngﬁn E}'ik?éjnté%@l ' L C ' t .hes that
the said C|2|5é‘nt 'ﬁew e i&E usi ng anagh%‘gg%egﬁir‘rhetﬁ)gﬁegh’fg H’E %%r{r}raﬁ'u{%er system
as cl ai ned ¢onfiguegdnoltgansmitvm apdaték methodao d cient device whe that wpdatedni t an
updated nethod tq a clie evi ce when t.hat updated nethod is requested by
the said Cmgﬂqoddgmqggs?tquyg&sgﬁm ¥Fe-systemas claimed in Claim19 in

which the server is configured to transmt nethods as required by a
requesting client device, the

10 26. A computer system as claimed in Claim 19 in which the server is

(-

configured to transmit methods as required by a requesting client device, the

requesting client device being configured to bind the received methods

dynamically into its execution environment.

15 27. A computer system as claimed in Claim 19 in which the server stores a
plurality of virtual processor tools, said tools using an instruction set of a virtual

processor and being a translation of one or more classes of the said object-

oriented program.

20 28. A computer system as claimed in Claim 27 in which the means for
selecting one of the methods for execution includes means for selecting one of

the virtual processor tools.

29. A computer system as claimed in Claim 28 in which the server transmits
25 the selected virtual processor tool to the said client device without necessarily
transmitting all of the virtual processor tools which were translated from the

selected class.

A



requesting client device being configured to bind the received nethods
dynam cally into its execution environnment. 15 27. A cojgnt®pnsist em as
clai ned i WO@14942 19 in which the server stores a plurality of virtual
processor tools, said tools using eu54 nstruction set of a virtual

processor and being a translation of“one or nore classes of the said )
object- oriented program 20 28. A conputer systemas clainmed in Caim?27
in which the neans for selecting one of the nmethods for execution includes
means for selecting one of the virtual processor tools. 29. A conputer
system as &Pai mAdcQmputeesystens as plaipgdin laim 28 in svhich Hig SETVEE trapgmithe

el et i ko AR gl 00 i B BRULNGR SHIBH. ,,

necessari | fansm e VIr

transl at ed tanemittilg ang &ifahe &irtwdl Peccessdr todls IWHiEh werd trandlated ‘fidmh 4He | VO
01/ 20449 PCTI GB99/04413 27 30. A conputer systemas claimed in Claim28 in
whi ch 3 he selegted classather than theselesteddealg virtual processor tool to the said

client device without necessarily transmtting any of the virtual
processor tools which were translated fromthe 5 selected class, other

t han the s&iect gdcémphter Systerd as eldnied in ClhineaB imswhichitheselested viatual 28 i n
whi ch the sel ected virtual ‘pro.cessor tool] is translated into native code
prior to tPEpeessarstosh is tapslatedipto patikeseRdSSPRRT (9 HARSMISHOm ACTosS thgmut er

system as %@%&E‘@ldrﬂngrﬁ' m 28 in which the selected virtual processor tool
is translated Into native code by the client device after
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32. A computer system as claimed in Claim 28 in which the selected virtual
processor tool is translated into native code by the client device after

transmission across the transmission means.

15 33. A computer system as claimed in Claim 19 in which the transmission

means comprises or includes a wireless network.

34. A computer system as claimed in Claim 33 in which the client devices

are mobile phones.

35. A computer system as claimed in Claim 33 in which the client devices

are hand-held computers.

36. A computer system as claimed in Claim 33 in which the client devices

25 are games consoles.

37. A computer program for executing a method as claimed in any one of




transm ssion across the transmi ssion means. 15 33. A conputer system as
claimed in daim19 in which the transm ssion neans cpopcB®®8dldr incl udes

. a wirel cWOMMMHbrk. 34. A conputer systemas clainmed in COaim33 in which

the client devices are nobile phoneg 20 35. A conputer system as cl ai ned
in daim33 in which the client devi gs are hand-held conputers. 36. A

~conputer systemas clainmed in Caim33 in which the client devices 25 are

games consat*R$ms 8t 16 conputer program for executing a nmethod as clained in
any one of --- FEErrrnl II~~IIII~I~J|gII~Slll M TTi PCT/ GB99/ 04413
WO 01/20449 28 Claims | to 16. 38. A data carrier which carrles a conput er

program for xec | ai j of C ains
"o 16, 30 9% adk QoQtaBidIEH safifs s (Ul dlogtaf, B Hheiipf Rimiice
executing aas ¢Binftddn Tlaigh 37 GEany OndbLCHAMI 1 @6 165 CI? rrﬁd in any One of
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39. A data stream representative of a computer program for executing a

method as claimed in Claim 37 or as claimed in any one of Claims 1 to 16.
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