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DI STRI BUTED PROCESSI NG - This invention relates to distributed
processing, particularly but not exclusively distributed processing for
control of a telecommunications network. 5 More particularl 105/00
invention is CYATESRE with devel opi ng and updating the gﬁﬁ???@"??étens
i npl emented on the distributed processors, 1which are preferably (but
not necessarily) processes inplenented in an object-oriented fashion.

Tel ecommuni cations networks are increasingly required to support high
DISTRlBUTED PROCESSING

This invention relates to &istributed processing, particularly but not

exclusively distributed processing for control of a telecommunications network.

5 More particularly, this invention is concerned with developing and updating the

control systems implemented on the distributed processors, which are preferably
(but not necessarily) processes implemented in an object-oriented fashion.

Telecommunications networks are increasingly required to support high

bandwidth, low delay information flow. The bandwidth required is rapidly

10 progressing from kilobits per second to megabits per second and even, for some
applications, gigabits per second (particularly, for example, for video on demand;
animated shared simulations, and distributed computing).

To provide “intelligent network" facilities such as call redirection to
particular numbers, compuier programs run'on a number of host computers (up to

15 100, for example) connected with switching centres. The way in which services
are to be provided for particular customers {for example, a particular number to
which calls for a customer are to be routed) depends upon data stored in relation
to that customer on the host computers. Thus, there may be many millions of
subscriber records on tens or hundreds of host computers.

20 In "Twenty-twenty vision - software architectures for intelligence in the
21st century”, P.A. Martin, BT Technology Journal Vol 13 No. 2, Aprit 1995, the
present inventor has proposed the use of object-oriented techniques to impiement
the distributed processing required.

A description of object oriented technology will be found in, for example,

25 BT Technology Journal Vol. 11 No. 3, July 1993, "Object oriented technology",
edited by E.L. Cusack and E.S. Cordingley. Aithough the term is not a!wav;s used
with precision, object oriented computing here refers to the computing technique in
which data is stored in "encapsulated” form in which, rather than being directly

. accessibfe by a calling program or routine, the data is accessible only by a limited

30 part of a program which can read, write and edit the data. A record of data and its

- associated computer code are referred to as an "object”. Communication to and

from an object is generally by "message passing”; that is, a call to the object
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also affect the speed with which it can be reached from another program. Also,
10 one or more host computers may fail whilst leaving others in operation. .
Distributed computing is conventionally performed, by using a “client-
server” arrangement in which a "client” program on one computer interrogates a
"server” program on another computer which then performs the function or returns
the data required by the client program.
15 Object oriented techniques have not widely been applied to distributed
processing. A summary of the state of the art in this respect may be found in
"Object oriented programming systems"; Blair G., Pitman Publishing, London, 1991
(ISBN 0-273-03132-5) and particularly in Chapter 9 at pages 223-243;
"Distributed systems and objects”; David Hutchison and Jonathan Walpole.
20 Previous attempts have generally added new syntax to an existing computer
| language, or have created new computer languages, to extend conventional object
oriented programming to deal with distributed processing.
The article “Parallelizing Sequential Programs to a Cluster of Workstations”
by H. Sivaraman et al., Proceedings of the 1995 ICPP Workshop on Chalienges for
25 Parallel Processing, pages 38 to 41, discloses the conversion of a sequential
program for parallel execution on a plurality on computers using a tightly-coupled
distributed control system, in other words, a control system which uses a shared
memory technique. -
In one aspect, the invention provides a distributed computing system in
30 w_hich a plurality of objects (i.e. data records readable and writable by its own
code) are distributed across different host computers of the distributed computing
system, in which each host computer is provided with a location table (list}

specifying the computers on which all the data records of the systems are located.
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whi c\h data is stored in "encapsulated" *formin which, rather than being

directly accessible by a calling programor routine, the data is
accessible only by a limted 30 part of a programwhich can read, wite
and edit the data. A record of data and its associ at ed conput er code
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2 passes data val ues and i nvokes t he @eration of one of the. programs
conpri sed within the object, which then returns data val ues.

Vari ous Ianguages are _avail abl rarme s who w s
obj ected oriented apg%acﬁo boik raL cggg'of% M ormMOHEST 2 4t Bwréesen 'ﬁd °%$rv¥'se

provide a bottleneck to processing. Furthermore, since the location table may be
the same on all host computers, new host éomputers can be added relatively easily
by simply copying the location table from an existing host computer.

5 Preferably, the host computers are arranged such that the data records
may be moved from a first host computer to a second host computer.

More preferably, the host computers are arranged such that, on such a
move, the location of the host computer -on which a record will be relocated is
signalled to each other host computer.

10 The host computers may be arranged such that each location table stores
also the location of the host computer on which the data record was created.

Preferably, for accessing a data record, each host computer is arranged to
read the location table it stores and then, if necessary, to access the location table
of the host computer on which the data record was created.

15 Preferably, the data records comprise objects each accessible only via
associated code, and more preferably, such objects comprise muitiple objects of
the same class, and these muitipie objects share said associated code.

In a second aspect, the present invention provides a compiler {or pre-
compiler) for use with a distributed control system consisting of a plurality of

20 interconnected computers, said compiler apparatus being arranged to accept an
original source program in a source language, suitable for compilation on a single
computer, characterised in that the distributed control syétem is loosely-coupled;
and in that said compiler apparatus is arranged to accept said original source code
program and to locate, within said original source program, functions which may

25 . be invoked from other points within said source program, and to adapt said original
source program to permit said functions to be invoked remotely from other
computers, |

In a third aspect, the present invention provides a compiler {or pre-
compiler) for use with a distributed control system consisting of a plurality of

30 interconnected computers, said compiler apparatus being arranged to accept an
original source program in a source language, suitable for compilation on a single
computer, characterised in that the distributed controt system is loosely-coupled;

and in that the compiler apparatus comprises a compiler and is arranged to locate,
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5 Distributed processing differs fromsingle processor operation
in several respects. Firstly, different access techni ques nmay be

requi red dependi ng on whet her ot her prograns or data are |ocated on the
sanme host conputer as a calling programor on a different host
conmputer. The |ocation of a programor data wll al so af eed
wi th which i tWO2¥24586 r eached from anot her program Al so, I’E(;ﬁ&e;l%;r)'ﬁ’"ﬂo
host conputers nay fail whilst |eaving ot hgrs i n operati on

Distri but ed conputing is conventionally performed, by using a "client-
server" arrangenent in which a "client" program on one conputer
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computer, charactensed in that the dlstnbuted control system is loosely-coupied;

10 andin that said compiler apparatus is arranged to read said original source program
and to add thereto a set of data records describing the data and program
structures comprised within said original source program.

The termn loosely-coupled in the context of the present invention refers to
a control system which uses a messaging technique as opposed to a shared

15 memory techniqu.e.

Ali aspects of the present invention are concerned with the conversion of
a sequential program for sequential execution on a plurality of computers, in
contrast with the above Sivaraman et al. article which is wholly concerned with
parallel execution.

20 Conveniently, these aspects of the invention comprise a pre-compiler
which can then be used with a more conventional compiler, but it will be
recognised that the functionality of the invention could be incorporated directly
into a re-written compiler.

Thus, in these aspects, the invention conceals from the programmer the

25 complexities of adapting the program to operate on many different processors,
reducing the time required to produce an executable program.

The present invention also provides @ compiler apparatus comprising the |
combination of the features of any two or more of the abovementioned second,
third and fourth aspects.

30 In a fifth aspect, the present invention provides a telecommunications
system comprising a distributed control system consisting of a plurality of
interconnected computers and compiling apparatus for compiling brograms for said

computers, the apparatus comprising a compiler arranged to compile a source
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by H. Sivaraman et al., Proceedings of ‘the 1995 | CPP Wor kshop on Chal | enges
for 25 Parallel Processing, pages 38 to 41, discloses the conversion of a
sequenti al program for parallel execution on a plurality on conputers
using a tightly-coupl ed di stributed control system in other words, a
control syste W‘U‘/ﬁ of/S€s a shared menory techni que. PCT!GB97/0010The
article "Experience th Distributed Smalltal k" by J. K Bennett, 30
Software Practice & Experience, vol. 20, N& 2, February 1990, di scl oses
that a first object on a first node can call a second obj ect on a

second node bY |agalh or exeSRCln b USILRILABAY, SuPLaY BBLRE o el b6

second obj ect. ains 't cond
and t he second neodee andar@mabeourge euddrard doitablador smgle computer execution and to

amend said original source program to add additional source code whereby to
produce an amended source program which, when compiled by said compiler, will
- 5 execute in said distributed control system.

The single executable program produced by this aspect of the invention
may be distributed to all processors (host computers) of the distributed computing
system in identical copies. This makes it easy to add new host processors to the
distributed computing system. _

10 . - . In the present embodirpents. the source program is in an object oriented
tanguage, and is preferabily in C+ + or a variant thereof. C + + provides additional
problems in compilation for distributed environments, since it is intended for single
processor compilation and different processes communicate via shared memory
pointers, which cannot operate in a multi processor environment.

15 Other aspects and embodiment of the invention are as described and
claimed hereafter.

Embodiments of the invention will now be illustrated, by way of example
only, with reference to the accompanying drawings in which:

Figure 1 is a block diagram illustrating the elements of a

20 telecommunications systerri embodying the invention;

Figure 2 is a block diagram illustrating furthér embodiments of the system
of Figure 1; |

Figure 3 is a block diagram illustrating the elements of a host computer
forming part of the systems of Figures 1 and 2;

25 Figure 4 is a block diagram illustrating the elements of a compiler

- apparatus forming part of the systems of Figures 1 and 2;

Figure 5 is a flow diagram illustrating the operation of the compiler
apparatus of Figure 4;

. Figure 6 is an illustrative drawing indicating the products of stages of

30 processing performed in Figure 5; '

Figure 7a is a diagram representing the structure of data held within the

intelligence domain forming part of Figure 1;
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3 first object sends a nessage to the second node. The second node has
a renote obj ect table (ROT) which stores the |locations of all its |ocal
obj ects that can be referenced renotely, i.e. from another node. Upon
recei pt of the nmessage fromthe -~ first node, the ROTI calls the second
object, simlarly with | ocal object interaction, 5 receives al ue
fromthe secdﬁﬂé&ﬁ%ﬁn, and sends a reply nmessage to the ﬁﬁﬁgﬁyhgg?ect,
which, in turn, delivers the return value go the first object, again

usi ng | ocal object interaction. In one aspect, the invention
provides a distributed conputing system conpri sing acplurality of host
conputers, and wher diigHre Z&Hs ¢f disgremhpreseotinsuther ssruckge of data heldcwithipi thes a

NMeNdry space s{gispBd dehifileicthing Mar daigurk §cor ds and programns for
accessing said data records, and a table of (a) the location of all data

records on all host Figsip@tityssratesthe dgye strctyrgcvithin meptory REope sprepenend diost

conmputers on Wagedk Rach said data record was created, S :
arranged, for accessing a data record, to read the |location table it stores
15 and then?® i f necdd@p ® ilugtrates dbe opseation aft # pre-campiler off thaeanpgstus of

conput er on Whfiglire 4 in dudfhefBhdofigitdlsHuB 08¢ RarliGdtheddMdrce code store of Figure
4 to produce extended source code;
Figure 10 is a flow diagram illustrating the general sequence of operations
of the pre-compiler;
10 - Figure 11 {comprising Figures 11a and 11b) is a flow diagram showing in
greater detail a part of the process of Figure 10 for construction of a type model;
Figure 12 illustrates the additional source code generated by that process;
Figure 13 schematically illustrates the structure of the type model thus
. produced;
156 Figure 14 is a flow diagram illustrating the steps of a further part of the
process of Figure 10 in providing for remote invocation of objects:.
Figure 15 corresponding indicates the additional source code produced
thereby;
Figure 16 is a flow diagram illustrating the steps of a yet further stage of
20 the process of Figure 10 to replace local pointers;.
Figure 17 illustrates the corresponding additional source code produced
thereby;
Figure 18a is an illustrative diagram indicating calling a function via local
pointers; and
25 Figure 18b is a corresponding illustrative diagram indicating the calling of a
function by reference following the performance of the brocess of Figure 18;
Figure 19 illustrates the structure of an object location table held within
memory as part of the object manager program of the host computer of Figure 3;
Figure 20 illustrates the structure of a host status table stored within the
30 memory of the host computer of Figure 3 as part of the object manager thereof;
Figure 21 (comprising Figures 21a and 21b) is a flow diagram illustrating
the updating of the host status table;




is responsive to receipt of a create new object conmand, including an

I dentity for an object to be created, to create a new object having said
identity and to send a broadcast nessage containing its own conputer

| ocation and the identity 20 of the newly created object. In a
second aspect, wdefsssent invention provides a tel ecomuni CatRcaNSB9 7100107
system conprising a distributed control systemconsisting of a plurality of
i nt erconnected conputers and conpiling apparzatus for conpiling prograns for
sai d conputers, each conmputer having a respective nenory and an

associ ated 25 respective cessin ans rra cess directly only
its associated E'ﬁnre B%gcfng%lsg%rﬁ ?‘fé{dtﬁé Y F1agEay "ﬁ"dﬁ%ﬂ?%r s
Vi a nessages, t hiee processeqn‘pmnaﬂrmmgcumw Bbiégt a conpi |l er arranged to corrpi | e
a source program for gure gggs ar]ﬁo al execug‘ on_.on a sin ost . co

nge

and a pre-conpiler arfg W diagray JlesHating ity ﬁ%ﬂcg%"oﬁ E'If"fﬂgog%)a? ect

suitabl e for sedwenonehosxerpuienmo anothersiangl e 30 host conputer and to

amend. sai d orjginal spyrce programio é‘g&?gggﬂ {Lal Ozﬁc olfp?) e%lw 048 gram

wher eby to produce an dnended source” pr
said conpiler, \ﬁmwmex@@umrecmquemmm:tt}ngoan rseasdgqaltmraal okjgctodn a remote host
I nt er connect ed compuﬁp.rrput ers.

Referring to Figure 1, a telecommunications system produced according to

the invention comprises a plurality of switching centres or exchanges 2a, 2b

10 interconnected by communications channels 4 (e.g. microwave links, fibre-optic
cables, coaxial copper cable or virtual circuits carried on any of the foregoing)
making up a transport domain 6. Connected to the transport domain 6 is an
intelligence domain 8 comprising a plurality of host computers 10a, 10b in
signalling communication with the switching centres 2a, 2b via signalling links

15 12a, 12b, 12c which also interconnect the host computers 10a, 10b. For example,
the two domains may be interconnected using protocols such as signalling system
7 (SS87).

The host computers 10a, 10b together constitute a loosely-coupled
distributed control system in that they can only communicate using a8 messaging

20 technique, and they do not communicate using_ a shared memory techniqde._

End user terminal apparatus {also known as terminal equipment) such as
telephones 14a, 14b and broad bandwidth communication devices such as video
players 16, jointly comprise an end user ddmain 18 connected to the transport
domain 6 via local loop connections 20a, 20b, 20c (for example optic fibre, cellutar

25 radio or twisted pair copper cable links).

Further provided is a service provider domain 22 consisting of equipment
for providing services {for example video services), such as a video player 24 and a
computer terminal 26, connected with the transport domain 6 via tocal loop
connections 28a, 28b, 28¢ such as ISDN channels or other high bandwidth links.

30 In known fashion, an end user terminal apparatus 14 or 16 is used to pass
a request, via the transport domain 6 to. the service provider domain 22. As a
result, a channel is set up through the transport domain 6, and the service provider

domain 22 transmits a service via the channel to the end user domain 18 (for
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4 The singl e executabl e program produced by this aspect of
the i nvention may be distributed to all processors (host conputers) of
the distributed computing systemin identical copies. This nmakes it
easy to add new host processors to the di stributed conputing system 5
In a third aspect, the present invention provides a conpiler Aoier for
use with a di g"t"rﬂ’ﬁﬁﬁ’éd (F:)ont rol system Congi sting of a gFuraI F??/m?

i nt er connect ed conputers, each conput eg having a respective | ocal
conput er nmenory and bei ng arranged for data access from |ocal conputer
menori es by interconputer nmessages, said conpil er apparatus being
arranged exampie by transmitting a real time video film, or a file of data in electronic

format).
In conventional plain old telephone services {POTS), the transport domain
6 is controlled simply by the dialled numbers generated in the end user domain to
5 set up the transport path. However, currently, “intelligent network™ control of the
transport domain is provided by the intelligence domain 8. The intelligence domain
8 receives from the transport domain 6 the dialled number and/or the dialling
number, and performs some call processing in accordance with either the dialled or
the dialling number, or both. The intelligence domain typically provides number
10 translation services, where a dialled phone number is transiated to provide a call
forwarding service to another number. In this case, the dialled number corresponds
to a stored record on one of the host computers 10, which is accessed in response
to a signal on one of the links 12, to generate a corresponding re-direction number.
In general, in response to the occurrence of an event in the transport
15 domain 6 {such as the initiation of a call from the end user domain 18) the
intelligence domain supplies control information to control the transport domain 6.
Other data is also stored within the intellig'ence domain. In this
embodiment, billing data for each call is stored in the intelligence domain, to enable
periodic billing of each customer.
20 Referring to Figure 2, the intelligence domain 8 further comprises a
compiler apparatus 30, consisting of a programmed workstation, connected to the
| host computers 10 via network servers 11a-11¢c and a wide area network {(WAN)
running between the compiler apparatus 30, the hosts 10 and the servers 11.
The servers are also connected to one or more World Wide Web (WWW)
25 _server computers comprised within the Internet 32, and hence to editing terminals
15a-15d connected to the Internet {e.g. via a local packet switching node}.
Referring to Figure 3, each host corhputer 10 comprises a mainframe or
server comprising communications hardware 100 connected via the WAN to the
servers 11; a processor 102; and storage 104, comprising both rapid access
30 storage in the form of random access memory and offline storage in the form of
magnetic or optical disc drives.
Stored within the storage apparatus 104 are an operating system 106

{e.g. UNIX (TM)); an object manager program 108; and an object model comprising




10 to accept an original sourcé programin a source |anguage,

sui table for execution on a single conmputer; to

| ocate, within said original source program functions which may be

i nvoked from other points within said source progran and to

adapt sai.d ori gyHahadseyr ce program by including code 15 PCT/GB97/0010% 1
receiving froma renote conputer of said system a nessage

representing an intention to i nvoke a said ®unction, for

transl ating the received massage into a local call to the said

function ecei-vin r.et.ur tﬁn [ .
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In a fourth aspect, r ntioQ | de ' a r for
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‘and storage apparatus ROM, RAM and a hard disc) containing a graphical user

environment (e.g. Windows (TM}), a communications program and a object _
10 browser program.

Referring to Figure 4, the compiler apparatus comprises a communications
interface circuit board 300 connected to the WAN servers 11; a processor 302;
and a storage apparatus 304 (not indicated separately) comprising rapid access
memory {RAM) and high capacity memory (e.g. a hard disc drive) and storing an

18 operating system (e.g. UNIX {TM)), a native C+ + compiler program 312} {such as
SunPRO available from Sun Microsystems); a pre-compiler 316 to be described in
greater detail below; and a library 314 storing standard functions and definitions
{specifying subprograms or subroutines) to be incorporated into new programs.

The C+ + compiler comprises, as is conventional, a compiler which

20 compiles to relocatable binary code and a linker program 312b which concatenates
the binary code with the binary code routines stored in thé library 314 and locates
the concatenated code in a memory address space for execution. Such compilers
also generally include a pre-processor which interprets compiler directives, such as
"include” statements to read in additional code, or perform other operations during

25 compilations. .

Also provided are: a storage area 308 for storing input source code
defining a C+ + program le.g. input via the input device 320, or downloaded via
the communications circuit 300, or loaded via a disc drive comprised within the
storage apparatus 304); and a storage area 310 for storing executable code

30 generated by the C+ + computer 312 (i.e. by the processor 302 acting under
control of fhe compiler program). Also included is a storage area 318 which stores

system data concerning the number of distributed processors 10; the capacity of
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to locate, within said original source program pointers which will be 30
conpil ed by said conpiler as pointers to objects within a single conputer
. menory space; and to anend said ori-gi nal source program by

i ncluding code which will create for each such pointer so |ocated a

respectjve refgLensss 0PI ect within said single conputer ”e”tifc}’rlcngwoolm
space, each such re erence obj ect containing the | ocation of

respective object associated with the poigfer and being arranged to

the available storage memory or; each of the processors 10; the speed of Operatidn
of the processors 10 and so on. '

The processor 302 is arranged to run selectively either the C + + compiler
312 on the source code in the source store 308, or the pre-compiler 316 foliowed

5 by the C+ + compiler 312 on the source code in the source store 308, to generate
executable code in the executable code store 310,

in the former case, the code generated will execute on any suitable single
processor. The processor 302 is, in the embodiment, itself arranged to be capable
of executing the code directly generated in this manner by the C+ + compiler,

10 enabling the user to test immediately whether the program operates generally as
expected.

In the latter case, the pre-compiler 316 first processes the source code in
the source store 308 {taking into account any system data relating to the
distributed system comprising the host 10 on which the code is t0 be executed),

15 and generates -amended source code in the source store 308 which is then
compiled by the compiler 312 to generated executable code in the executabie code
store 310. This executable code is, however, not necessarily executable on the
compiler apparatus 30 since it is for execution on the muitiple distributed hosts 10.

Referring to Figure 5, the general operation of the compiler 30 under

20 control of the supervisory program 307 is as follows.

In a step 202, source code is input into the source code store 308 (e.g.
via the input device 320). In a step 204, the human operator may decide to edit
the source code in the source store 308, in which the edited text is input into the
source store 308 (e.g. using a conventional text processor).

25 Once any such editing is complete, in a step 206, the user may elect
whether or not to test the source code locally. In the event that he does so, in a
step 208 the processor executes the C+ + compiler 312 on the source code in the
source code store 308 to produce executable code in the executable code store
310, and in a step 210 the processor 302 executes the executable code. A

" 30 simulation program may be provided to intercept meaningless operations and
substitute operations such as displaying on the output screen 322, to enable the
user to see what is happening. |
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5 send invocati on nessages and receive return values from

sai d respective object, and anendi ng each
pointer to point to its respective reference object

instead of its original object. The term | oosel y- coupled in the
context of thewpogsépet | nvention refers to 10 a control systepcweBsooiees a
nmessagi ng techni que as opposed to a shared menory techni que.

Al'l, aspects of the present invention are ggncerned with the conversion of
a sequential -program for sequential execution on a plurality of conputers,
in contrast with the above Sivaraman et al. article mhld{ | S whol
concerned with 1 5 pdP 19 ¥enbihat giregnoccur in the executiong if|, 2 §148rt | 4 the ysee gay

aspects of the dd&iﬂ%ﬁblr@fﬂ:rﬂWeb%ﬁopé’cﬁr(h@rﬂéb}&rcode m%fd&:r@@fbdef'lﬁﬂreb@wsed
with a nore con}/entlonal conpiler, but it recogni sed th t the

functionality d ri%@“i’?ﬂ/‘é%’ﬁaBHe?fBﬁPYﬁsz%“’f‘héB?"b'ﬁraaité’Ei 24t Etf‘t‘f'? compiler 1f i

re-written conphppfiéd t@Ghe source codIhu&helgbutJéeS@deaswtsgs i&gerﬁemytensmmued
conceal s fro daptin ram

th the . t
to operate o n%%f?pcr!‘fq%[ﬁse r"p‘i”%tpélggd'? ‘e é1réegﬁc‘fq'f’igc'afhe"f’ e'rb"qg?‘? @t o

produce an exeocaxeaitableprodgrisithe executable code §b& PTESEIM isi théRNianemiteddS® the
provides a Corrp& J‘»trl[)utegph ?tc%rsnpSPnPrTIOS%nng step 218 via the WAN servers 11. This is
illustrated graphically in Figure 6.
The data model employed within the intelligence domain will now 'be
10 described briefly. In the following, each "object” is a data record comprising a
number of fields of data, which is accessed only by code which corresponds to
that object (in a one to many relationship, in the sense that the same code which
relates to a class of objects actually accesses all abjects of that class). .
As is conventional, objects are grouped into classes, the objects of the
15 same class containing different data but in the same format. Each object is
associated also with one or more subroutines (generally termed "methods" or
"functions”) which operate on the data, and which generally constitute the only
means of doing so.
The formats in which the subroutines associated with different objects of
20 the same class will receive and return corresponding data are the same (i.e. all
objects of the same class have a common interface). In fact, in C+ + the
subroutines are only represented once for all objects of the same class [i.e. the
code for the subroutines is only stored once} so that the code and the objects are
in a one to many relationship. The code is therefore associated with the class of
25 the objects rather than with each obiecf.

- Each class of object may be a subdivision of a more generic class, as is
conventional in object oriented programming. In this case, the code may be stored
instead in relation. to the more generic class {the "superclass”™). The object manager
108 contains a list of the locations of the data making up each object, and on each"

30 invocation of {i.e. call to) an object, the object manager accesses the relevant
' subroutine code within the class code storage area 110 and supplies to the code

the address of the data for the relevant object within the object storage area 112.




conbi nati on of the features of any two or nore of the abovenentioned
second, 25 third and fourth aspects. In a fifth aspect, the
present invention provides a conpiler apparatus for “use with a

di stributed control systemconsisting of a plurality of interconnected

conput ers, eaca,ocgq,g&# er having a respective | ocal corrputermn%@éxgamm

bei ng arrange data access from |ocal conputer

i nterconputer 30 nessages, said conpiler igpar atus being arranged to
accept an original source . programin source | anguage, suitable for
execution on a single conmputer, to read said original source program
and to add thereto aRstefringf todBigerer Zciorttlis ehstsadirhdrit tfe tobRcts providad avieidl the

pRrEgﬁ,rA\?:E] NISE}\IKFUELEE%‘IE PP sn(PelM\éiethé r&orsnaaindcé)n’rlér%lenaa})lu%?igyr 5F chstomer g?:jects 500
0 3 MAR 1999 (one holding data relating to each of tens of millions of customers} which are
created on the accession of a new customer; destroyed when the customer

5 voluntarily departs or is cut off from the network; and edited when a customer's

requirements change: a plurality of call objects 600a-600c, each of which is

created at the outset of respective call and deétroyed after the termination of the

call; and a plurality of comzﬁunication device objects 700a-700c which each relate

to an item of customer terminal equipment, and are created on first connectioﬁ of

10 that customer terminal equipment to the network.

Referring to Figure 7b, in this embodiment the switching centres 2a, 2b...
of the transport domain 6 further comprise host compdters on which are stored
objects 800a-800b, 900a-900f which represent, respectively, the switches and
the ports of the switches within the switching centres. Thus, each switch object

15 800 contains a record of the state of the corresponding switch at any moment;
these objects exist permanently in memory and have a one to one mapping to the
physical devices present in the switching centres 2, so that writing to the port or
switch objects changes the state of the respective ports or switches, and reading
the port or switch objects gives an accurate reflection of the actual condition of

20 the corresponding physical devices.

By way of example, the structure of data within a customer object is
illustrated in Figure 8.

The attribute data maintained by the object 500 comprises a customer
type field 502 (which may indicate that the customer is an employee or some

25 other unusual status, or is a normal customer); a user ID field 504; a host field 506
indicating the host 10 on which the object 500 was created {conveniently in
http/TCP/IP format).

Also stored is data relevant to the services provided to the customer: for
example, the normal telephone number of the customer (field 808); a telephone

30 number to which the customers calls are to be re-routed at particular times of day
{tield 510); and the times of day during which calls are to be re-routed {field 512).




5A Q her aspects and embodi nent of the invention are as

descri bed and cl ai med hereafter. Enbodi ments of the
invention will now be illustrated, by way of exanple only, with
reference to the acconpanyi ng - drawings in which: 5 Figure 1 is
a block- di agweemnedesustrating the elenents of a PCT/GB97/00107

t el ecommuni cati ons system enbodyi ng the invention; Figure 2 is
a block diagramillustrating further enbodigents of the system of

Fi gure 1, . Figure 3 is a block diagramillustrating the elenments

of a host conputer 1Q.formn, rt of the systens of Figures 1 and 2;
Figure 4 is a block %f"é’g’f';gf@ﬁ? P’&%’ﬂ”&'ﬁ’f‘ﬁ%’ REFUSIONRE AT So5TY: 4n tifhfRrmepf 2 call

appar at us f or nilog fipiara1 doftortirite faryeic Bl ahe CaIRUIE5d/dr dMthgRtelephone number, the

e o S el P LR 0 RSl By e, o

i ndi cating the produdifferofit phagest dfis informatame ased1Gopbe fc88ddi By Hiferedt 5;

Figure 7a is 52 :ﬁl&l@lgﬁﬁgn fo‘?%&?r%&@,t ihré%elicﬁes&-g%gv ";c% c?effin(ejafﬁea sQr%!cg t\AVibtehoifPergcrI] ©
to the customer may be edited by customer service personnel or by the customer
himseif via an end user terminal 15, whereas billing data (field 514) should be
writable only by the biling and accounting personnel operating the network.
Certainly, no customer should be able to re-write his billing records from an end

10 user terminal 15.

In operation, the occurrence of events in the tranéport domain {such as the
monitoring of an "off hook” condition within the end user domain) invokes the
operation of the code associated with ‘an object in the intetligence domain. For
example, on a telephone going off hook in the end user domain, the code to create

15 a new "call" object 600 is invoked. When the called number is detected, it is
transmitted via the signalling links 12 to the intelligence domain 8; the customer
abject 500 of the calling party is activated to amend the billing record field thereof:
and the customer object 500 of the called party is accessed to determine the
number to which the call should be forwarded, which information is then

20 transmitted to the switch objects 800 within the transport domain to set up the
path over which the call will be carried.

During the passage of a call, the role of the intelligence domain is usually
limited. On clearing down a call on detection of the on hook event, the billing
function code associated with the customer object(s) 500 updates the billing data

25 field, and the call object'is deleted by the object manager 108.

Referring to Figure 9, the pre-compiler 316 in this embodiment comprises
a parser program 316a which examines successive C+ + statements in the source
code store 308 and refers to stored C+ + syntax graphs 316b to 'determin_e which
elements of each statement are functions, variables and so on; and a code writing

30 program 316c which, on detection of predetermined syntax conditions by the
parser 316a, creates corresponding additional source codé which is added to the
source code in the source code store 308.
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itelligence domain formng part of Figure 1; ' WD 97/ 26596
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Figure 7b is a diagramrepresenting the structure of data held within the
transport domain formng part of Figure 1;. Figure 8

Il lustrates tﬂsog%éﬁwztructure Wi thin nmenory of one conponenthLGPymmd#g

7a;, 5
appar at us of

10

15

20

25

30

9 illustrates the operation of a pre-conpi
14

er

Referring to Figure 10: the operation of the pre-compiler in general terms is
as follows. In a step 1002 the pre-compiler 316 creates an additional data
structure ("type model”) consisting of a new class comprising a set of objects
which respectively represent all the classes of objects present in the source code
of the source code store 308.

For each class encountered, therefore, a new object is created, which
contains items of data recording the data held in, and the functions performed by,
that class. This information is compiled together with the code so that at run time,
each host processor 10 has information necessary to decide on which processor to
open a new object of any given class, as will be discussed in greater detail below.

Thus, after step 1002, source code describing this type model 309a is
written into the source code store 308.

In a step 1004, the pre-compiter 316 reads the source code in the source
code store 308, and adds an invoker function which receives messages from other
hosts 10 and, on receipt, calls corresponding local functions. '

Thus, on each detection of a function (the "target function”) in the source
code in the source code store 308, the pre-compiler 316 inserts in the invoker
function a statement which will call the target function on receipt of a message
intended to call the target function from another processor. Code to return
correspondingly a value from the target function as a message is also added.

Thus, after execution of step 1004, the source code in the source code
store 308 includes the invoker code 309b for converting a received message from
another processor to a local procedure call.

When compiled by the pre-compiler 316, any pointers used in the source
code in the source code 308 will be allocated an address within a single, common,
memory space, since the compiler 312 anticipates 2 single processor rather than a
distributed computing environment. However, in a distributed computing
environment, many objects may physically be located on different processors and
accordingly cannot be accessed via pointers within a single memory space.

Accordingly, in step 1006, the pre-compiler 316 scans the source code in
the store 308 and replaces each detected occurrence of a pointer with a reference

which can be used to access the actual location of the object concerned, even if

ure
t he



Figufe 4 in augmenting original source code held in the source code store

of. Figure 4 to produce extended source code; . Figure 10 is
a flowdiagramillustrating the general sequence of operations of the
pre-conpiler; 10 Figure 11 (conprising Figures 1la and 11b) is a
flow di agram say\g7psdsn greater detail a part -of the proceesgE7b01gUr €
10 for construction of a type nodel; Figure 12 illustrates the
addi ti onal source code generated by that prb&ess; Figure 13
schematically illustrates the structure of the type nodel thus

produced; 15 - Fj. ' ' 1 t l g atl

of a further pafdt“s ot °f ﬁg'ﬁggﬁpéré%éesgg@jfhhg}%ﬂérrZbggll%ml)#] otﬁ%v%tg* r}g’anB%rié#g e
i nvocati on of olpéeinsthe source code store BOgincdudeS alsorefespoindicade BABEcat es t he
addi ti onal source cod s . . e [ |

fl ow di agramil | ust ra? P%SQ%&&%BS? a%‘#]'%ége% "SR ?fh%'}ecgicaﬁoggo?é%g'eg‘ %ebr? the
process of Fi guoee hend,candeflirndusiel’ staiempoisranethg ;other hand, which caf§egiheccompiler
illustrates the r | Lol pr oduced t her eby;
Figure 18a i sglar?qigltFE@?%ﬁ!%ygﬁg%g%@h%?ﬁ%iqiﬁrgawc)gﬁ'i ng a function via

| ocal poi nt , i

Referring to Figures 11 to 13 the process performed by the pre-compiler
316 in step 1002 will now be described in greater detail.
The pre-compiler 316 scans the code stored in the source code store 308.

10 On detection of a class declaration statement {step 1010) the pre-compiler 316
writes code to create {"instantiate") a new object of a new class, as shown in
Figure 12. In Figure 12, the statement "#Include “SysType Model.h” " includes
additional code which, amongst other things, declares a new ciass SysClass, and
the statemenf "SysClass class 1 ("X")" declares a new object Class 1 of that

18 class, and stores the name ("X") of the class which the object represents. Thus, in
step 1012, this latter statement is written into the source code store 308.

Within the class declaration, when the pre-compiler 316 encounters a
statement declaring a data type declaration {e.g. the statement "int X1" in Figure
. 12) in step 1014, it writes (step 1016) a static data declaration storing the name

20 and type of the variable as string data.

When all data declarations in. the class have been scanned {step 1018),
.lthe pre-compiler 316 scans the code in the source code store 308 for the
occurrence of constructor functions (i.e. functions which, in run time, cause the
creation of a new object of the class concerned). '

25 ~ On detecting a declaration of a constructor function {step 1020} the pre-
compiler 316 writes a static declaration of the constructor function into the source
code store 308 (step 1022).

After having scanned the or all constructor functions (step 1024) within
the class declaration, the pre-compiler 316 detects (step 1026) occurrences of

30 declarations of functions {i.e. subroutines, programs or methods) in the class
declaration in the source code store 308 and, on each occasion when a function is
detected, writes {step 1028} a static declaration of a variable containing, as string
data, the type and text of the function.




25 Figure 18b is a corresponding illustrative diagramindicating

the calling of a function by reference follow ng the perfornmance of the
process of Figure 16; - - Figure 19 illustrates the structure of
an object location table held within menory as part of the object

manager program of the host conputer of Figure 3; ' 0
Illustrates t %W%Péture of a host status table stored vm'thr?“l'wlf:;??24'}'5?8072
menory of the host conmputer of Figure 3 as part of the object manager

t her eof ; i Figure 21 (conprising Figures 2la and 21b) is a flow
diagramillustrating the updating of the host status table;
WO 97/ 26596 Once all functions within the class have been detected {step 1030), the

PCT/ GB97/ 00107pre-compiler 316 proceeds in the same manner with the next class declared in the

source code in the source code store 308 (step 1032) until the entire source
program has been scanned in this manner. At that time, as shown in Figure 13,
5 within the new class SysClass, an object {(CL1, CL2, CL3, CL4...} for each declared
class in the original source code will have been declared in the amended source
code.
Invoker Creation
Referring to Figures 14 and 15, the operation of the pre-campiler 316 in
10 performing step 1004 of Figure 10 will now be described in greater detail.
First, in a step 1040, the pre-compiler 316 inserts a "#include” statement
to cause the compiler 312 to include code stored in the library 314 which performs
a message receiving and despatching task. As will be discussed in greater detail
below, a "message" in this context is passed from the operating system of the
- 15 host processor 10 to the object manager thereof, and may originate from one of
the other host processors 10 or from another process executing on the same host
computer 10.
As well as including a reference to the library file containing the code for
forming the message translation, the pre-compiler 316 also writes a declaration of
20 an invoker function consisting of a number of specific procedures for executing a
call to a function on arrival of a message intended to cause the execution thereof,
and for returning any return values of the function via a return message.
in a step 1042, whilst once more scanning the source code in the source
code store 308, the pre-compiler 316 detects the occurrence of a constructor
25 function [‘_'X::X()“) and inserts {step 1044), within the definition of the invoker
function, lines of code which compare a received message with text corresponding
to a call to the invoker function and, where the message matches (i.e. constitutes
an attempt to execute a call to the constructor function}, call the constructor
function. '
30 Likewise, on detection of a function of any other kind in step 1046 (for
example, the function "getX1()" of Figure 15), in a step 1048 the pre-compiler 316
inserts, within the invoker function, lines of code which compare a received

message with text corresponding to a call to the function name, and where the
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7 Figure 22 (conprising Figures 22a and 22b) is a flow diagram
Il lustrating the process of constructing a new object;

Figure 23 is a flow diagramillustrating the process of noving an object
from one host conputer to another; and 5 Fi gure 24 (conprising
Figures 24a, 24 ¢pdsegdC) is a row di agram show ng the poYaEsoab7
transmtting a nessage to an object on a renote host conput er.
Referring to Figure 1, a tel econmunicationsssystem produced according to
the invention conprises a plurality of switching centres or exchanges 2a,
2b 10 interconnected by comuni cati ens channels 4 (e.g. mcrowave |inks,
fibre-optic mesgrge smatehesti call theppamed: frictions and rswgnl 1 QG casnerpte & FeTU® on

any of the foree.gsgyaé mcludnr(%'qutuﬁpvé\ué bRAIRPORLHTRL Raify. COnnected to the
transport domain I'sS_an intelligence domain 8 conprising a{)lurallty

of host conputers 10aThU§oes shown in Eigdieal $.i aiter copiatian CAthe RTALENOL Rigure 14
swWi tching centr@g &dendél s6ufeeStdtRatdrhdtes lafeferdnce tol ar thvokeruncliord ittt &N

al so interconnect the host conputers 10a, 10b. For exanple the two
donmai ns may e #RIYeE 3R eRsiaImMessasgs @Pétteétﬁngmstueﬁssase%rfgrﬁmrum & geriesnef

specific subtests comprised within that function which detect the occurrence of
calls to named local functions and perform those calls, and {where relevant} return
a value.

Pointer Replacement

10 Referring to Figures 16 and 17, the operation of the pre-compiler 316 in

' performing step 1006 of Figure 10 will now be described in greater detail.

In a step 1052, the pre-compiler 316 scans the original source code in the
source code store 308 to detect occurrence of declarations of pointers to other,
named, objects (e.g., referring to Figure 17, "X*otherX").

156 On detection of such a pointer to another object, the pre-compiler 316
inserts (step 1054) code to cause the creation of a new object (in the same
address space as the object which contains the pointer, i.e. a "local” object).
Referring to Figure 17, in this case, the new object is named “XRef".

Together with the constructor of the new object, code performed on a call

20 to the object is created. Referring to Figure 17, the code comprises statements
which send a message comprising the pointer and associated operators, and return
a value received in reply.

Then, in step 1056, the original pointer declaration in the original source
code, "X* otherX", is amended to "XRef otherX", so that it can refer to a remote

25 obiject instead of a local object. .

Thus, referring to Figure 18, Figure 18a shows the effect which would
have been produced by compilation of the original source code of Figure 17. An
object X1 within the memory of a host processor 10 executes a call to an object
X2 elsewhere within the memory of the host processor 10, which returns a reply

30 wvalue.

Referring to Figure 18b, after operation of the process of Figure 16, the
calling object X1 is held in the memory of a first processor 10a and the object X2

is held in the memory of 2 second processor 10b. Accordingly, during compilation,




7 (SS7). The host conmputers 10a, 10b together constitute a

| oosel y-coupl ed distributed control systemin that they can only
comuni cat e using a nmessagi ng 20 techni que, and they do not conmuni cate
usi ng a shared nenory technique. End user term nal apparatus
(al so known as termnal equipnent) such as t el ephones 14a, 14b an

br oad bandwi dtWOS3ReM%i cati on devi ces such as vi deo pl aye#gr"fgw’(]”lﬂ"nt ly
conprise an end user domain 18 connected to the transport dormain 6 via
~local |oop connections 20a, 20b, 20c (for @8anple optic fibre, cellular 25
radio or twi sted pair copper cable |inks). Further provided is
a service proviglglirdiBlx3 % EABNIHIRE e REhBAE Hace a5 tf'aQrcaf%ngbﬂé %1,
services (for exanple’'video services), such as a vi | 'ayer 4 a

conput er ter ni rAald PENtet Gefgerdces] Wiahhwoule chafmm)h@vajmfﬁrw BJ %Za"q“@dafer ltoop
connections 28ax3 ng(t(ng%ngre?iegshal%spaéw W‘%“Pdcﬁu UroR hGSJG&I 9h ttaa'%%rqta@el

I i nks. 30 hi on, an end user term nal "apparatus 14 or
is used to pasgProcesses cempegeg the ableﬁfe"taﬂesﬁ;ptﬁ& apsrating sysep {1RE. QEQOFF%%

provi der domgi mgk? anﬁéorﬁmumcaﬁcﬁ'&%ﬂpara@uéz h"@@ '?ﬁ i ﬁrs§ %Foc@&otr RioAUH tHeYRrm of

transport domain 6, and the service provid omain 22 transmts a
service via the® B¢asA%e| for granpreissing tadhe 5669?&% PF°SE‘E¥S(’T 3Pb. as will be described in

greater detail below.
The message is received b.y the cdmmunications apparatus 100, processor
102, operating system 106 and object manager 108 of the second host processor

10 10b, where (in accordance with the code inserted by Figure 14 above] the
message is converted into a local function call to the object X2, and the value
returned by object X2 is trar_\smitted back as a message to the host processor 10a.
This return message is passed back to the local proxy object X3, and thence to the
original calling object X1.

15 Thus, after all such local pointers in the original source code in the source
code store 308 have been detected (step 1058}, it will be understood that all local
pointers which would otherwiée have been generated by the compiler 312 have
been converted into references to local prox;/ objects which in turn generate and
receive messages to the originally referenced remote object.

20 The originally referenced object may, as shown in Figure 18b, be
physically located on a different host pror’:assor. or may be located on the original
host processor 10; the use of message passing communications, rather than local
pointers (as would normally be generated by C+ + code) ensures that the object
can be reached regardless of its location.

25 Runtime Operation

in the foregoing, the operation of the invention during precompilation has
been described. The operation of the embodiment at runtime will now be
described.

Within each host processor 10, the object manager program 108 ({the

30 "daemon") comprises, as will be described in greater detail, processes for creating
new objects; processes for determining the location (i.e. the host computer 10) on
which given objects are stored; processes for sending messages to remote host

computers; and processes for receiving messages therefrom.
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by transmitting a real tine video film or a file of data in electronic
format). : In conventional plain old tel ephone services (POTS),

t he transport dgjaad,, 6596 6 is controlled sinply by the dial | egcgBimosor
generated in the end user donmain to 5 set up the transport path. However,

currently, "intelligent .network"” control of tghe

Referring to Figure 19, the object manager 108 for each host computer 10
comprises an object location table 1500 étoring a list 1510 of the objects currently
in existence by name, and, associated with the record 1510a-1510z for each
object, an entry 1520a-1520z storing the host computer 10 on which the object is

- 5 currently stored, and an entry 1530a-1530z storing the identity of the host
computer on which the object was initially created.

Referring to Figure 20, also stored within the object manager 108 is a host
table 1600 comprising status data on each of the host computers, from which the

~ most suitable host computer to create a new object on can be derived. This table
10 therefore comprises a first set of entries 1610a-1610z storing the identities of
~ each host computer; an associated second set of entries 1620a-1620z storing the
amount of free memory available on that host computer; é third associated set of
entries 1630a-1630z storing connectivity data for each of the host computers 10
{for example the number of other computers to which it is connected), and

15 optionally other entries relating to, for example, processor speed.

Referring to Figure 21a, the object manager 108 of each host computer 10
periodically interrogates the operating system 106 thereof to determine whether
there has been any change i'n any of the data stored in the table 1600 for that
processor (e.g. whether there is now less memory available than previously) in a

20 step 2002 and, on detection of a significant change in any such item of
information, in a step 2004 the object .manager 108 causes the transmission of a
broadcast message via the communications apparatus 100 to all other host
computers 10 listed in the table 600, signalling the new information concerned.

Referring to Figure 21b, when any host computer 10 receives such a

25 message in a step 2006, the object manager 108 thereof updates the status table
1600 of Figure 20 to reflect the new information in a step 2008.

Thus, at any time, the object manager 108 of each host computer 10
maintains up to date status information for all other host computers, as well as its
own, within the table 16 of Figure 20.

30 Referring to Figure 22, the process undertaken on constructing a new
object will now be described. In a step 2010, when an instruction to call an object
constructor function would otherwise have been encountered in the source (step

2010), rather than creating the object in the address space of the host processor




transport domain is provided by the intelligence domain 8. The intelligence

domai n 8 receives fromthe transport domain 6 the dialled nunber and/or
the dialling nunber, and perforns sonme call processing in accordance
with either the dialled or the dialling nunber, or both. The

intelligence domain typically provides nunber 10 translation services,
where a dial | W@%RENE nunber is translated to provide a cal | PCVGBIYPIY, di ng
service to another nunber. In this case, the dialled nunber corresponds-

to a stored record on one of the host com@@ers 10, which is accessed in
response to a signal on one of the links 12, to generate a

correspondi Ng {E#8in wRikh Bk L4AB he obi i lopt d to
t he occurrence ofr an event In tﬁ:_réeatt?énesgt(’)j?%t ??‘Aag%%gﬁﬁggeftshgﬂégaﬁ%?%g&
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Q her data is also stored within the intelligence domain. _
enbodi nment, bi3bevadn delediort & Figwees daito 13) whishedescribesnghe slass |afgwhish the

donmin, to gnajbiet to be BRI R dold MeR@eRlf €ach custoner. 20
Referring to Figure_2, the intelligence domain 8 further conprises a

conpi | er appar atus JOus.dBe gPigey maneger Rroar ey r1QFie AWty Ksthatreaiiremestmelcthed t o

the host  cobjaretrRins 1ol Be VdreatB@ UNET Khe®el &f Rqdildd- 4 1@ A safl anfd PR of
net wor k (\WAN) runni ng between the conpil er apparatus 30, the hosts 10

and the serverBemgry storage and whethgfoit JBQUIEE ACEPEE 1 8D TEBNMEBY S@MMBHNiGASiopr
more Worl d W dsintébard\Wa¥Jdata on the availabie capability of each host computer.

10 In step 2014, the object manager 108 selects a host computer 10 on
which the object is to be created. The decision may be based solely on which host
computer has the most available remaining memory, or on which has the best
connectivity to access points from which the new object will be called, but is
preferably a weighted function taking into account:

15 the available memory on each processor;

the connectivity of each processor; and

a preference for the current processor {i.e. that from which the call to
create the object originated).

In a step 2016, the object manager 108 transmits a message to the

20 selected host computer 10 comprising the address of that host computer and the
command to invoke the constructor function of the class to which the object to be
created belongs, together with the name of the object to be created.

At the targeted host computer 10, in a step 2018, the message is
received and passed to the invoker function (which was created as described

25 above with reference to Figures 14 and 15 at compile time) in a step 2020. The
invoker function then causes the creation of the new object at the targeted host
éomputer. At the same time, the targeted host computer 10 on which the new
object is created updates its object table 1500 to include the new object.

Finally, in step 2022, the targeted host computer broadcasts to ail other

30 host computers 10 the identity of the new object and its jocation, which is
received at the originating host computer {amongst others} in a step 2024 and
used to update the object table 1500 thereat. Thus, according to this embodiment,

objects are created in runtime at selected host computers 10, so as to balance the




25 server conputers conprised within the Internet 32, and hence to editing
termnals 15a-15d connected to the Internet le.g. via a |ocal packet
swi t chi ng node). Referring to Figure 3, each host conputer 10
conprises a mainfrane or server conprising comuni cations hardware 100
~connected vi a‘g,gg.,,y)ﬁbkto t he servers 11; a processor 102; pafvdpsisviéne
104, conprising both rapid access 30 storage in the formof random access
menory and offline storage in the formof 54 magnetic or optical disc
drives. - Stored within the storage apparatus 104 are an
operating system 106 oi?e. g. UNLX-(TM); an object manager program 108;
and an obj ect wistrhutiopnpt jodjests to the most suitable host computers, on the “basis of

9 periodically updated information on each host computer status.

Referring to Figure 23, objecfs need to reside permanently on a3 given host

but may be moved from one host to another (i.e. delet_ed from the storage of one
5 host and included in the storage memory of another).

In a step 2030, the object ménager 108 for each host 'computer 10
reviews the status table 1500 thereof. In a step 2032, the object manager
program 108 determines whether an object is to be moved from the host computer
10 on which the object manager 108 is resident; for example if that host computer

10 10 is running out of available memory. If so, a suitable object to move is selected
{for example, a rarely accessed object).

in a step 2034, the object table 1500 is reviewed to determine, from the
entry in the corresponding field 1530 for the object, whether the object is currently
residing on the host on which it was created. If so, {i.e. if the object has not

15 moved since it was created) then in a step 2036, a new host is selected (in'
exactly the same manner as described above in relation to creation of a new
object) and in a step 2038, the object is moved. _

Step 2038 comprises two components; firstly a message is transmitted to
the new host instructing the creation of the object at that host and specifying the

20 values of data stored within the object; and secondly, the object is deleted from
memory on the éurrent hgst computer 10,

i in step 2034 it is determined that the object is not currently resident on
the host computer 10 on which it was created {i.e. the object has aiready moved
since it was created), in a step 2040 the object manager sends a message with

25 this new host location to the original host computer 10 on which the object was
originally created {as determined from the entry 1530 and the table 1500 for the
object) and, after receiving an acknowledgement from that original host computer
in step 2042, proceeds as described above (step 2036).

Referring to Figufe 24, the use of the object location table 1500 will now

30 be described in greater detail.

' When a message is to be sent to an object, initially the object manager

108 determines the current host processor 10, on which the object is recorded as




cl ass code 110 and object data, all of which will be discussed in greater
det ai | bel ow. _ Each editing termnal 15 conprises a personal
conputer, and may be connected via m)demto a comon tel ephone socket
with a corresponding 5 telephone 14 at a user's preni ses. Each
editing terminal 1 5 therefore conprises a processor, a Screen, ou

devi ceg an |ﬁ'5ﬂ197’6‘(§?ﬁ ce (e.qg. keyggard (or (F:)ursor control dé’\ﬁT(:q‘ew%ﬁ@mas a
nouse) , and storage apparatus ROM RAM and a hard disc) containing a

gr aphi cal user environment (e.g. Wnd (TM), a conmunications
program and a object 10 browser program Referring to Figure
4, the conpi | deingppeated, USitito e bSjest lacaednabid d800 &SI sendsialinesfaaeLcaliingui t

board 300 connect ed t he WAN servers 11; processor 302; and a
storage appar &t gb'ﬁfle?? %h(??cﬁ”ﬁmtj’ﬁfteﬁ 55515528381 y) conprising random access
rrerrrl)rg (RAM and hi ghr:oaqjasxiahgesrrmsqg_?éewgreaah h?é’ domhg;aiﬁgj !d@t)ilt &nsbssib® | Ng
an oper atjing . .system (e.g. . a.native co er progra
312) (such as%aq' d%%?\?’ﬁgegsfgﬁ?%g\"éngf %%'mnéwﬁatl\ﬂnér"dsvgi Roge caf sﬁr éh%ghlﬁg er
316 to be désdedakion tatrle 1500gna3amcarbedmmmebalm daradscathat encalied objext @5 | Ng
standard 1 unchbos ieheidighh B he MRicarea {3PEERIENT Subprograms or

subrouti nes) I ncor por a {8 45eW The C+ +
conpi | er conpri ses, Referring ¢worRisurei 2#Hal wl‘anctbmphd:sar cothpater 10 to which the

message is addressed receives the message in a step 2052, it determines whether
or not the object is recorded as being present within its own object location table

10 1500 in a step 2064. if present, the object is calied in a step 2056 and any return
message is transmitted back in step 2058, as described above.

i not, then in a step 2060, the host computer signals back a failure to call
the object.
The originating host computer, on receiving such a message in a step

15 2062, then sends an interrogation message to the original host computer 10 which
is recorded in the table 1500 as being that on which the object in question was
originally constructed, in a step 2066. Because of the separate location signalling
steps 2040, 2042 of Figure 23, the object location table 1500 on the original host
on which the object was constructed should be fully up to date-in respect of that

20 object.

Referring to Figure 24c, when the original host computer receives, in step
2068, a focation interrogation signal the object manager 108 thereof refers to the
object location table comprised within it in a step 2070, and signals back the
determined location of the object concerned in a step 2072.

25 The ﬁrst'host computer receives the location. signal from the original host
and determines, in a step 2074 of Figure 24a, whether the host computer thus
indicated as the location of the object differs from that to which a message for the
object has already been directed in step 2050. if so, the object manager 108
updates the iocation table 1500Q in a step 2076, and returns to step 2050 to repeat

30 transmission of the message to the newly indicated host computer 10 location for
the object.

If the address received is the same as the address to which the message -

was previously directed, in a step 2078 the object manager program 108 returns a

e, Lem Lt st e s ey e



20 conpiles to relocatable binary code'and a |inker program 31 2b which
concat enat es the binary code wth the binary code routines stored in
the library 314 and | ocates t he concatenated code in a nmenory address
space for execution. Such conpilers al so generally include a

pre- processor v@g&t) Jpierprets conpiler directives, such as peri¢ERlobds”
statenents to r ?%57%ddi t i onal code, or perform other operations during

25 conpil ations. Al so provided,are: a storage area 308 for
storing input source code defining a C + + program (e.g. input via the
I nput devi ce 320, or downl oaded via . the communications circuit 300, or
| oaded via a di scemmq/@d@ema taildreviot iepeh tﬂ?eoblect tg thy eljectapioarstt ersussmr)om

and a storage arv@ﬁm%;thgﬁ rﬁgt%lcggt@(%%é ﬁlaFerde 30 generated by the C+
2

+ conputer 312 (i.e e processor . t| ng under control of the
conpi l er program. Al #oWHhmuad@dS@@ shast matye emkogdirdarg. whA¢h fhost sp@puter 10

iés; glmt daf) a CONGHRFYs dufiiet LIRS table Ml Whith e REatPEES St th tHe§ystem is
P y 5 recorded, and each host is therefore able to operate autonomously, without

reference to the central database, to call other objects on different host
computers. Nonetheless, a higher level of integrity is added by providing that each
host computer 10 additionally keeps track of the locations of all objects which
were origina{lv created on that host computer, even if the location of those objects
10 subsequently moves to a different host computer.
Furthermore, it will be apparent that each host computer 10 maintains
accurate records of those objects which are located within its own étorage area.
It would, of course, be possible to provide separate tables for the objects
15 stored locally within eéch host computer and for the objects originally created on
that host computer, as well as those objects stored on other host computers.
However, providing a single table storing all object locations ensures greater
_ flexibility, since all object location tables 1500 of all host processors 10 will be
substantially identical, méking it possible in the event of the expansion of the
20 distributed computing system to include a new host processor system to copy the
obje_ct location table from any one host processor onto a new host processor.
| it will be apparent from the foregoing that many modifications and
substitutions are possible. For example, although, for the reasons above, it is
convenient to provide the invention as a pre-cbmpiler cooperating with a
25 conventional C+ + compiler, it would equally be possible to integrate the present
invention into an unconventional compiler {and indeed the combination of pre-
compiler and compiler may be considered to comprise exactly this).
Naturally, the invention is usable not only with C+ + but with other object
oriented languages such as Smalitalk {TM) which are to be provided in a distributed
30 _environment. More generally, it would be possible to utilise equivalent techniques
with a non object-oriented language and an a non-distributed system.
Whilst the invention has been described as including the compiler

apparatus within a telecommunications system, it will be realised that in practice
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10 ° the avail abl e storage nenory on each of the processors 10; the
speed of operation of the processors 10 and so on. The
processor 302 is arranged to run selectively either the C+ + conpiler

312 on the source code in the source store 308, or the pre-conpiler 316
followed 5 by the C+ + conpiler 312 on the source code in the source store
308, to gener MQIN2659%cyecyut abl e code in the executabl e code FCEIEBITR07

In the former case, the code generated will execute on any suitable single
processor. The processor 302 is, in the endbdiment, itself arranged to be
capabl e ‘of executing the code directly generated in this manner by the

C + + conpiler theleomﬁréatﬂpb&Gthheod@% ihG Bi?r%Fen't Wirﬁ%ﬁ'a&‘ldmﬁw% thBhost
program operates generally a expect ed he latter case,

t he pre- conpi | EPMBYteE fY'Fsta"pr tesaatianal  telacomraunicasions | ﬁetwmkt hacesdipgly.

store 308 (takphfedtivhGs atdi@bdifothe SdppiRMapdratusBath iiMBomBinktién with and in

di stributed systg’ grnPrhISI n% the host 10 on which the code is to be
execut ed), 15 SREFUGRHOMuthedelsrpmpwaicatensretwgtkeWth Whikh B Hinsed: store 308

which is theh Naturally, applications other than telecommunications are possible. such
as for example shared distributed computing.

Many other alternatives and modifications will be apparent to the skilled.
person. Accordingly, the present invention is intended to encompass any and all
subject matter disclosed herein, whether or not covered by the accompanying

10 claims.

Our other UK patent application 9600854.5, filed on the same date and
with the same title as this application, is usable with this invention and is
incorporated by reference herein in its entirety. In particular, the functional

information derived therein may be stored in the type model described herein.
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conplled by the conpiler 312 to generate executable code in I
code store 310. This executable code is, however, not nH mmnmmm Iﬂ“l

execut abl e on the conpi |l er apparatus 30 since it is for executu om om *
~the nmultiple distributed hosts 10. Referring to Figure 5, the
general operat @y ,?ggkhe conpi l er 30 under 20 control of the s&pERHGRRAY
program 307 is as i In a step 202, source code iIs input
into the source code store 308 (e.g. §ga t he input device 320). In a
step 204, the human operator nmay decide to edit the source code in the
source store 308, in which the edited text is input into the sour ce
store 308 (e.g.ChAIM$y a conventional text processor). 25 Once any
such editing is conplete, in a step 206, the user may el ect whet her or

not to test the source code locally. In the event that he does so, in a
step 208 the prbcessdf disxéwtedconpsing systent cappliging 31turelityt ¢fehasd sroputssle

in the SOUR @? egap %oébﬂélﬁ%gorﬁerhgryp&%qg RECLIN %HB%Wr@de?QQ\%e'dndétg Gecords

execut abl e code store i'na step e processor
execut es t he Bexdddt and erageates (1A0) i@ acsiemma'@ﬂam wgera (hh3). Bharpetetisately t o

i ntercept neani ﬂﬂ@'ﬁ&ﬁsx@tpe&t@éécﬂ%sﬁe&n?uter (FOI0§E brtéﬁlg (PI) ¥ kR ocatisll of8
di spl ayi ng on the output screen 0 enabl e t user to see at is
happeni ng. data records {112} on all host computers (10).

2. A system according to claim 1, in which the data records (112) may be

10 moved from a first host computer (10a) to a second host computer (10b).

3. A system according to claim 2, in which, on such a move, the location of
the host computer on which a record will be relocated is signalled to each other
host computer {10).

15
4, A system according to claim 2, in which each said location table (1500}
stores also the location of the hast computer (10) on which the data recard was

created.

20 5. A system according to claim 4, in which, to access a data record, each of
said computers is arranged to read the location table {1500) it stores and then, if
necessary, to access the location table {1500} of the host computer {10) on which
the data record (112) was created.

25 6. A system according to any of claims 1 to 5, in which said data records

{112) comprise objects each accessible only via agsociated code (110).

7. A system according to claim 6, in which said objects comprise muitiple
objects {112) of the same class, and in which muitipie objects of said class share
30 said associated code {110].

8. A telecommunications system comprising a distributed control system

consisting of a plurality of interconnected computers (10) and compiling apparatus
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In the event that errors occur in the execution, in a step e use

may decide to return to step 204 to edit the source code in the source
code store 308. |f the source code appears satisfactory, then in a
step 214, the prRTHMfi1er 316 is applied to the source E&EEBIFRIAE
source code store 308 to generate anended 5 code, which is then conpiled
in a step 216 by the C+ + conpiler to generﬁie execut abl e code in the
execut abl e code store 310. This is then transmtted to the di stri buted

host conputers 180ifer eorﬁﬁlﬁ'ig ﬂr]:&rabﬁsafoi Bfd VYOMpERFVADS, the apddtetusi(30) comprising
illustrated graphl cal.| yég

compiler {312] ar nged to compile a source program for execution on a single

host computer (10}, and a pre-compiler {316) arranged to receive an original source

program suitable for sing!é-computer execution and to amend said original source

5 program to add additional source code (309) whereby to produce an amended

source program which, when compiled by said compiler (312}, will execute in said

distributed control system.

9. A. system according to claim 8, in which said compiling apparatus (30) is
10 arranged to generate multiple copies of said compiled program each of which is for

execution on one of said interconnected computers (10},

10. A compiler apparatﬁs {30) for use with a distributed contro! system
consisting of a plurality of interconnected computers (10), said comp'iler apparatus
15 being arranged to accept an original source program in a source language, suitable
for compilation on a single computer {10), characterised in that the distributed
control system is loosely-coupled; and in that said compiler apparatus is arranged
to accept said original source code program and to locate, within said original
source program, functions which may be invoked from other points within said
20 source program, and to ada_apt said original source program to permit said functions

to be invoked remotely from other computers {10).

11. A compiler apparatus (30) for use with a distributed control system
consisting of a plurality of interconnected computers {10}, said compiler apparatus
25 being arranged to accept an original source program in a source language, suitabie
for compilation on a single computer {10), characterised in that the distributed
control system is loosely-coupled; and in that the compiler apparatus (30)
comprises a compiler {312) and is arranged to locate, within said original source
program, pointers which will be compiled by said compiler {312) as pointers to
30 areas within a single computer memory space, and to amend said original source

program so as to be capable of referring to objects in the memory spaces of other
said computers {10).
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The data model enpl oyed within the intel Iigence domain w || n

descr! bgad briefly. In the follow ng, each "object" is a data r B%Miﬁ !‘!"l“l

conprising a nunber of fields of data, which is accessed T
whi ch corresponds to that object (in a one to many relationship, in
the sense that_the sane code which relates to a class of p%'?k%‘uﬁmo?

actual ly "acces MI736396 obj ects of that class).

conventional, objects are grouped into classes, the objects of the 15

sanme cl ass co_nt aining different data but i §? the sane format. Each object is
associated also with one or nore subroutines (generally ternmed "nethods" or
“functions") whigh operchipilen apfRatdat B0) e vdel elithgendisaibuyedc onstrolt sysemnhe
only means of doin

subroutines assTRTSEIEY °\9\Ft“ﬁ‘"ﬂiw P&f'ﬁ?ﬁ”%‘?ﬁcé%‘{]%"m?mﬁﬁ ﬁto hesag;%%%%fepggpamﬁs
recei ve and r et pgifg 6@srigedpoRctdpY af afriginal odrbe psognam (n a spuigk|language, ofjitables
of the same class have a conmon inter

subroutines ar e’s°6rﬂ°§7‘pﬁ%tb‘?"e§'ér‘?t @'89'8n%°é“'?‘5F') yld) SEfrfgﬁegs ot ! % %Lheatstrg?}ed'?: riputed
(i.e. the 5 &arili fsﬁ)ﬁtehh& wiobelpbupled; bsd mmItyiastmuembrmnkee)apperatmaﬂw)he
code and the objects ne to nman (o]

t heref ore assoc é?”@ﬂd\ﬁf’trﬁa‘{ fad qrggmsap ol s pr?%’émo ?(gté S’&?Z{[hgretgﬁlg% g\ftd

each object. records describifigathie dzt@issd @Fogrbinesttuctarys lbemarisashyitbinssais odginal

nore generic class Q% Lo conventional in object oriented programm ng.
ourée gra
In this case, co may be stored
10 13. Apparatus or system according to any of claims 8 to 12, in which said ’

original source program is in an object oriented language.

14, Apparatus or system according to claim 13, in which said language is
C+ + or a variant thereof.
15 -
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instead in relation to the nore generic'class (the "superclass"). The
obj ect manager 108 contains a |list of the |ocations of the data maki

ng
up each object, and on each 30 invocation of (i.e. call to) an object, the
obj ect manager accesses the rel evant subroutine code within the class
code storage a nd supplies to the code the addr essordpdiigiosiat a
for the rel evaw&% e%‘f‘ within the object storage area 11 2.
WD 97/ 26596 . 1/20
PCT/ GB97/ 00107 12

Referring to Figure 7, in this enbodi-nent the objects provided within the
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hosts 10 of the intelligence domain conprise a plurality of custoner

obj ects 500

custoners) which are

destroyed when the custoner

Wl

and destroyed after the te
plurality of comunication device objects
to an itemof custoner term nal equiprent,
connection of 10 ]

networ k; and edi
of call objects
respective call

(one holding data relating to each of tens of mllions of

created on the accessi on of a new custoner;

a custoner's requi
each of which is .

5 voluntarily departs or

%&at ion of the

a- 700c which each rel ate
nd are created on first

rements change'PCq

is cut off fromthe

created at the Oﬁﬁgg@ﬂ[&#ty

cal |l ;

and a

Referring to Figufe 7b, ng centres 2a 2b. ..
of the transport ¢ t~n 6 further corrprisem t @DsZon ah pre
stored obj ect ;oéga- 800b, 900a- 900f wh| D nt> gﬁ fvely, the
swi t ches and Oh_g"orts of the switche =dr 5 &/ij_ genfres
Thus, each switch __j%ct 15 800 containsffa r Bl ag?ﬁ he
correspondi ng swi @@t any nonent; t fes s qxi§ o ehtly in
menmory and have aj @gento one mapping to t %cég weyx resent in
the switching cen g%z,mso t hat. writiBg to the|pariii orfF O s Dlag ect s
changes the state heSrespecti ve podts or swi|tches, and readi ng t he
port or switch ob é@% gl ves an accurate Y eflectlion of the actual clphdition
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20 the correspondi ng physical devices." . By way of exanple, the
structure of data within a custoner object is illustrated in Figure 8.
The attribute data naintai ned by the object 500 conprises a custoner

type field 502 (which may indicate that the custonmer is an enpl oyee or sone
25 ot her- unusugh ofitgdéeS, Or is a nornmal custoner); a user ID%&%&% a
host field 506 I ndi cating the host 10 on which the object was
created (conveniently in http/ TCP/ I P format). Al so stored
is data relevant to the services provi ded 842 he custoner; for exanpl e,
the normal tel ephone nunber of the custonmer (field 508); a tel ephone 30
"nunber to which the custoners calls are to be re-routed at particular tines
of day . (field 510); and the tines of day during which calls are to be

re-routed (field 512).
o
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Finally, billing information for the custoner is stored, in the formof a
call log field 514 storing, for each call, the called (and/or calling)
t el ephone nun‘qg 97:54396 date and tine of the call, and thepepgbombiohe
call (field 51 ? Different parts of this information need to
be accessed by different 5 individuals. ﬁ% exanple, the fields 508-512
whi ch define.the service to be offered to the custonmer may be edited
by custoner service personnel or by -the custoner hi nsel f via an end
user termnal 15, whereas billing data (field 514) should be writable
only by the billing and accounting personnel operating the network.
Certainly, no custoner should be able to re-wite his billing records from
an end 10 user termnal 15. F|95

( BEGIN )
-

202 ' ,
INPUT i
\]/ SOURCE / 216

COMPILE

¢ f21 8
TRANSMIT
TO HOSTS

10

COMPILE WITH | /
C++ COMPILER

‘ 210
RUN >
212
| N
Y
PRE-comPiLE | /4
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I n operation, the occurrence of events in the transport domain (such as the
moni toring of an "off hook" condition within the end user donain) invokes

t he operation of the code associated with an object in the
intelligence domain. For exanpl e, on a tel ephone going off hook in the
end user .domai de to create 15 a new "call" object 6 ed.
When the call e(rj’vvgta?rtgsggé’l S detected, it is transm t!ted Vi g‘&g‘ﬁéash/ﬂ?{ﬁlf
signalling links 12 to t-he |nteII|gence §é#hin 8; the customer obj ect
500 of the calling party is activated to anend the billing record field

t her eof ; and the custoner objecg~566 2 alled party is accessed

to deternlne t he nunber to whic d be forwarded, which
information is then 20 transmtted olpj ect s 800 within the
transport domain to set up the h the call will be
carried. ' During the pagspgg the role of the
intelligence domain is usually ing dowmn a call on
detection of the on hook event, tife [ Cti on code associ at ed
with the customer object(s) 500 uSﬂa g3 P i data 25 field, and the
call object is deleted by the object QS Referring to
Figure 9, the pre-conpiler 316 in this enbogi pent conprlses a parser

program 316a whi ch exam nes successilxe. Gt &+ atenepnts in the source

code store 308 and refers to storjed C + + q*qaax graphs |31 6b to det er m ne
whi ch ggua
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el ements of each statenent are functions, variables and so on; and a code
writing 30 program 316¢c which, on detection of predeterm ned syntax

conditions by the parser 316a, creates correspondi ng additional source
code which is added to the source code in the source code store 308.
WD 97/ 26596 WO 97/26596 - PCT/GB97/00107
PCT/ GB97/ 00107 14

Referring to Figure 10, -the operation ofspﬂf pre-conpiler in general terns
IS - -
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as follows. In a step 1002 the pre-conpiler 316 creates an additional data
structure ("type nodel") consisting of a new class conprising a set of
obj ect s whi ch respectively represent all the classes of objects
present in the source code 5 of the source code store 308.
For each.cl ass ered, therefore, a new object is createdcmbbdibe

. . Gﬁﬂ.s T ; : _ 107
contai ns |tensv§$ ata recording the data held in, and the functions

per formed by, that .cl ass. This infor ion is conpiled together with
the code so t.hat at run tine, each h processor 10 has information
necessary to deci de on which processor to 10 open a new object of any given
class, as will be discussed in greater detail bel ow Thus,

after step 1002, source code describing this type nodel 309a is
witten into the source code store 308.
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In a step 1004, the pre-conpiler 316 réads the source code in the source
code store 308, and adds an invoker function which receives nessages from
other 15 hosts 10 and, on receipt, calls corresponding |ocal functions.
Thus, on each detection of a function (the "target function”) in the source

code in the soWofAneREe store 308, the pre-conpiler 316 inserp&ricRoidofnr

I nvoker function a statenent which will call the target function on
recei pt of a nessage - intended to ceBf20t he target function from another
processor. Code to return 20 correspondingly a value fromthe target
function as a nmessage is al so added. - Thus, after execution of
step 1004, the source code in the source de stor® 308 includes the
i nvoker code 309b for convertin ﬂ receiv ﬂessage fr anot her
processor to a |l ocal procedure cal — enmeoaRi | ed by the
pre-conpiler 316, any pointers yged i} thg source 25{zcode in_the source
code 308 will be all 0g<jt @ An acggsg wi t i n allsi hgl e[ Qagrinon,
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menory space, since the conpiler. 312 anticipates a single processor rather
than a di stributed conputing environnent. However, in a distributed
conmput i ng envi ronnment, many objects may physically be | ocated on

di fferent processors and accordingly cannot be accessed via pointers
wi thin a singl space. 30 Accordingly, in st

pre-caonpiler 31 8??2%2 the source code in the store 308 aﬁgn%%%Iaces
each detected occurrence of a pointer mntg a reference whi ch can be
used to access the actual |ocation of the éﬁ}ect concerned, even if
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15 this is on a different processor. Thus, after operation of the

step 1006, the source code in the source code store 308 includes al so
ref erenci ng code 309c. The added code in each case consists of
specific code statenents on the one hand, and "#l nclude" statenents on
t he ot her, hand, | ause the conpiler 5 316 to include Ii l.nes
stored in the IV rlz’i’?{?lgém. Type Model Creation bi@'{éé?%ﬂdlidgg
to Figures 11 to 13 the .process perfornedtp the pre-conpiler . 316 in
step 1002 will now be described in greaté‘légtail. The

pre-conpiler 316 scan he code stored in the source code store 308. 10 On
detection of a clfasg

nt | s;atréent (step 1010) the pre-conpiler 316
wWites code t0o Creai-e mgt 'Y &t+new obj ect of a new class, as shown
in Fi gure Aol N Hrore—t2 S ement "#l nclude "SysType Mddel . h" "

()

i ncl udes gt hond ode i ch, anongst other things, declares a new

cl ass Sysd ass 3 atement "QysC ass class 1 ("X')" declares a
new obj ect Ga;ﬁ%?ﬁ %@ class, and stores the name ("X' of the class

whi ch the obj et "hus, in
1012\ _

CREATE OBJECT
OF NEW CLASS F|g1 1 b

1014~ l‘ @

DETECT DATA

TYPE 1026
DECLARATION SETECT
1016~ l FUNCTION
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CONSTRUCTOR
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1022\ J,

CREATE
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step 1012. this latter statenent is witten into the source code store 308.
Wthin the class declaration, when the pre-conpiler 316 encounters a
statenent declaring a data type declaration (e.g. the statenent "int X1" in
Fi gure 12) in step 1014, it wites (step 1016) a static data

decl arat i on st g s¥pesdge nane 20 and type of the variable as skiigpd6absR-
When all data declarations in.the class have been scanned (step 1018),

the pre-conpiler 316 scans the code in thggpurce code store 308 for the
occurrence of- constructor functions (i.e. functions which, in run tine,
cause the creation of a new objeet of the class concerned). 25

On detecting a declargtion of a constructor function (step 1020) the pre-
conpiler 316 wites ggstatic decl aration of the constructor function'into
t he source code OoNe 308 (step 1022). After having

scanned the or 3 24) within the cl ass
decl aration, thq pre-conpiler 3l@=zdetects (step 3026) occurrences of 30
decl arations of [functions (ige. brouti nes, prodgrans or nethods) in the
cl ass decl ajation in Egéﬁsoumge code store 3(38 and, on each occasion
when a functi IS defecged, Mrites (step 1048) a static declaration of
a variabl e coggaining, as $tPingsr data, the type and text of the
i Xl = = =S K
function. 8 % §§<:L
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Once all functions within the class have been detected (step 1030), the
pre-conpiler 316 proceeds in the same manner with the next class decl ared
in the . sour%&%ﬁi n the source code store 308 (step 1032} tiBkblooidie
entire source program has been scanned in this manner. At t%at tinme, as
shown in Figure 13, 5 within the new class_SysC ass, an object (CLl1, CL2,
CL3, CL4...) for each decl ared cl ass #42@ he original source code will
have been declared in the anmended source

Fig.14.
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1042~ l‘ 1 1052~
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1044 | 1054 o
lNS_I%TE CODE CREATE LOCAL
ALL OBJECT CODE
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MSG 1056 < J _
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FUNCTION
1048~y 1058
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INSERT CODE
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code. | nvoker Creation "Referring to Figures 14 and 15, the
operation of the pre-conpiler 316 in 10 performng step 1004 of Figure 10
wi |l now be described in greater detail. First, in a step 1040,
the pre-conpiler 316 inserts a "#lnclude" statenent to cause the

conpi l er 312 to“';&;.)nggg code stored in the library 314 which pechRiad®ooier a
nessage receiving an espatching task. As will be discussed in greater

det ai | bel ow, a "nmessage"” in this conigé% is passed fromthe operating
system of the_ 15 host processor 10 to th | ect manager thereof, and may
originate fromone of t he ot her host processors 10 or from anot her
process executing on the sanme host conputer 10. As wel |l as
including a reference to t library file containing the code for

form ng the nessage transl%iion, the pre-conpiler 316 also wites a

decl aration of 20 an invo function consisting of a nunber of specific

procedures for executipg.a call to a function on arrival of ssage
intended to cause thejexecution thereof, sand_for returning any 1eturn
val ues of the functiop via a return nessage. = @ In a step 13042,
whi | st once nore scantfi ng the source code inéihg source code stqgre 308,
the pre-conpiler 316 detects the occurrence 3 & construcfor
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25 function ("X::X)") and inserts (step 1044), within thé definition of

t he i nvoker function, lines of code which conpare a received nessage
with text correspondi ng to a call to the invoker function and, where
t he nessage matches (i.e. constitutes an attenpt to execute a call to
t he constructor é Lon), call the constructor function. {ﬁf
Li kewi se, on deV gg@%ﬁgof a function of any other kind in stepg ﬁEFT*HP.
exanpl e, the function "get X1()" of Figure 15), in a step 1048 the
pre-conpiler 316 inserts, within the { ker function, lines of code
whi ch conpare a received nessage with text corresponding to a call to
the function name, and where the _ WO 97/ 26596
PCT/ GB97/ 00107 - Q
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17 nmessage matches, call the named function, and (step 1050) generate
a-return nmessage i ncluding the return value of the function thus

cal | ed. Thus, as shown in Figure 15, after operation of the
process of Figure 14, t he extended source code conprises a reference to
an invoker fungidemendgi ch is 5 arranged to receive nessages ghficeMioe107
transmt nessages in reply; and a series of specific subtests conprised
within that function which detect the oc,ggéd ence of calls to naned

| ocal functions and performthose calls, "and (where relevant) return a
val ue. - Poi nter Repl acement 10 . Referring to Figures 16 and 17,
the operation of the pre-conpiler 316 in performng step 1006 of Figure
10 will now be described in greater detail. In a step 1062, the
pre-conpiler 316 scans the original source code in the sour ce code
store 308 to detect occurrence of declarations of pointers to other,

nanmed, objects (e.g., referring to Figure 17, "X*otherX'). 15 ' On
detection of such Ff@ r18do anot her object, the pre-conpiler 316

[e—]
al

x1/

1\

10
- Fig.18b.
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i nserts (step 1054) code to cause the creation of a new object (in the sane
address space as the object which contains the pointer, i.e. a "local"

obj ect) . Referring to Figure 17, in this case, the new object is naned
"XRef". . Together with the constructor of the new object, code
perfornmed.on a GRbloy2dled 0 the object is created. Referring to Ricgussurhdor

t he code conprises statenents whi ch send a nessage conprising the

poi nter and associ ated operators, and retﬂ@% a value received in reply.
Then, in step -1056, the original pointer Paration in the ori gi nal source
code, "X otherX', is anended to "XRef-otherX", so that it can refer to a
renote 25 object instead of a | ocal object. - Thus, referring to
Figure 18, Figure 18a shows the effect which would have been produced
by conpilation of the original source code of Figure 17. An obj ect X1
wi thin the nenory of a host processor 10 executes a call to an object

X2 el sewhere within the menory of the hqzﬁgfrzsassor 10, which returns a
reply -30 val ue. ' Referring to ®"gure®18b, after operation of

the process of Figure 16, the1§1o callin p@i@gt X1 is held_i4gggae menory
2 Vﬁé_nennL¥_o a

of a first proqess‘ﬁ 1024 anrt.’-f pnhlpm.‘ .i': bplrl Ln f
second processor S0k Agsgj i Nl Y oBKTIGN PEBNETRUETOR LOCATION
1510b 15630b
\J F SMITH 1741.110.10 - 1712.017.02
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4
15202—*’/ \\~15302
Fig.20.
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HOSTM
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object X3 is created in the sane nenory space as the calling object Xi1,

and pointer references which would otherwi se have referred to X2 now refer
to X3. Suckwé &fgksnces are passed by the local "proxy" Objﬁ‘il/m%@/o&ﬁ-;

| oner | evel processes conprising the object manager 108, operating
system 106, processor 5 102 and conmunications apparatus 100 of the first
processor 10a, in the form of a messhfé% or transnission to the second

processor 10b, as will be described in greater deFaiig m

TO CONSTRUCT

Fig.21a.
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The ‘rressage is received by the comruni cations apparatus 100, processor
102, operating system 106 and obj ect manager 108 of the second host
processor 10 10b, where (in accordance with the code inserted by Figure 14

above) the nessage is converted into a local function call to the

obj ect X2, andv%;(;gm‘s returned by object X2 is transni ptedsonsdions a
nessage to the t processor 10a. This return nessage i s passed back
to the |ocal proxy object X3, and thence {ggz¢ he original calling object
X1. 15 . Thus, after all such local pointers in the original source
code in the source code store 308 have been detected (step 1058), it

wi |l be understood that all | ocal | nt V\/ni ch woul d ot herwi se have
been generated by the conpiler 312 ha g n converted into references
to | ocal proxy objects whi gen ate and recei ve nessages to

the originally referenced ‘ The originally
ref erenced object nmay, as shownj|in igure 18b, be physically | ocated on
a different host procegmmo or -=y be located on the original host

processor 10; the use ofrressage g comruni cations, rather than | ocal
pointers (as would nornthEI\/lEWgﬁ‘ﬁATHd by C + + code) ensures that the
obj ect can be reachdd redpPABLEss of] its | ocation.

|
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25 Runtinme Operation In the foregoing, the operation of the

I nvention during preconpilation has been descri bed. The operation of

t he enbodi nent at runtinme will now be descri bed. : Wt hin
each host processor 10, the object manager program 108 (the 30 "daenon")
conprises, as will be described in greater detail, processes h-Ng
new obj ects; pm%"géﬁ"é for determning the |ocation (i.e. theI’ o’gt%?gﬁrr?oﬁuter
10) on whi ch given objects are storefyzé)rocesses for sendi ng nessages
to renote host conputers; and processés for receiving nmessages

t herefrom . '

2050~ l‘
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Referring to Figure 19; the object manager 108 for each host conputer 10
conprises an object location table 1500 storing a list 1510 of the objects
currently &@Eﬁﬁgséence by nanme, and, associated with the pgsRBo00107
1510a- 1510z for object, an entry 1 520a- 1 520z storing the host
conputer 10 on which the object is 5 currently stored, and an entry
1530a- 1530z storing the identity of the h@et20 conput er on which the

object was initially created. . Referring to Figure 20, also
stored within the object nanager 108 is a host tabl e 1600 conpri sing
status data on each of the host conputers, fromwhich the - nost suitable

host conputer to create a new object OF' nmeri ved. This table 10
therefore conprises a first set of ent ig' +1610z storing the

identities of each %at conputer; an associ ated second set of entries 1
620a-1 620z storing th Sanopunt of free nmenory avail abl e on that host
conputer; a third assoc%amCENEdﬂSG entries 1630a- 1630z storing

connectivity data for each ofOot@aLbost ¢gonputers 10 (for exanple the
nunber of other conputefs toQBIBQTIt ip connected), and

2054
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Fig.24c.
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15- optionally other engiaes relating to, for exanple, cessor speed.
Referring to Figure 21 2 the object mgnager 108 of eac ost conputer 10
periodically interrogates the operating system 106 thereof to determ ne
whet her t here has been any change in any of the data stored in the
table 1 600 for that processor (e.g. whether there is now | ess nenory
avai l abl e than previously) in a 20 step 2002 and, on detection of a .

si gni fi canPassasngata ¥wldes anddRvekestheypperationgioppacf ghe RrRIEAME SEMEGGRIt he

obj ect MaN3aflin 1R BT SANIACEhBEFhS BkEIVAlegt  broadcast message via

t he communi cati ons apparatus 100 to all other conputers 10 listed
in the table 600, Vaiapusalangnagdshareavailatilerfontprogranomess mdth wish to use the

Referring to.Figure 21h when .a host conputer 10 receives such a 25
messnge | n abiasked oTafEY ST Gtk AR o UBP TR Bt ebide Se thre. ot at us
table g 1600 ofpiktripifed HlokdssirRf dF€drst fiemNsNgienbRICEBE DO Bpération Shefevip4ls.

Thus, at any tine, the object nmanager 108 of each host conputer 10
mai nt ai ns upsResteatfirsy atdiferent operRsSofeGHAURS| Mh&re HBgYiIreh HAPEBPNY 48

wel | as it %h%hePWe£?r$§Fa&§5pd§tQQr§l 184 oR11AY's8mChosi Gomputer as a calling

Referring to Figure he process undertaken on constructing a new
obj ect wi | Iprogrnanber des erdiffecknt| hosa exneput2010he Whenioanof asprogtam an dasacwdll

DL iy RSB0 08 R TSR IS RERS, BRI B8,
space of ot heheh@sinops RestSEdMiputers may fail whilst leaving others in operation.
Distributed computing is conventionally performed, by using a "client-
server” arrangement in which a "client" program on one computer interrogates a
"server” program on another computer wh.ich then performs the function or returns
the data required by the client program. | |
15 Object oriented techniques have not widely been applied to distributed
processing. A summary of the state of the art in this respect may be found in
"Object oriented programming systems"; Blair G., Pitman Publishing, London, 1991
{ISBN 0-273-03132-5) and  particularly in Chapter 9 at pages 223-243;
"Distributed systems and objects”; David Hutchison and Jonathan Walpole.
20 Previous attempts have génerally added new syntax to an existing computer
language, or have created new computer languages, to extend conventional object
oriented programming to deal with distributed processing.
The article “Parallelizing Sequential Programs to a Cluster of Workstations”
by H. Sivaraman et al., Proceédings of the 1995 ICPP Workshop on Challenges for
25 Parallel Processing, pages 38 to 41, discloses the conversion of a sequential
program for parallel execution on a plurality on computers using a tightly-coupled
distributed control system, in other words, a control system which uses a shared
memory technique. -
The article "Experience With Distributed Smalitalk” by J. K. Bennett,
30 Software Practice & Experience, vol. 20, No. 2, February 1990, discloses that a
first object on a first node can call a second object on a second node by local
object interaction with a proxy object for the second object. The proxy object

contains the identity of the second and the second node and on being called by the
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which the call to create the object originated. the object nanager program
108 of the present enbodi ment reads the st processor status table 1600 in
a step 2012 and the data stored in the object (created by the process
descri bed above in relation to Figures 11 to 13) which describes the
cl ass of whijrshobjaet sbn@bjaatibsdagehe teeaiceddwidde. easdt@fatode has a remote

Thus, the object manager program 108 is aware of the requirenents of the
object table {ROT) which stores the locations of all its local objects that can be

referenced remotely, i.e. from another node. Upon receipt of the message from the
first node, the ROT calls the second object, similarly with local object interaction,

5 receives a return value from the second object, and sends a reply message to the
proxy object, which, in turn, deiivers the return value to the first object, again
using local object interaction.

In one aspect, the invention provides a distributed computing system
comprising a plurality of host computers each said host computer comprising a

10 memory space storing predetermined data records and programs for accessing said
data records, and a table of {a) the location of all data records on all host
computers, and (b} the location of the respective host computers on which each
said data record was created.

Preferably, for accessing a data record, each host computer is arranged to

15 read the location table it stores and then, if necessary, to access the location table
of the host computer on which the data record was created.

In a second aspect, the present invention provides a compiler apparatus
for use with a distributed controi system consisting of a plurality of interconpected
computers, each computer having a respective local computer memory and being

20 arranged for data access from local computer memories by intercomputer
messages, said compiler apparatus being arranged :

to accept an original source program in a source language, suitable for

execution on a single computer;

to locate, within said original source program, functions which may be

25 invoked from other points within said source program; and

to adapt said original source program by including code

for receiving from a remote computer of said system a message

representing an intention to invoke a said function,

for translating the received message into a local call to the said
30 function,

for receiving a return value from the said function, and

for transmitting to the said remote computer a message containing

satd return value.
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ect now to be creat (i.e. whether it requires a | e or a small .
amount of nmenory s age and whether it requires a ss to or from many
comuni cati on poi nts) and has data on the avail abl e capability of each
host conputer. 10 In step 2014, thg object nanager 108 selects a
host conputer 10 on which the object is to be created. The deci sion may
be based sol ely on which host - conputer has the nost avail abl e renai ni ng
menory, or on whi phahthgdtdspetieshe presesrimesition pyovidesag cespilpoiappsratusfior
whi ch the new object wi |l be called, but is . preferably a wei ghted
function taR‘F%g"'*mt"od'ﬁU%ﬁﬁ:”TH"' system cqpsigtiag |of# Plyraliey: §f b’?fegcé’&ﬁ‘e"wd

Processor; .,mputers, eacht @@m?@fyﬁ%wn\éi b YeSHectRENoPAIOSSRSREr nMdHfory and being
a preference ripgr t?le current processor (i.e. that fromwhich the call to
create the eotrpegad dior gdatat eapreess from local cpmpaitert aperpories beindpjcepputer

manager 8 transmts. X . sele .10 .

conpri si % Fﬁé*‘%%?r gé'sda‘f)#m@%g% sﬁ%%%égg%%g{'sé@sfn#rﬁg%é} Hhd %egrﬁghgl;\?%@r nvoke
t he constructor fuwmcdccept ah driginall sescé @rodriaoh i lee sotmceclanyoades suitabie dat ed
bel ongs, together with the name of the object to be created. At
the targeted host S¥BRYRALPD 25INQIe COMBULES 2018, the nessage is recei ved

and passed to thehneke) WHARE 588 bMEiInGN swﬁ:ecbﬂgfraﬁh,aﬁoideﬁ@rwam 2l be
above with reference to Figures 14 and 15 at conpile tine) in_a step 2020.
The compiled by said compiler as pointers to objects within a single computer

10 memory space; and
'to amend said original source program by
including code which will create for each such pointer so located a
respective reference object within said single computer memory
space, each such reference object containing the location of the

15 respective object associated with the pointer and being arranged to

send invocation mességes and receive réturn values from said
respective object, and

amending. each pointer to point to its respective reference object
instead of its original object.

20 ]n a fourth aspect, the presént invention provides a compiler apparatus for
use with a distributed control system consisting of a plurality of interconnected
computers, each computer having a reépective local computer memory and being
arranged for data access from local computer memories by intercomputer
messages, said compiler apparatus being arranged to accept an original source

25 program in a source language, suitable for execution on a single computer, to read
said original source program and to add thereto a set of data records describing the
data and program structures comprised within said original source program.

The term ldosely-coupled in the context of the present invention refers to
a control system which uses a messaging technique as opposed to a shared

30 memory technique.

All aspects of the present invention are concerned with the conversion of

a sequential program for sequential execution on a plurality of computers, in
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'Pﬁv%ﬂ(’ér”ﬁl‘ﬁﬂ“fSﬁ""zﬁ%ow‘ﬁses the creation of the new ol,ct at the targeted

host conputer. At sanme time, the targeted host Conputer 10 on which

t he new object is created updates its object table 1500 to include the

new obj ect . Finally, in step 2022, the targeted host conputer
_broadcasts to all other 30 host conputerS 10 the identity of the new

obj ect and its location, which is received at the originating host -
conput er a&ﬁnaa%ft WHRGHS) alidveasbRAD2E AANskricle wHed id QuiIaE endehgePNiaET
~table 1500 ereat. Thus, according to this enbodinent, obj ects are

created in pmtwlme(eautlgm ected host conputers 10, so as to bal ance the
%?&53/588107 Conveniently, these aspects of the invention comprise a pre-compiler
which can then be used with a more conventicnal compiler, but it will be
5 recognised that the functionality of the invention could be incorporated directly
into a re-written compiler. |
Thus, in these aspects. the invention conceals from the programmer the
complexities of adapting the program to operate cn many different processors,
reducing the time required to produce an executable program.

10 The present invention also provides a compiler apparatus comprising the
combination of the features of any two or more of the abovementioned second,
third and fourth aspects. )

in a fifth aspect, the present invention provides a telecommunications
sysfem comprising a distribﬁted control system consisting of a plurality of

15 interconnected computers and compiling apparatus for compiling programs for said
computers, the apparatus comprising a compiler arranged to compile a source
program for execution on a single host computer, and a pre-compiler arranged to
receive an original source program suitable for execution on a single host computer
and to amend said original source program td add additional source code whereby

20 to produce an amended source program which, when compiled by said compiler,
will execute in said distributed control system.

The single executable program produced by this aspect of the invention
may be distributed to all processors (host computers) of the distributed computing
system in identical copies. This makes it easy to add new host processors to the

25 distributed computing system.

. Other aspects and embodiment of the invention are as described and
claimed hereafter. '
Embodiments of the invention will now be illustrated, by way of example
only, with reference to the accompanying drawings in which:
30 Figure 1 is a block diagram illustrating the elements of a
telecommunications system embodying the invention;

Figure 2 is a block diagram illustrating further embodiments of the system
of Figure 1;
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:213/98 13:300\srtanisIai 26PROUPERSh| ects to the npst suitable h conputers, on the
basi s of peri odi cal updated i nformati on on each hOSt conputer status.
Referring to Figure 23, objects need to .reside permanently on a given host
b may be noved from one host to another (i.e. deleted fromthe storage of
one 5 host and included in the storage r%ory of anot her). In
a step 2030, the object manager 108 for each host conputer 10 revi ews
the status table 1500 the . e j mouter
brogr am 108 det er HHLE DA ertpet SilinRusiaing WP AMERs STEHISE compur
conput er forkeing parthbicthet dyaterhs ot Figueray@nd1l8 i s resident; for exanple if

that host conputer_10 10.is ruynning out of available nor f _s :
suitabl e object tSoYGed & S@tﬂ@%‘geoaqagram( f"E)LFSt@Z%WpIté? gg?naerneﬁ nyagcggs ger
obj ect) . foriing paitest tRE 3 stdniioPbigafds 1 aBe2;1500 is reviewed to
det er m ne, fafgar}{atnﬁse ° n%r?try in %ﬁe corresdgondi ng field 1530 for the

obj ect, whether tHagwisj Bcis ias flowy rdipgres illustragiogd by RErTIRD st FARRRiER
it was created. altfs%?’F#Jé %‘ if the object has not 15 noved since it was
created) theWPRHFHS T EPUH36, a new host is selected (in exactly the
same manner as desgigutee6 mbewallistrateleatiavving cindiceting otneopraguatayof stages @ft)
and in a step 2038, th obé oct i s ngved.

processing performed in Figure 5;

Figure 7a is a diagram representing the structure of data held within the

10 intelligence domain forming part of Figure 1;
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Step 2038 conprises t onponents; firstly a nessage i@transmtted to

t he new host instructi the creation ., of the object at at host and

speci fying the 20 values of data stored within the object; and secondly, -
the object is deleted from menory on the current host conputer 10.

If in step 2034 it is deternmined that the object is not currently resident
on the host conputer 10 on which it was created (i.e. the object has
al ready novedpss codg 140 ard whiect dase.cal) of i whighswillhbe odiscussed gpj ¢eptaiedrigibr
sends a nes with 25 this new host |ocation to the original host
conput er 10 on which the object was originally created (as determ ned
fromthe entry 153achndditing teatmireal 18D dnuprisebea persoiglecdrpated, aafit eiay be
recei ving an acknow edgenent from<that original host conputer i n ste
D045 pr ocodtiSE e it  BREPLS & (DipobotgPhone Sockel Wity soprenfoddiie
Figure 24p t{epushe a4 atheusdl £pfemissati on table 1500 will now 30 be
described in greater detail. ) When a nessage is to be sent to an
object, initially Fah edjfingterminalgtd thereforpgomuriserinpceREorc @ricaeRn Ayt

processor 10dev(?&,vg?\i ﬁB_u{ Hgvigpj(&%@ k%?béa?&c?&dggrsgp control device such as a mouse),
and storage apparatus ROM, RAM and a hard disc) containing a graphical user
environment (e.g. Windows {TM)), a communications program and a ocbject

10 browser program. |

Referring to Figure 4, the compiler apparatus comprises a communications
interface circuit board 300 connected to the WAN servers 11; a processor 302;
and a storage apparatus 304 (not indicated separately) comprising random access
memory {RAM)} and high capacity memory (e.g. a hard diéc drive) and storing an

15 operating system (e.g. UNIX {TM}), a native C+ + compiler program 312) {such as
SunPRO availa_ble from Sun Micrpsystems); a pre-compiler 316 to be described in
greater detail below; and a library 314 storing standard functions and definitions
(specifying subprograrhs or subroutines) to be incorporated into new programs.

The C+ + compiler comprises, as is conventional, a compiler which

20 compiles to relocatable binary code.and a linker program 312b which concatenates
the binafy code with the binary code routines sfored in the library 314 and locates
the concatenated code in a memory address space for execution. Such compilers
also generally include a pre-processor which interprets compiler directives, such as
"include” statements to read in additional code, or perform other operations during

25 compilations. .

Also provided are: a storage area 308 for storing input source code
defining a C+ + program (e.g. input via the input device 320, or downloaded via
the communications circuit 300, or loaded via a disc drive corﬁprised within the
storage apparatus 304); and a storage area 310 for storing executable code

30 generated by the C+ + computer 312 (i.e. by the processor 302 acting under
control of the compiler program). Also included is a storage area 318 which stores

system data concerning the number of distributed processors 10; the capacity of
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|l ocated, within the object |ocated tabl e 1500, and sends a nmessage, calling
the object, to that current host in a stepg2050. | n nost

i nstances, nessages will reach the correct hosts, but it is possible
that, due to interference during comunications or some other cause, the
obj ect 5 | grataivaitabi@lstaraddtemmy omo¢adheofcthedretedsorsi Ot ohelapesd sbopérationhe

called object is not %\ﬁr IS no longer) on the indicated host conputer.
Referring t ®frhgwrecessprs WenRd AP most conputer 10 to which the message

i s addressed receiygs pidtesSHSIED® hifarged RPrutDSAectiveld RItAEMHEEE Mhetdrapiler
or not the object Is recorded as being present within its own obj ect

| ocation tab32 b6 thesaréncedsinefheByce storp3fermr, thetrreworiier 34 Sctallpueed n

a step 20?6 k?ynﬂ\eaex- -E-eéounq&ler 312 on the source code in the source store 308, to.generate
executable code in the executable code store 310.

In the former case, the code generated will execute on any suitable sin_gle
processor. The brocessor 302 is, in the embodiment, itself érranged to be capable

. of executing the code directly generated in this manne.r by the C+ + compiler,

10 enabling the user to test immediately whether the program operates generally as
expected.

In the latter case, the pre-compiler 316 first processes the source code in
the source store 308 {(taking into account any system data relating to the
distributed system comprising the host 10 on which the code is to be executed),

15 and generates amended source code in the source store 308 which is then'
compiled by the compiler 312 to generéte executable code in the executable code
store 310. This executable code is, however, not necessarily executable on the
compiler apparatus 30 since_it is for execution on the multiple distributed hosts 10.

Referring to Figure 5, the general operation of the compiler 30 under

20 control of the supervisory program 307 is as follows.

In a step 202, source code is inpu{ into the source code store 308 (e.g.
via the input device 320). In a step 204, the human operator may decide to edit
the source code in the source store 308, in which the edited text is input into the
source store 308 (e.g. using a conventional text processor).

25 Once any such editing is complete, in a step 206, the user may elect
whether or not to test thé source code locally. In the event that he does so, in a
step 208 the processor executes the C+ + compiler 312 on the source code in the
source code store 308 to produce executable code in the executable code store
310, and in a step 210 the processor 302 executes the executable code. A

30 simulation program may be provided to intercept meaningless operations and

substitute operations such as displaying on the output screen 322, to enable the

user to see what is happening.
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ﬂBﬁ&&@%sLmﬂe}‘nam&mzhésedgck in step 2058, as described@ove.

If not, then in a step 60, the host .conputer signals Dack a failure to
cal | t he obj ect. The originating host conputer, on
réeceiving such a nessage in a step 15 2062, then sends an interrogation
nmessage to the original host conputer 1028hich Is recorded in the table
1500 as being that on which the object in question was originally
constructed, in a step 2066. Because of the separate |ocation signalling

st eps 2040, mgssrgedndicatjog @ faiurettaaead) tha obleeh{)q Hie ehiBfle PISERFSHY 436é from
original hos on | ' . tructed should be fully up to
date in res‘ﬁbﬁ?ce&het #z%}hggté g@]‘ﬁ%&&gﬂv@'ﬁﬁ&ga' Referring to Figure 24c, '
when the original ithadit tieesnbet seen et i@ Sthis embbdjnent, €2868host tomatitayn10

i nterrogation signal .the object nager , 108 thereof, refers to the .

obj ect [ ocafarees gﬁlﬂbée“égﬂ‘bard%‘eﬁb\[)%a ' E'Cf‘tt?’m"%atéc’t"eﬁf E'g?g{ec?ﬁwﬁ' ﬂ]eg?l\ﬁitgmb'gck
the det Refiderd AfaldcANhedt thanekiset aBRNEST Aidtatd) adtSidRoY,2 without
The first host conputer receives the location signal fromthe original host
and det er nifieéerene o sthep ceoval glatahasgr etscpll \iRBeMbIaRe RBsHIfEIRPLL Rest

t hus I ndi | | di f 3 I ch
a mossage rorppare-Nolglfielefe HARePlovklt R iE gl By ERTdpkbath
t he obj ect mestagempd®8 10 addpivasihs kebes ltackt oothe dddations 0T alh abjente pvhicohe,
and returns to st.eRaEOSO

were originally crea&eod {,E Qﬁﬁthcst computer, even if the location of those objects
10 subsequently moves to a different host computer.
Furthermore, it will be apparent that each host computer 10 maintains
accurate records of those objects which are located within its own storage area.

Other Embodiments and Modifications

it would, of course, be possible to provide separate tables for the objects
15 stored locally within each host computer and for the objects originally created on
that host computer, as well as those objects stored on other host computers.
However, providing a single table storing all object locations ensures greater
flexibility, since all object location tables 1500 of all host processors 10 will be
substantially identical, making it possible in the event of the expansion of the
20 distributed computing system to include a new host processor system to-copy the
object location table from any one host processor onto a new host processor.

It will bé apparent from the foregoing that many modifications and
substitutions are possible. For example, although, for the reasons above, it is
convenient to provide the invention as a pre-compiler cooperating with a

25 conventional C+ + compiler, it would equally be possible to integrate the present
invention into an unconventional compiler (and indeed the combination of pre-
compiler and compiler may be considered to comprise exactly this).

Naturally, the invention is usable not only with C+ + but with other object
oriented languages such as Smalltalk {TM) which are to be provi.ded in a distributed

30 environment.

Whilst the invention has been described as including the compiler

apparatus within a telecommunications system, it will be realised that in practice

the compiler apparatus could be in a different jurisdiction and linked to the host
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3odgsanSEusBieaniwaiiz4dsow sage to the newy indicated h conputer 10

| ocation for t he obJect. . |If the address™eceived is the
sane as the address to which the nessage was previously directed, in a
step 2078 the object manager program 108 returns a

23 nmessage indicating a failure to pgach the object to the object,
process or user from whence the attenpt to call the object originated.
It will thus be seen that, in this enbodi nent, each host conputer 10
carries an dreRytersoc¥ia ofn t dmeEnationghi teleqamempgicationh HEMWPTK: ocEeTdNghy,

the system igatection is claimed for the compiler apparatus both in combination with and in
isolation from the telecommunications network with which it is used.

Naturally, applications other than telecommunications are possible, such

5 as for example shared distributed computing.

Many other alternatives and modifications will be apparent to the skilled
person. Accordingly, the present invention is intended to encompass any and all
subject matter disclosed herein, whether or not covered by the accompanying
claims. | _

10 Our other UK patent application 9600854.5, filed on the same date and
with the same title as this application, is usable with this invention and is
incorporated by reference herein in its entirety. In particular, the functional

information derived therein may be stored in the type model described herein.
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59q2@88? Hse‘d‘pa‘?ﬁd"md\zaﬁgwﬁc is therefore able to operate
wi t hout reference t®the central database, to call her I ﬂiﬁumulm”“l
di fferent host conmput ers. Nonet hel ess, a higher |evel of

added by providing that each host co ter 10 additionally keeps track
of the locations of all objects which re originally created on that
host conputer, even if the | ocation of those objects 10 subsequently nobves
to a differephf@st conputer. Furthernore, it will be apparent
t hat each host conputer 10 nmaintains accurate records of those objects
which are | ocated within |ts own storage area. QG her Enbodi ments and

dif |.d._ of b
Separat o tanres 1 doused it SubRitaBerRy LRRAIS SERBRO L Buter

conput er an@aénrsaﬁdmo@tbpembamrdcgmm@.dg/ aCrheaioeyd s@race storﬁdf@tprém&msmeawa&b,
as well as those objects stor?d on ot her host conp

provi di ng5ar§"?cH'SFea & RFRErEMsr {Hgactassihgj avd ??f@af?‘i?ﬁgsleﬁgﬁr%éae‘teeaf e‘la) the

FlexibilityositReeofldl @acrdcotRCahi QN hbeplc%%ﬂzﬁ% Osndal($) RS lo U RFHE D Atha
10 will be substantially identical, making it possible in the event of

t he expansi oesagctivRdosb compyters l@ut\euwbmphtsnarﬁgdslyweemdtwasma}dé a new host
processor systemto copy the -0obj ect location table fromany one host
processor onto a new host processor. It will be apparent from

the foregoiryg thatArsgstermadedrdogt icocisimand in whichylst addess andatarrecoas satheof
For exan‘w)e sach ngPQOMpLgerrstlQearlra(?xgggrlc% raeg v e Ilocatlgn table it stores and then, if
necessary, to access the location table of the host computer on which the data

record was created.

3. A telec_ommunications system comprising a distributed control system
15 consisting of a plurality of interconnected computers and compiling apparatus for
compiling programs for said computers, the apparatus comprising a compiler
arranged to compile a source program for execution on a single host computer, and
a pre-compiler arranged to receive an originai source program suitabie for execution
on a single host computer and to amend said original source program to add
20 additional source code whereby to produce an amended source program which,

when compiled by said compiler, will execute in said distributed control system.

4, A system according to claim 3, in which said compiling apparatus is
arranged to generate multiple copies of said compiled program each of which is for
25 execution on one of said interconnected computers.

5. A compiler apparatus for use with a distributed control system consisting

of a plurality of interconnected computers, each computer having a respective local

computer memory and being arranged for data access from local computer
30 memories by intercomputer messages, said compiler apparatus being arranged :

to accept an original source program in a source language, suitable for

execution on a single computer,
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CERTR AT Lt P EprsiA’ %OW&C i nvention as a pre-conpiler perating with a 25
conventional C+ + conpiwer, it would equally be possibl®to intgalﬂ ﬁ"[l“ﬂ"llll”“
pr esent i nvention into an unconventional conpiler (and inde i
conbi nati on of pre- conpi | er and conp%éer may be considered to conprise

exactly this). Naturally, th€&“invention is usable not only
with C+ + but with other object oriented | anguages such as Smal |l tal k

(TM which are totb8ops@Yi WRAini aid sHdihdll S8Ured ptBgAIMY FHEBIRME: which may be
Whi [ st the invention has been described as including the cg_gqpl | er
apparat us wit hi n anvakeddsemmathenapoipiswithin eaif souras plogtamr aad i sed that in

practice  Ne G8HLbELaBRARIA Y8ufk g b iRclbiig®idat Jurisdiction

for receiving from a remote computer of said system a message
5 representing an intention to invoke a said function,

for translating the received message into a local call to the said

function,

for receiving a return value from the said function, and

for transmitting to the said remote computer a message containing
10 said return value.

6. A compiler apparatus for use with a distributed control system consisting
of a plurality of interconnected computers, each computer having a respective local
computer me'mory and being arranged for data access from local computer
15 memories by intercomputer messages, said compile( apparatus comprising a
compiler and being arranged : |
to éccept an original source program in a source language, suitable for
execution on a single computer,
to locate, within said originai source program, pointers which will be
20 compiled by said compiler as pointers to objects within a single computer
memory space, and
to amend said original source program by
including code which will create for each such pointer so located a
respective reference object within said single computer memory
25 space, each such .reference object containing the location of the
respective object associated with the pointer and being arranged to
send invocation messages and receive return values from said
respective object, and .
amending each pointer to point to its respective reference object
30 _ ‘instead of its original object.

7. A compiler apparatus for use with a distributed control system consisting

of a plurality of interconnected computers, each computer having a respective local

This Shet Has Been Rle laced THIS SHEET HAS BEEN I
REPLAC

| ”"M"""IM&I AMENDED SHEET, 0

IPEA/EP .~




CEpER B8 PR EN T REE Y@ onal t el ecormuni cati ons net wt?
prot'ecti on is clained f the conpiler. appgratus both conﬁmi “ E “;“ I“l”lll

and in isolation fromthe tel ecommuni cati ons network

used. Natural ly, applications other than tel ecom*rum catl ons are

possible, such 5 as for exanple shared di?dtributed conputi ng.

Many ot her alternatives and nodifications will be apparent to the skilled

person. Accol@hhgtey  me r es&Meib V. [ n 0, €NC ss_any_ and
al | subj ect&%nlgtt%‘r irgc?osede'hér%fg'{g% ; héJrétt%rgcﬁC%tsgcgg&r gg&g cppguter

acconpanyi ngnemorlebabwmtemmputer messé@us @bidetﬁoﬁdlﬂll@ah;ﬂﬁraaﬂpﬂ)elﬁ@tarmged to
9600854.5, filed. he sane title as this
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informatign derived therein may be stored in the type nodel descri bed
her ei n. 5 data records describing "the data and program structures comprised within said

original source program.
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records on all host conputers, ard|(b) the locatjo
conputers on which eacB sai d.|data record was cfeat ed,;

for accessing a data record, to read.the |ocation table it

i f necessary, to access the I%catlon tage

grﬁfcond no

object table (ROT) which stores the locations of all its local objects that can be

as a remote

referenced remotely, i.e. from another node. Upon receipt of the messége from the
first node, the ROT calls the second object, similarly with local object interaction,
receives a return value from the second object, and sends a reply message to the
proxy object, which, in turn, delivers the return value to the first object, again
using local object interaction. _

In one aspect, the invention provides a distributed computing system
comprising a plurality of host computers, and wherein each of the host computers;

comprises a memory space storing predetermined data records and
programs for accessing said data records, and a table of (a) the location of all data
records on all host computers, and (b} the location of the respective host
computers on which each said data record was created; |

is arranged, for accessing a data record, to read the location table it stores
and then, if necessary, to access the location table of the host computer on which
the data record was created; and

s responsive to receipt of a create new object command, including an
identity for an object to be created, to create a new object having said identity and
to send' a broadcast fnessage containing its own computer location and the identity
of the newly created object.

In a second aspect, the present invention provides a telecommunications
system comprising a distributed control system consisting of a plurality of
interconnected computers and compiling apparatus for compiling programs for said
computers, each computer having a respective memory and an associated
respective processing means arranged to access directly only its associated
memory and to communicate with others of said computers via messages, the
apparatus comprising a compiler arranged to compile a source program for
sequential execution on a single host computer, and a pre-compiler arranged to
receive an original source program suitable for sequential execution on a single

host computer and to amend said original source program to add additional source

~ code whereby to produce an amended source program which, when cdmpiled by

said compiler, will execute sequentially on said plurality of interconnected

computers.

MZR’g

of the host
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computers, each computer having a respective local computer memory and being

arranged for data access from local computer memories by intercomputer
messages, said compiler apparatus being arranged :
10 to accept an original source program in a source language, suitable for
execution on a single computer;
to locate, within said original source program, functions which may be
invoked from other points Within said source program; and
to adapt said original source program by including code
15 for receiving from a remote computer of said system a message
representing an intention to invoke a said function,
for translating the received message into a local call to the said
function,
for receiving a return value from the said function, and
20 for transmitting to the said remote computer a message containing
| said return value.

In a fourth aspect, the present invention provides a compiler apparatus for
use with a distributed control system consisting of a plurality of interconnected
computers, each comput.er having a respective local computer memory and being

25 arranged for data access from local computer memories by intercomputer
messages, said compiler apparatus. comprising a compiler and being arranged :

to accept an original source program in a source language, suitable for

execution on a single computer;

to locate, within said original source program, pointers which will be

30 compiled by said compiler as pointers to objects within a single computer
memory space; and

to amend said original source program by



30 3. A system according to claim2, in which

apparatus is
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conput ers.
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respective reference object within said single computer memory
space, each such reference object containing the location of the
respective object associated with the pointer and being arranged to
send invocation messages and receive return values from said
respective object, and
amending each pointer to point to ifs respective reference object
instead of its original object.

The term loosely-coupled in the context of the present invention refers to
a control sYstem, which uses a messaging technique as opposed to a shared
memory technique.

All aspects of the present invention are concerned with the conversion of
a sequential program for sequential execution on a plurality of computers, in
contrast with the above Sivaraman et al. article which is wholly concerned with
parallel execution. |

Conveniently, these aspects of the invention comprise a pre-compiler
which can then be used with a more conventional compiler, but it will be
recognised that the functionality of the invention could be incorporated directly
into a re-written compiler. '

Thus, in these aspects, the invention conceals from the programmer the
complexities of adapting the program to operate on many different processors,
reducing the time required to produce an executable program.

The present invention also provides a compiler apparatus comprising-the
combination of the features of any two or more of the abovementioned second,
third and fourth aspects. |

"1n a fifth aspect, the present invention provides a compiler apparatus for
use with a distributed control system consisting of a plurality of interconnected
computers, each computer having a respective local computer memory. and being
arranged for data access from local computer memories by intercomputer
messages, said compiler apparatus being arranged to accept an original source
program in a source Ianguage, suitable for execution on a single computer, to read
said original source program and to add thereto a set of data records describing the

data and program structures comprised within said original source program.
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| ocate, within said original source program functijons which nay be
i nvoked from other points within said source progr ap@ MAR 1999 to
adapt said original source program by including cod 0

receiving froma renote conputer of said system a hessage

representing an intention to invoke a sai gafunctionf for
translating the received nessage into a local call to the said

function, for receiving a return value fromthe said
function, and 15 Other aspects ardoempegimsnitt efi Hip iyenHen sHP das SeseiibesoRpat er
a message Corgl:ﬁjn@hrﬂgreafter _ - said return val ue. 5. A
conpi l er apparatus tor use with a distributed control system consisting

of a plurality of iBrbadirnenteatfatiedovgrioarwill eae bedibungrated, hawaygofaexample
respective local 20 canputer nory and bei arranged .for data access from
| ocal conput efnly, wit e 1) qﬁ‘f‘é“&ﬂ%lﬁ‘ﬁe‘{}gméé@g&mgai d conpil er
apparatus gonprisi guge 1 GO | BlocRNJiBGaRD AERNERA: the elements of a
telecommunications system embodying the invention;
Figure 2 is a block diagram illustrating further embodiments of the system
of Figure 1;
Figure.S.is. a block diagram illustrating the elements of a host computer
10 forming part of the systems of Figures 1 and 2;
Figure 4 is a block diagram illustrating the elements of a compiler
apparatus forming part of the systems of Figures 1 and 2;
| Figure 5 is a flow diagram illustrating the operation of the compiler
apparatus of Figure 4; |
15 Figure 6 is an illustrative drawing indicating the products of stages of
processing performed in Figure 5;
Figure 7a is a diagram representing the structure of data held within the

itelligence domain forming part of Figure 1;
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1. A distributed computing system cdmprising a plurality of host computers,
and wherein each of the host computers;

comprises a memory space storing predetermined data records and
programs for accessing said data records, and a table of (a) the location of all data
records on all host computers, and (b} the location of the respective host
computers on which each said data record was created;- .'

" is arranged, for accessing a data record, to read the location table it stores
and then, if necessary, to access the location table of the host computer on which
the data record was crea'ted; and

is responsive to receipt of a create new object command, including an
identity for an object to be created, to create a new object having said identity and
to send a broadcast message containing its own computer location and the identity

of the newly created object.

2. A telecommunications system comprising a distributed control system
consisting of a plurality of interconnected computers and compiling apparatus for
compiling programs for said computers, each computer having a respective
memory and an associated respective processing means arranged to access
directly only its associated memofy and to communicate with others of said
computers via messages, the apparatus comprising a compiler arranged to compile
a source program for sequential execution on a single host computer, and a pre-
compiler arranged to receive an original source program suitable for sequential
execution on a single host computer and to amend said original source program to
add additional source code whereby to produce an amended source program
which, when cbmp‘iled by said compiler, will execute sequentially on said plurality

of interconnected computers.

3. A system according to claim 2, in which said compiling apparatus is
arranged to generate multiple copies of said compiled program each of which is for

execution on one of said interconnected computers.
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memories by intercomputer messages, said compiler apparatus being arranged :
to accept an original source program in a source language, suitable for
execution on a single computer;
to locate, within said original source program, functions which may be
invoked from other points within said source program; and
to adapt said originél source program by including code
for receiving. from a remote computer of said system a message
representing ah intention to invoke a said function,
for translating the received message into a local call to the said
function,
for receiving a return value from the said function, and
for transrhitting to the said remote computer a message containing

said return value.

5. A compiler apparatus for use with a distributed control system consisting
_ of a plurality of interconnected computers, each computer having a respective local
computer memory and being arranged for data access from local computer
memories by intercomputer messages, said compiler apparatus comprising a
compiler and being arranged :
to accept an original source program in a source language, suitable for
execution on a single computer;
to locate, within said original source program, pointers which will be
compiled by said compiler as pointers to objects within a single computer
memory space; and
to amend said original source program by
including code which will create for each such pointer so located a
respective reference object within said single computer memory
space, each such reference object containing the location of the

respective object associated with the pointer and being arranged to
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send invocation messages and receive return values from said
respective object, and .
amending each pointer to point to its respective reference object

instead of its original object.

6. A compiler apparatus for use with a distfibuted control system consisting
of a plurality of interconnected co'mputers, each computer having a respective local
computer memory and being. arranged for data access from local computer
memories by intercomputer messages, said compiler apparatus being arranged to
accept an original source prbgram in a source language, suitable for execdtion on a
single computer, to read said original source program and to add thereto a set of
data records describing the data and program structures comprised within said

original source program.
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