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- Acommunity of collaborative software agents works together in a domain to provide functionality such as provision of communications
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such as those published in the proceedings of the First and Second
i nternational wifeosfskuaf erences on the Practical Application Glorddegtdsgent

Agents and Milti - Agent Technol ogy. These are published by the Practical
Application Conpany Ltd., Bl ackpool , lrancashi re, in 1996 and 1997
respectively. A general conprehensive revi ew of agent-based technol ogy
Is given by Hyacinth S. Nwana, "Software

2 Agents: An Overview' in the Know edge Engi neering Review journal,
Vol . 11, No. 3, pages 205-244. - There are ways al ready: known
for building software agents. For instance, the follow ng publications
descri be agent buil di ng arr s3oHEDLER FORA SOFTWARE $38TEMAgent Bui | di ng
Environnent (ABE) which is essentially a C + + cl ass library

[ http://wwv. networ ki ng.ibmcomiag/iagwatsn.htn]. ABE is a tool-kit
that facilitates th&heprsthitiatention edlatagenichbading impaftivaratsysiemsand/firidps add

an agent .to existing applications.. This tool-kit applies to
relatively Pri iafp"%'on)%m' '"Stag‘f%'ﬁéf?qf%mg %@3’!\?@%“’30?5'@139'8&%onf'ﬁ‘é'f'%yvﬁs)fr k al one.
For exanpl e, aoaftageaagdnes.e coul d be one that which nonitors the
val ue of stock int fj.nanci [k Lis.user (e.qg.
vi a pagi ng) when t hggvmaﬁeeaqegﬁ%gﬁoe,?@wﬁaas dcet‘a“rﬂf’ 'E’afle':'nm'é;lQIS'je ;?4;?%6? H?‘;e% Aol d. ABE
does not descrseperahditfeent GeldbuAl softwgrenagent {3l secangpaner programnmhich acts as an  nor

do they descri L1 di r v, . 15 2. -
M'T o Scoagor TRM TS P snff.steh f nr 8 plck 87 Ba(iAfiete/d 3 ilerRE "fhg -

Gener al MagPc' softhaire sasnt pisualiycholdgdatadip relatianpto/ theugatitydhirentesentsoigs a setd

IBM s Aglets tdoR st ditfioMyy ' It : ; | her
envir on?rent S \[/é?iégﬂs{[é{m Il {cg{‘%hﬁ?etsggirﬁ ?’Séttglb%ha\g{&%ﬁngbﬂ’g'p‘gggh@ géased 20
appl i cati-ons. nevidedwithdeeigion makingseftmere for mekingdecisions on Kabalkefcthe

conpar abl e 10 digy withiffor ds Y Bf HRVEINSRARtshd YoRdiIbiY, ORYEER deRErally 2Nd
do not provide specific advanced agent-building arrangenments.
acting within a system and the decisions an agent makes can result in activity by

_ 15 ‘the system. In control software systems, those decisions result in control activity,
such as initiating.connection set-up ina -communications network controlied by the '
system. '

An agent acting within a system will also generally hold data about the
system so that it can operate in cantext.

20 In a distributed environment, many such agents may co-operate to co-
ordinate and perform the control activities. Typically, such agents form an agent
layer, with each agent interfacing with a number of external systems (the domain
layer) which they control, monitor or manage, as shown in Figure 1.

An agent-based systam can be very complex since the interactions

25 between the agents, the decision-making processes of individual agents and, the
interactions between agents and the external systems they control, need to be
taken into account.

Different types of agent-based systems are described in many papers,
such as those published in the prdceedings of the First and Second International

30 Conferences on the Practical Application of Intelligent Agents and Multi-Agent
Technology. These are published by the Practical Application Company Ltd.,

~ Blackpool, Lancashire, in 1996 and 1997 respectively. A general comprehensive
- review of agent-based technology is given by Hyacinth S. Nwana, “Software
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Per haps nore rel evant to enbodi nents of the present invention is the 25

agent buil din 940" k done at the University of Toronto.
descri bed by wo 5%5% Bar buceanu & Mark S. Fox in the paper C-{.%]B%Ibﬁ”

Architecture of an Agent Buil ding Shell", published in 1996 in
intelligent Agents Il, Berlin by Springer= Ver| ag, 1037, 235-250 and
edited by Woldridge, M, Miller, J. & Tanbe, M This work describes an

agent bui | di nagehest IAn'Gvealie? Dithe Ksowiedgs Bhgineerisg Bedewdyenal, €. 10f No.

| anguages and ser Vi C, &% bui | di ng agent systens:- coordi nation and
cormuni cati on 3 ag)(} escription |ogic based know edge nmanagenent,
cooperative i nf or matrhera arh whys #rebdy knovar fpabuidirig softward @ebeénts.g Famnidstaoed, | | ct

managenent * E 3@%%"%%%?9 rFu-LPJ:a%o}Q%)EA(sc iBe ?é)enh kUIY(ﬁ'[Qy inallnc}ﬁ'p rogress and has

not yet a prac |ca effort haV|ng been
expended onb

t heoretical issue ‘ e and
xt andi g KQu' t o ML HRhetf BERHG Kt ers LB i IO BRIV € ¢ %?de'%%m

invention differs l|bramﬂmpylvvwwmemw ingibro gam/iag/iagwatsndniml.a ABB 8 a kaal-kitor
defining and thﬂ%t‘?lfti‘{ek'%ﬁh E&éﬁu&ﬂﬂrﬂf E@u&%sé‘@%pﬂx%ﬂoﬁ@f& WobE adiPhn ' el

applications, and goes beyond eneral academ c nature of the
Toront o wor k. agent to e"'s"“ﬂ M‘?#‘WF&”%WUF'E?RRQP? tqeelagjvely trivigl | abor ati ve"

agents. Colpabor atinydtace” agentd) dnageris ﬂ.aawwen&fn:oaeﬂiﬁpaeml ergenfsﬁareper ate
with one another to co-ordinate eir activities |n%§rformn

particul ar task. Sy E(S’"B[S'é?téﬁ"}'ﬂhmﬁﬂfi"ﬁg‘e value of stockda the finpacis| warkeffow- how,
resources Or proc@Rsalkes MeWasr (Wvﬁ@:agmg) when the value falls below a certain

threshold. ABE does not describe means for building muiltiple agent systems,
nor do they describe means for building more than one type of agent.
15 :
+2. - NIfT's SODABOT [http://www.al.mit.edu/peoplie/sodabot/sodabot.html],
% General Magic’s Telescript and Odyssey [http://www.genmagic.com]}, and
" IBM’s Aglets [http://www.trl.ibm.co.jp/aglets]. These all provide other
! environments which facilitate the construction of “mobile” agents-based
20 - applications. However, they are aiso not much more than languages,
- comparable to the “Java” language developed by Sun Microsystems Inc., and
do not provide specific advanced agent-building arrangements.

Perhaps more relevant to embodiments of the present invention is the
25 agent building sheil work done at the University of Toronto. This is described by
Mihai Barbuceanu & Mark S. Fox in the paper “The Architecture of an Agent
Building Shell”, published in 19986 in Intelligent Agents /I, Berlin by Springer-
Verlag, 1037, 236-250 and edited by Wooldridge, M., Muller, J. & Tambe, M.
This work describes an agent building shell “that provides several reusable layers
30 of languages and services for building agent systems: coordination and
communication languages, description logic based knowledge management,
‘cooperative information distribution, organisation modelling and conflict
. ‘management” (page 235). This work is still very much in progress and has not yet

resulted in a practical embodiment with much effort having been expended on

b1



10 distributed across the environnent or across the agents in the system

The prollsdbnddes N col | aborative agent systens is the needdudsinzs?
co-ordinate thelr activities in a problemand cont ext - dependent
manner . An exanpl e of a collaborative agent system used in
this case in communi cati ons networ K~ managenent, is described in

international patent 15 application number W95/15635, in the name of the
present appli Qﬁé&encal issues such as déscriptiai Ingjcs, coa-renoseniabgisstand fextending

i nvention, t h rovgﬁ? %8683 EWEE)%L" T 23 W Lﬂh@%f@ﬁﬂ@fﬂ%ﬁ’c&n Jiﬁ%f/so.r

bui I ding a so Se I n con nmoni t'or
managenent of rﬂarhidbpﬂ'em tbis nmnmnairowcﬁeswiml-bpmmtlmag emhpmesmm real

) at | east, oy a%gci%: of smweqor l%egloagp Cticdtfo)\s, andrH%@E'Weil%y&ﬁWhU“ ng data

for | oading tc?gg'? east LWo cop nodul e, the
| oaded nodubegeserahacaderpicinekurg o&tl'@quranemk ve sof t war e

agent for use in saj dpa?@élﬁw&le?\y §|t|see@(¥v¥h collaborati\)e*')agentg'e@'aﬁat;o%tn)eoad' ng,

or providing access 'east two ferent
col | aborati on asemataetga spupcpfaseﬂtémcwwats Aith engAnethep to serprdinagded

4 their activities in performing a particular task. Such co—operatlpn may be
necessary because know-how, resources or processing power may be distributed
10 across the environment or across the agents in the system. The problem with
collaborative agent systems is the need to co-ordinate their activities in a problem-
and context-dependent manner.

An example of a collaborative agent system, used in this case in

communications network management, is described in international patent
15 application number W095/15635, in the name of the present applicant.

-~ - According to a first aspect of the present invention, there is provided a
software building environment , for building a software system for use in control,
monitoring and/or management of a process or apparatus, said environment ‘
comprising at least one software module, means for capturing data for loading a

20 copy of said module for use in said software system, and means for generating the
software system comprising at ieast two of said loaded modules.

Each loaded software module preferably comprises a collaborative
software agent. It will therefore comprise or have access to at least one
collaboration or co-ordination strategy, expressed for instance as a rule or

25 algorithm. Said at least two loaded modules together can then provide a muitiple
agent community for controlling, moni_toring and/or managing the process.

-~ Embodiments of the present invention can provide collaborative agent
building environments with which system developers can define a set of agents to
work together in a system, organise them in relation to one another in whatever

30 manner they choose, imbue them with co-ordination abilities suitable for the
pfoblg’ms the agents are being designated to tackle, support links from the agents
to said process or apparatus they need to communicate with, to control or update

 for instance, and generate the software code for the agents.
-
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modul e, for use by the respective collaborative software agent in use

of the sof t wayw@ soxsshem and V) means for genepaticiisdebsy
sof tware system conprising the col | aborati ve software
agents of ii) and iii). 5 Thi s4schedul i ng means can be used by
the software systemfor allocating tasks anongst a plurality of

sof tware nodul es during control, nonitoring and/or managenent of a

process or appar at Wis not necessary that alf the igedadcsaftvaee medwes prgrthe sameof t war e

modul e may Stlﬂﬁfeddg&?all{' &P [Bast some Jf[tﬁ&ntvhﬁﬂole @ﬁféraﬁhaeheéew bédaage f¥yderi ng
the data so as to determne the ord in 10 whi In use of the system

t he sof t war e repegaent differpntantities| P ‘@fe"?PAY'rtpe SQfFW?"Hé’”"d'"Q enyilonmeRht t ask.

Advant ageous| provitith of pritiss Iae&essﬁe,nﬁore&uansmr&namaﬁ@s& Rardinktpet her
with an indicator of status selected from at |east “Ater ative statuses

such 5y sstrategy dpjuse of thegenvirppment, the deyeloper &P‘E)Fhe(?f a differeply pe used

by the scheduidhibbordfion éracotHiREIMSraABHCD R lea8PORONOGUIS fitfusd @i the FOT
i nstance, the schedul er may operate a tine-out in relation to task

dat a havi ng tH# Y& at us "tentative", after which the data is del eted
or can be overw i t t\dre lpyeferablye thecsoftwane ol istkedpable of having loaded therein
Particularly adv

asour aoa. by BERRE S50 talaborsh of P GRIRAtAD AR, R NS R Bl BBoratiap o1,

storing 20 aendinafipn behavioueinctha systemris fexible. That is, it can operate according
to one collaboration or co-ordination strategy at one time and another collaboration
or co-ordination strategy at another time.
The software module may also or instead be capabie of operating

according to more than one collaboration or co-ordination strategy at once.

15 According to a second aspect of the present invention, there is provided a

| .software system for use in control, monitoring and/or management of a process or
apparatus, wherein said system comprises at least two software modules, each

module comprising data and/or process information which comprises:

20 (i) .- organisation data concerning an inter-module relationship; and
{ii) ekecutable software providing a collaboration or co-ordination strategy,
expressed for instance as a rule or algorithm;
wherein, in use, a module selects said executable software for use in negotiating
with another software module in relation to task allocation, said selection being
25 determined at least in part by said organisation data.

According to a third aspect of .the present invention, there i_s provided a
‘software module for use in a software system for distributed control, monitoring
and/or management of a process or apparatus, the module comprising:
3o ‘ |
(i) .- communication means for communicating with other software modules;
(ii).:.. executable software for use in co-ordinating with other software modules
in the selection of tasks to be allocated to respective software modules for

controlling or carrying out; and
\\
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It should be noted that there are several novel and innovative features of
the embodi meny, safpsselie Present invention described bel ow, necraisysefzamhi.ch

are ~ necessarily referred to above, and at |east sone of which have
applicability i ndependently of otheg aspects of said enmbodi nents.
5/6. It should al so be noted that, in a distributed

envi ronnent, software nodul es in practlce may not thensel ves

conprise datafilir sod datarseqreserciccess to a data stogs, (feryPHng Bk defiRiteNs: di nat i on
strategi es as nenti Kk tibAsikRad sinply have access
to them for inst anﬂg"a?t gl?ﬁéedc?tgma teasrg?(eec\‘/‘alnt Ir un- 5 %/i e These
arrangenent s sﬁdlm\QﬂUEefuttaRfe#PM's@S\PéF%"'ﬁg/"‘Fﬁ%‘ top stasing data selected from &% - ;o ¢
bui I di ng syst ?%Zg 9:9% af'dald 15910 BBfiriitoris) Mclilinh 3Giatithd dataAGERE respective dask | di ng
System (" CABS now be descri bed, by way of exanple only, as an

enbodi nent Bf dﬁmtiwefs‘éqﬂ""‘l%&ent ion, with reference to the acconpanying

graYm ngs, in which: - 10 Figure 1 shows an agent - based control system
uilt using CABS, as it
sof t war e; g This scheduling mggrﬁirga% e used LQ tﬁé( ;&{ﬂg‘re sgs em or allo% gl\é) r

tasks amongst a plurality of software modules during control, monitoring and/or
management of a process or apparatus. o

10 The scheduling means for one software module may store data from more
than one task definition, ordering the data so as to determine the order in which,-in
use of the system, the software module will control or carry.out the relevant task.

Advantageously, the scheduling means may store the task data together
with an indicator of status selected from at least two alternative statuses such as

15 “tentative” and “firm”. The indicator of status may be used by the scheduler to
determine modes of managing such data. For instance, the scheduler may operate
a time-out in relation to task data having the status “tentative”, after which the
data is deleted or can be overwritten by subsequent incoming data.

Particularly advantageously, the scheduling means may overbook

20 resources by storing data from more than one task definition, said data storing
overlapping time contraints.

According to a fourth aspect of the present invention, there is provided a
visualisation arrangement for use in a software system for controlling, monitoring
or managing a process or arrangement, said software system comprising a plurality

25 of software modules provided with means to communicate with each other,
wherein the visualisation arrangement comprises means to store and provide for
display communication instances, or data relating thereto, occurring in relation to a
single, selected software module, and means to store and provide for display
communication instances, or data relating thereto, occurring between at Ieést two

30 of said software modules.

A debugging arrangement which allows the user to choose to review
communications relevant either to a single software module, or to a community of
communicating software modules, or to both, can offer a very effective debugging
mechanism to the user.

D
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Figure 2 shows a schematic architecture for a software nodul e
constituting waosgaed for distributed control, nonitoring aperesssagerent of

a system 15 . - Figure 3 shows a CABS platformfor building an
agent as shown in Fi gure 2; 6 Figure 4 shows a | ayered
nodel of an agent in terns of primary characterisation; 20
REPLACEVENT SHEET 7

Figure 5 shows a f |Reeferablys theofisustisaion amangepent isiprerddadyith reans f5ent usi ng

the platform %ﬁtaiﬁing%rr%n%tional data in relation ftb Y §fvat AVRIURS S&iddlvEh means
organi sati onal reldtionshi ps between software agents built using CABS;
for processing the communications instances or data priorf to display, such that

said communications instances, or data reléting thereto, can be displayed in a
5 manner determined by the organisational data.
it is also advantageous if the visualisation arrangement is provided with
means to access data or e)_cecutablé software code held in one or more of the
software modules, to download said data or code, to provide said data or code for
modification and to load modified data or code to the software module. The data or
10 code may be modified by editing means provided within the visualisation
arrangement itself, or by separate editing means.
it should be noted that there are several novel and innovative features of
the embodiments of the present invention described below, not all of which are
necessarily referred to above, and at least some of which have applicability
15 independently of other aspects of .said embodiments.

.+~ |t should also be noted that, in a distributed environment, software
modules in practice may not themselves comprise data or software, such as_
collaboration or co-ordination strategies as mentioned above. They may instead -
simply have access to them, for instance for loading at the relevant run-time.

20 -These arrangements should be taken as covered by the above.
An agent building system tool-kit known as the Collaborative Agent
Building System ("CABS”) will now be described, by way of example only, as an
embodiment of the present invention, with reference to the accompanying
drawings, in which:
25 Figure 1 shows an agent-based.control system, built using CABS, as it
interfaces with external hardware and/or software;
Figure 2 shows a schematic érchitecture for a software module
constituting an agent for distributed control, monitoring and management of a
- system;
30 Figure 3 shows a CABS platform for building an agent as shown in Figure
2; -
Figure 4 shows a layered model of an agent in terms of primary
characterisation; |

.
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5 Figure 7 shows data obtained using a debuggi ng tool for

debuggi ng an we ogAdgyat - based control systembuilt using CAB§eqep

Figure 8 shows a scenario for debuggi ng using the debuggi ng% ? 913102237
debuggi ng a CABS agent system 7 Figure 9 shows a comm t nment
tabl.e for an agent according to Figure 2;“10 Figure 10 shows a
debuggi ng and vi sualisation systemfor use with the agent - based control
system of Fi gure 1; Figure 5 shows a floWichart®f §teps irvmolved irf Hesignirigpaint ageint asing
co-ordination f bet ween . agents in a systemaccording to
Figure 1, thd |%§§§n Eh Hr%gs ‘12 shows schematically an exanple of the
screen- based out put Fuﬁrel@siapwsmsm%mgmaﬂoml relationships hetveeeni softweayst em i n

use; schematically a GANTT chart as an exanpl e
of the scrg 3']';&%%{3'%&%.1&}&8 of a "reports tool"™ of the visualisation

systemin uSe; Figure 7 shows gmeb@medh@ing agizhuogivg toek foy dehuggigl e of the

screen- based I the visualisation systemin
use; and 20 %HE:P&BasQé Eontro gyﬁgaﬂqtows sc éﬁ%tlcal |y an exanple of the

screen-based out put Fighire 8 shows 8 seanre for debuasing using the debuaging el fosn system

i n use. debuggmg;@Ahgeaggm dyst¥nflg description, an agent-based systemis
descri bed, togethe an environnment for bU|Id|ng it. The planning

and schedul i ng as peE'BE’e %\/ﬁ'i“l!’ﬁs a compjtenepttablefor ar agent aseaslieg to Figuree?: of t he

present appbi cati onF.gafﬁoigws be@bu%gﬁa%%ﬁd WiRBAIREBEGh &stérh $4r (28 witPtHae! oW,
"Pl anner and Schedul er 22 N AGENT- BASED SYSTEM BUI LT USI NG THE

CABS TOOL- K| T 8gent-based coriro syatam of Figuesdishown in Figure 1 is an exanpl e of

an agent - based systeauieOﬁ acbwysﬂowrehﬁ.@mmbmm&im précded\BS Uskalstwédn coul d
however be used for. bui gent - based system where

sof tware agent® §e?1t§é'blal§¥f'ﬁmt%"8‘6’”958?9&‘(%?”)/ avvlth other agents and to

performtasks Wm ChFiga&u12 shd\wSﬂﬁiématl&qWTan exrapie Wf i sdréen-based batpax afipl e of
Figure 1 |§ neans of conponents of a

.OVi Si on
communi cat i ons sys té’rﬁ“[? 'SET"S?E?SI S(Xs?ﬁ'é'rﬁg‘t i vel y be data generation or
_ : . Figure 13 shows schematically a GANTT chart as an example of the

screen-based output of a “reports tool” of the visualisation system in use;

- Figure 14 shows schematically an example of the screen-based output of

a “micro tool” of the visualisation system in use; and
20 Figure 15 shows schematically an example of the screen-t;ased output of
a “statistics tool” of the visualisation system in use.

" In the following description, an agent-based system is described, together
with an environment for bdilding it. The planning and scheduling aspects, which
are the particular subject matter of the present application, are described for

25 instance at section 2.5 below, “Planner-and Scheduler 220",

1. AN AGENT-BASED SYSTEM BUILT USING THE CABS TOOL-KIT

The system shown in Figure 1 is an example of an agent-based system for
30 u_se in communications. A CABS platform could however be used for building '
almost any agent-based system where software agents need both to collaborate
with other agents and to perform tasks which result in some output. The output in
. the example of Figure 1 is control of service provision by means of components of

a communications system. The output could alternatively be data generation or

-



8 control of a production process for instance and other exanples are

used el sexnbosessegn thi s specification. The spcl/6eBIs®IPr i ses
a set of classes (in the object-oriented technol ogy sense) i npl enent ed

in the Java progranm ng | anguage, allowigg it to run on a 5 variety of
hardware platforns. Java is a good choice of |anguage for devel opi ng

mul ti-agent applications because it is object-oriented and nulti-threaded,
and each caydrel ofmproduetignsiroesss ferigstangecnd other #xadples are Ys8feads. 1t al so

has the advaniadenere in fhis {pRkiRBatidAl t abl e across operating systens, as wel |
as providing a ri 071 set of class i braries that .include exg‘el | ent

net work communi cat i B System samreises g get of classes,fin thephiget-ofiented, IecANAIOEY, can be

cat egori sed i giRef iHpfindhtddMitie HaVaGHrogtBming langlizgePallowiriyit &gmmtoncdnponent
i brary, an_agent buil ding tool ang an._agent ' '

r . . v; uallsaftl n Lool.
The agent conpaidyef hardwateplatigmms; Java isageodchaice o f"ﬁ'ﬁ?agfeo%??vﬁ opIng
"bui | di ng bl ogluki-agtht blicstishsdecage it is objébrariznteagidhaultiitivebdmie atd béch

"agent-level" 15 functionaljty required, for col ] ahor.ative . us for
i nstance for age“‘é'?ﬁﬁﬁ?ﬂf'ﬁ%\?#i 'B%ly, g‘ﬂlq?é%a?ﬁ ﬁe@{?'ﬁ?m'ﬁ -sagfe)ﬁf‘; b%i%‘gg‘r%g%’?%% and
the ability tofpéihg partdbid scross operating aystdmsyanwelhaepmidingrsrithetetoélasgent s,
the system prqvides; . err A perfornative:. L. nt er - agent

communi cat i onﬁ?'ﬁﬂiﬁ.fg@%mcmde eLc%%vﬂee‘ﬁ%re i "en&ug'scgﬁg'gfal%gﬁk%nd storage using
ont ol ogi es1@0 * -An THmyclasseonbthe systeinetanihesmtegorsehinty thesssprimary jurictional

[err] A planni nog‘B?gdansac Qgg%d‘%eﬁ%g%aq X a,&bﬁeni Hg}{airﬁvtgg;aﬂugﬁge}‘pget her with

an appli cati offS ogra nhg Inte e OWS progranmers
to nonitor chaisgaisationtdok i nternal state of an agent, and to

control its behavi oo sa&hf*aﬂﬁ&.&r»én?méw%oﬁﬁﬁ?éssdjaﬁ}atciagaeAse:Pgé ffmthe [err] A

library of predefined Co-ordination protoco . i brary of .
predefined or Jbwildinghienks! of indiyidughpgantss These together implgrpent the nle¥el des

support agegt uthioksliey\Feqtif@fioila coldRrative Agatt. NANE for instandefor €I S,
facilitators (classified directorie vi syal i

> s), an sers. . 30 -
Preferably, cGRpEHBitALONS ’?ﬂﬁ@"‘%%é‘?"@ﬁ%%"%‘f’aﬂaﬁ?’ﬂa d.tbs r?Bﬁ'B’gﬁ"é?thver
possi bl e, sucln gsalaAvERiRterRitions bétivean ghents,Rh& sgaeiqirovidest ng a | anguage -

DS oo R NS e MO B PHRBef O
e Knowledge representation and storage using ontologies
20 -« .An asynchronous socket-based message passing system
~ o A planning and scheduling system
s An event model together with an applications programming interface (API) that
allows programmers to monitor changes in the internal state of an agent, and
to control its behaviour externally
25 o A co-ordination engine
¢ A library of predefined co-ordination protocols
¢ A library of predefined organisatioﬁal relationships
it further provides support agents of known general type such as name-
- servers, facilitators (classified directories), and visualisers.
30 - Preferably, components of the system use standard technologies wherever
possible, such as communicating through TCP/IP sockets using a language based
- on the Knowledge Query Management Language (KQML).

Further descriptions of these aspects can be found below.



9 In the following, the terms "goal", "task" and "job" are
used. These amm9vssdlefi ned as fol |l ows: A "goal 'PcTEGHISG223R |
description of a resource (fact) which it is intended an agent shoul d
produce; 5 A "task": a | ogical glescription of a process which
uses zero or nore resources and produces one or nore resources; and
A "job": refers to a |‘(%oal or task E{ggend'”ng on, t he, cont ext . I nst ance,

. g on, the,, (For

in the context of tAhEFaligwinasthe terps foatystasl #d doP u?fﬁé'?e?hgh?fgéﬁ? ng "b5.
DEBUGG NG ANDgMinadAlslfoifeMdN', it refers to goals.) 10 Ref erring
to Figure 1, an agent-based system 100, huilt usi he. S atform
conmprises a set of o nfééqa{‘i‘i‘gg%fﬁﬂﬁtﬂ@ ‘?@5’,35%'{6? “%i'&)"?‘f%?'ﬁd?‘e“dﬂ an
control I'i ng/ r agértsnBlld Pgbdaté;i ties in an external system together with a
set of Lnfrastrygture agents 135 . 140 145 . The agents of
t he systemJ‘iOO corménl%?&t'ea @P‘f’ﬁl dgﬁ‘érf?t'ﬁgi"ga PLOCEES WHIGP UPES Z8RI9F 97| ocal
Area Networ k iéddurcésand proglhtesadriear natre vesbyrceyranni cat e usi ng capacity
in the external sysiem il e he stem
100, there is a comgruholbcé'tse?%%go g)?‘s’?leofntng ep el'@ﬁ&vﬂ %’ﬂm\/ea‘%o%gt}g' g-(a)ogrrp%(}&lae'ﬁ:tgé.
There is wit himthetwontaxt of thwl visuplisee 1t0 2iscugsed belowt undee thegheadingt“8: m nal 155,
a software appg ' Ll en| ' and ‘several 20 network

DesfiBeR s Vst RHORT H {efd) LB

| i nks 165, 17 e network I s provided with an
external a$@nt 180 Refleaingits Figuret.cancagepbbased systgeantQ; dyltdusingsthe RABS bui | t

using the p%ﬁnp{:(&ﬁér%@gh set of communicating 3Gerft8 3052980 F151 420 1440, 115,

120 have various tasks to carry out and resources to control. The
agents wi | | n&eatrelingirepresentincAntities o ansytarnal sYHAm. tegether Wity # §etft t asks.

The tasks wil linfrdaslubidfe ddunte138,Ma01 hysi nvol ved in providing services to
a user but may al so_i nclude auxiliary tasks. n an exanple, in

]
the system shown, i fhe feents el thgsystemli0commuicate yith gach usinganetwpr |

155, the ussr sagiess a Lddd) Akbd Nethdvie 1601 Thesiight alérAativibly'gbnafunicate using
aut henti cati on resoyrce 160 It he ter 'fnal agent 105 will have the task of
provi ding 30 S@RIGYID tha exterpplsysteptsefhe qara at the terminal 155 and the

networ k agents 115, External fc2the \sgbdt system 100; thers lis ® tompmumicdiiorg systenon 25
bandwi dth to %’l{l{ ¥ar$ot]§_ cgr%}u"i‘net s. tﬂ%re is within the. external system 125, for instance, a
terminal 155, a software application providing authentication 160 and several
20 network links 165, 170, 175. One of the network links 175 is provided with an
external agent 180 which is separate from the agent-based system 100 built using
the CABS platform. '
The CABS agents 105, 110, 115, 120 have various tasks to carry out and
resources to control. The agents will need both to collaborate together and to
25 carry out tasks. The tasks will include those directly involved in providing services
to a user but may also include auxiliary tasks.
in an example, in the system ;shown, if the user wants data downloaded to
the terminal 155, the user agent 110 will have the task of providing an
_ authentication. resource 160, the terminal agent 105 will have the task of providing
30 sufficient storage for the data at the terminal 1565 and the network agents 115,
120 will have the task of providing network bandwidth to carry the data to the
:terminal 155. The network agents 115, 120 will also need to collaborate with
_ each other, for instance by bidding against one another in terms of cost, time and

quality of service to provide the network bandwidth.



termnal 155. The network agents 115, 120 will also need to collaborate

with eacwo@bhshs for i nstance by biddi ng agai nst one apCI/eB9s/2287t er s
of cost, time and quality of service to provide the network bandw dth.
10 After an inter-agent cojpaborati on stage, the agents 105,
1 10, 1 15, 120 will carry out the tasks by outputting control nessages
to the conponents of the system 125 they control agent
105 must t her ef or e Aftattandnter-pgent collabgratipm, siade.ghe agents 163 bi%vﬂ&{]eq?ﬂ

storage Capacr,.,wca"ry RAhEHSREBY on]ibﬁ’ttnﬂ? RbntAd) Fidlssades td b comonkAtsrvt thd he
aut henti cation application 160.

he t net s 120 nust
provi de the baystem J28, they sl agh%ltef@'é‘ﬂll 3gegk ){6)515'“8%5?5?{?5??%@% its
respective ne{éﬁ@“ﬁl hs8ko 33 Qo provnde the storage Bhﬁdchg ittHasiagread! iThe maersagehhe

agents 105, 1 , have acce n resources within
t he CABS ag%nﬂ19\75‘1%!%“@@0‘“%W@T%H?ﬁ?ﬁ’“f*’@f’"qaﬁg'f iﬁ%eot"ﬁé’?r%oﬁv‘rﬁ? PMict ur e
agents nmenti opgshts oY Fust pibeide thebariwidthcadreek3ds a eesult of thelnotjghanatidnaoht

findi ng agent , 140, referred t.o q e as a visualiser, and a facilitator
agent 145.  its respective ngtwork ligk zpe agent 180, controlling a network Iink
175 of the exter nal During tﬂyxshﬁmﬂeszme agaptsiiody 11 8@, D& K 20pwill haveacases twr k

ts 1 15, 120 of the CABS dth
fot avai | abi e SORPROGHFREERNVIOT GRS baegt systdhn 108, P i pecdil bl 0 ' ©
bui |t agent® Infastrd@re dgentsi héntiveed hizave; anamhaerver agept 18%dst ance that the
CABS a_gent S 1%?%u 110 ga&&?{\%&% 8% it |140n|%?gretdcha %Q\%r £s @v:sualrs&o Hﬁ@ﬁ‘ facilitator

communi cati on epar ate agent X 180, oget er with
sonme sort of (aoerurli!inatlon protocol. Conmuni cation with the external agent

180, 20 for instanceyd Qeﬁmtéh%rﬁaﬁacéérﬁroﬁ'ﬂg'atn%tvarﬂkln@37S P A aierngS OUT Ce,
coul d be all ocated . as a to ang one or nore_of the CAB%A%%ents

2. STRUCTURE @¥stams] 29crmayupyige bagk up todhanetwercaganisr E 2Rt

KIT . 15 system 100, in the event that bandwidth is not available through network links
' . directly controlled by the CABS built agents 115, 120. It will be clear in that
circumstance that the CABS agents 105, 110, 115, 120 will need to share a
: common communication language with the separate agent X 180, together with
some sort of co-ordination protocol. Communication with the external agent 180,
. 20 _ for instance to obtain capacity on its lfnk as a backup resource, could be allocated

. as a task to any one or more of the CABS agents.

2. STRUCTURE OF A SINGLE AGENT BUILT USING CABS PLATFORM/TOOL-
. KIT
25. . Referring to Figure 2, the internal structure of a single, colliaborative agent
which can be built using CABS, for distributed control, monitoring and

. management of external systems 240; comprises:

{i) a mail box 200 or comrﬁunicating device which handles
30 communications between the software module and other internal or external
software or hardware systems;
. {ii) a message handler 205 which processes messages incoming from the
. mail box 200, dispatching them to other components in the architecture;



25 Referring to Figure 2, the internal structure of a single,

col I abor at i ve}vggglggs,‘ whi ch can be built using CABS, for peirrddosiissed .
control, noni 'ng-and managenent of external systens 240, conprises:

(i) a mail box 200 or communi cating deviq whi ch handl es 30 communi cati ons
bet ween the software nodul e and other i ntirnal or external sof tware or
har dwar e syst ens; (i1) a nmessage handl er 205 whi ch processes
messages i ncom ng f(iipra ¢d6rdination amgihe drakreASihingi$yspane 1P vhicthtakes o ot her

conponents in .the architecture: -. - ina. h id | :
11 decisions qaPperging She paplp 119 5L sRauLbe pUrsyng: how 8819 8098 1 51

whi ch takes shoulttbé pireued, auirenco abangonithery 6. sanchow §e Ae-otdinale theoe
pursui ng, how sai %nagﬂgilﬁ%hgﬁth rEQ:%J(ﬂ: RRePCABS BGent te}}s?sl%h@'ﬂg%oi hemetc.,

and how to co®®¥Hi ent’s actrvities wth respect to other
CABS agent s5 i prdiration pagisenand reasoning Systerd icantainsbotin gh aegin; and a daehasrelsyst em

contains both_an .engj abase of coordi nati on processes 255;
(iv) an acquafﬂ?rgwggéﬁrggggﬁﬁggg\lhi ch descri bes the agent's know edge

about the capabil it dsamacamaineancagradeb2]h which dpserikag the agent's kn°W'edge) a
pl anner and SebedubeeadRfiiebf bundl AherRdns gk €5 the tasks the 10 agent
toring or managl n

Is control ling, noni ased on deci sions, taken b

ordi nati on engi ne aivli ed®anoal ang WEQ%ﬁghzfﬂ)WﬁiﬁB plans apd sghpdulss thetp té%g o
avai | abl € 10  ahGnhtd8 cERPHINY, RMitorY brirdrRginabds&s oaeagest taker b troent ;
- (vi) a resource database 225 containing |ogical descriptions of .
resources cur r&fipatipnangine a5A geasgnipg, éyﬁﬁ@gp;o %ﬁ'cfﬁﬁ FRPVERSR é‘"ggaﬁ?‘ﬁ ta(\:(?xfaggee
between the 13,@elaRAsiRdAMdnitarb® aidibr S¥ndgetibyte lagétat t he dat abase can
O o s esseeaivabs 2 oo BT oL,
ext ernal syst egsoutd caffehtheavailabie to thietdgant; wad providing an interface between the
16 database and externa.l systems such that the database can query external systems
- about the availability or resources and inform external systems when resources are
no longer needed by the agent, and external systems can on their own initiative
add, delete or modif\) resource items in the tatabase, thus initiating changes in the
agent's behaviour;
20 . {vii) - a task database 230 which provides logical descripti;:ns of tasks
available for control, monitoring and/or ménagement by the agent; and
{viii) an execution monitor 235 which starts, stops, and monitors external
systems tasks scheduled for execution or termination by the plannér and
scheduler, and which informs the co-ordination engine and reasoning system 210

25 of successful and ekceptional terminating conditions to the tasks it is monitoring.

When the agent is built, the cieveloper uses various CABS-provided editors
_ to provide descriptions required for various modules of the agent architecture
-..including thé coordination and reasoning engine 210, the acquaintance model 215,
30. - the resource database 225 and the task database 230.
In use, thé agent is driven by events which cause the agent’s state to
. change. The agent will run an event mode! provided by the component library of
- the system to monitor these internal changes, making them visible to a’

programmer via an APl. There are three possible external event sources (see

b



add, delete or nodify resource items in the database, thus initiating

changes i Nt RGo g9iosseident ' s behavi our; 20 (vii) a tasicwcsshese 230
whi ch provi des ?ogl cal descriptions of tasks avai l abl e for control,
noni tori ng and/ or managenent by the agen{, and (viii) an

execution nonitor 235 which starts, stops, and nonitors external
systens tasks schedul ed for execution or termnation by the planner and
schedul er, anglguBi2nhexterhaimessades fom othell aaentsontacthgiMrilbax 0P d&g geauestssyst em

210 25 of sucgessilhice neq(teqéﬁgg%tg ﬂ%aﬁécﬂrﬁpﬂ'}ﬁé Eﬂgzuﬁ&’i‘mdnlt&”ﬁd Rohiéridgasks it

i's monitoring. agent 1s built, the devel oper uses
vari ous CABS- @ttemalsystesth {eog.sfrom variqus Spﬁﬂ?ﬁ) @ad gxtesnal BY?'\Sﬁg‘"faé?ﬂJT’P'@d for

various modul gs, | gés H‘@»ﬁﬂ?@hc@b&!&bés‘ﬁw For exam;thlQ# ﬂﬂa‘ré‘ﬁ dnhReRO@RRKNAL i On

and reasoni ng engi ne e acqual ntance npdel 215, the resource
dat abase 2% chubgesithetsiatk of shex#nest sugpas loss of a resource, if H‘"‘l@? topdaigent s

driven by evept %cms?gcg,@ﬁ@py the agent's state to change. The agent
wi Il run an event nodel provided by the co onen | j brar t he

of
system to nonitor tAebangerin eﬁaﬁmmawm@%g SeqeRES ' 2 %’é{m"él"éhm andly o
programer Vi gydjdeAfd parti &ﬁéreag%he #dareﬁanﬁe,snss.b& e r@bhﬁfer(alg avamh fabureres (see
12 Figure_ 2): external mess rom OEQIh ‘| nt B LD/BI | box
200 (e.g requudichis 'equf'?ﬁt"aprgé'f’%F 789%%&% °8\‘)'e§n ’Wi"?' 68°99%m t he
Executi ;)” ﬁ\%’”HotGﬁleZ&l@ toRteipt tdgecure arﬁﬂieﬁfe%ahrcsyﬂﬁﬂnma(f be gbleftbdmthar i ous
sensors) and external .events, i at ed
Dat abase 225. Same iaby i jhfyscegds, ?'L%‘F?!“Pg aﬁﬁ raygno[f tﬁ?}ﬁl’ggggt chrg%&z‘%ﬁ?%ggif :t e
of the agent, csmiheawmsmemfgem Hesweve ¢, the Planhing anéédhedulmmtmﬂele 220 jts
records accordin r%ﬁ){or?a%ﬁﬂ"oal?er local re'sbkfugé]ea'?lgtieﬁeé}dﬁgﬁéneE b drld RdaBbfing S€quence

of activities“# side Articular agent. For exanple,
| osing a resomys«en(mcgwnltltwcallgdhulbm foatignpt elthqmp gecure theefaa?qf@ﬁf'?@ §9M%/i de

S0 Servi o8 Wik dah B uoliglloFh @R B ok SR Gloa Yoo IRAML AP

attenpt to secure ource whi c le to do the
“‘agent. In both cases, the Coordination Englne and Reasomng System 210 will

request the Mailbox 200 via the Message Handler 210 to construct a message and
~ deapatch it to selected other agents. In this way, coordination of activities with
-other agents is realised.
20 ° °© " ° Further details of the components of the agent structure which support

“the above mechanism are given below,
2.1 " Mailbox 200

25 The mailbox 200 is implemented as a multi-threaded module with inter-
agent communication via TCP/IP sockets. One thread of execution, the server

- thread, continuously listens for and -accepts incoming TCP connection requests
from other agents, receives any incoming messages from those agents and puts

" the received messages into an in-tray {a queue). A second thread, the client
30 thread, opens TCP connections with other agents to deliver messages. Messages
to be delivered are retrieved from an out-tray {queue). When other modules of the
‘agent request a message to be delivered to another agent, those messages are

_ placed on the out-tray of the maitbox to be later picked up by the client-thread.

The message language used in the current implementation is the KQML agent

-



sanme job. If it succeeds, all activities as a result of the |oss of the

resource can gontained within the agent. However, if gdif:dskaiant NO.
and Schedul i ng m)gss?e 220 cannot | ocate another |ocal resource, the
Coor di nati on Engi ne and Reasoni ng em 210 will be called upon to
attenpt either to secure the resource fri sone 15 ot her agent or

del egate/ contract the task which required that resource to anot her
agent. |n botéonuasecstionhlangiege dTmatFinom Fargiisrbabmnd Healomes ridadield ¢1A70 wi | |

request the g@émox 2 0 VI %&ﬁmjy{?gmel_ﬁﬁ%gr|n2§,g|‘,gr%v§ogs(gat)lcﬁpﬁwggessage

and desp 8 s 1y coordi nati on of
activities w Agents, Cmmmea@satMlT Eressa&haem 14ppages 291-316lFyrt her details

of the conmponents of o F-E:l@&?%clﬁ{ofdéit o] ?Tlé"fﬂ}eﬁ}" s%éH?lQRf tand codidl ShfBO¥Een

mechani sm are gi ven box 200 The mai | box
200 is i rrp|5enmpﬂam|erngd using aiternative: geramunisatinneprRtqos! Pmeéﬁhan TCP/I, gpghy as

communi cat i ONgYiedon; Ft%n%qwiﬁmxt%sfewmmmﬁcutlon the server

t hread, continuous I stens for and accepts incom ng TCP connection
requests from ot her agents, receives any incom ng nessages fromthose

agents and pup® Messaggnﬁaf,gg.ezo@d nmessages into an in-tray (a queue). A
second thread, the client 30 thread, opens TCP connections w th ot her

agents to deliver nessages. Messages to be delivered are retrieved
froman owgtray (arRUAsssaybBandlém205 tmc{mhemy pélistthe in-tray of g nailtx 200 a

nmessage to be_ delivered to anot her ent S€. regsa | agced on
the out-tray B neMeinReMiNgJRe$58995e "Y'B’[c'ib\’ dﬁﬁpé'ff’g'as o ? ﬁgva(gf |°8WP°?W?
The nessage | eHpgatge forsddaiied prbcessings eThis maplle e basdd m'nstandat’detemﬂ‘domygent
13 conmuni cati on ua br ield
Goory,  “OTRERmSIACR cxBBAv R, ibhPe s wiRh Bole TR ek 2060 ) ¢
Sof t war e access to handles of all the major components of the agent for dnspatchmg

15 'messages to them.

In CABS, the format of KOML messages is as follows:

KQML [:sender :receivers :content] - -

20 - - - Agent messages, including inter-agent communications as usually used in -
co-ordination in CABS, use KQML performatives, and the details of the
communications are usually contained in the KOML content field. A CABS agent
that puts forward a change in state to other agents (which may represent a
proposal, countér-proposal. or acceptanée in the CABS co-ordination protocol) uses

25 the KQML performative “achieve”. Recipient agents reply by using the KQML
performative “reply” when they counter-propose and “accept” when they accept a

proposal.

- 2.3 Co-ordination Engine And Reasoning System 210
30 ¢
Referring to Figures 2 and 3, the _co-ordination engine and reasoning
- "systemn 210 and the planner and scheduler 220 are both unigue in a CABS agent
. and both are now described in detail. Further reference is made to these below, in

describing use of the CABS p!atform to design an agent system, under the

b



Agents, Canbridge Mass: MT Press, Chapter 14, pages 291-3161 The
i | box tech SfésdsS relatively standard and coul d have begf/cposi@isgnent ed
using alternative conmuni cati on protocol other than TCP/IP such as

el ectronic mail and Hyper Text Transfer Pyptocol (HITP). 2.2 Message
Handl er 205 10 The message handl er 205 continually polls the
in-tray of the nail box 200 for new incom ng nessages, which it

di spat ches t cheatlings "Steb @ ogent Goprolination Stretegy Speeificationtend 5$ten & AAgant
processi ng. befﬁ’ﬁ%ﬁ’d%ﬁ?égvmg%%&f’ ﬂﬁﬂéil i£COBNG®THE CABS POATFORMNG a

conti nuously e mai | box 200, and has access
to handl es ofTQIUESleéAMGEN'Eﬁﬁﬁ'BEMntS of the agent for dispatching 15 '

nmessages to them bRrerdRS imb&RaritOnelABS! bééduse W&S% @fs he as
fol | ows: coord'rl?a‘\w l[s seFlder "chel verns . cont ent ¢ Agent

messages, ifnctaldborgtiveat dollapsaivecsoiiviaT agantd Fefersto the pom "lﬂ%‘;& qf pgents
gg monrj ﬁ: 2:% : gz\évhgpgﬁggbuoéll‘\‘fa?tmecom ;IQGHnBOWHi%hI 38 Scapaié dfP&dietanbhstﬁ dther
ne ont en

agent t haoems & qrdentq Rerfarme fasks gm' ’He ﬂﬁ??%y SeRiesen g é}?ﬁ' sm?‘(/ﬁl Vgﬁ{c’rray
ST o A ety e

ornp " t
2 g em Z r reply Wagf; K %gﬁgt ﬁ;@(ﬁe;ew; agiﬁ\%t ﬁﬁtai r\%o:r?e t;rf:m..an V\ﬂ:i\é%_lm Re&hP! en

u - Prepoeey aedifpito theaal a to its owh 3

Co- ordi nati on EFL | ngcAndﬁ%easo ‘.iyajtp;r;?\fenﬁg:m:w:m g@egélg gto
Fi gures 2 andP¥¥ 't"ﬁ' CES™S a&'lcﬁsa[v gag ‘e gﬂ it bas that resoup l??

‘ngl ne and reasoni n 0 and
t he pl anner amte sesponkel form? part af an linzetaction qmeasmaiwmgieawtagents V\émh bot h

are now descr | Do iRl | EpbldiGhioh fRiRRPe i RriRatdicsnghe! 1

s
descri bi ng usé esi gn an agent system _under the
. reasoning system 210 allows the agent to interact with other agents using one or

15 more different co-ordination protocols, selected by the developer to be appropriate
- to the agent’s domain.
aw  Typically, in the past, coordination protocols have been “hardwired” into
thezway individual software agents work, such that changing them requires a total
re-write of the entire distributed application. In a CABS system hbwever, the
20 =ragent is provided with one or more co-ordination graphs 255 and an engine 210
= for executing them. Each graph comprises a set of labels for nodes together with
> a set of labels for arcs which identify transition conditions for going from node to
-node. The agent is also provided with access to a repository of the executable
form of the nodes and arcs identified by the labels. This repository may be held
25 - internally in the agent or externally from it. The co-ordination engine 210 uses
graph descriptions to dynamically build and run co-ordination processes by putting
together the process steps identified t;y the node and arc labels of thé graphs.
At agent build time, the user selects from a co-ordination graphs database
310 the specific coordination graphs for the agent, which are loaded into the
30 agent’s local coordination graph database 255. (The CABS unique visualiser agent
+ 140. is provided with a control tool Which allows users to modify agents’ co-
-: ordination graphs at runtime. This is further described below, under the heading
-~ 5. DEBUGGING AND VISUALISATION".) -



14 headi ngs "Step 4: Agent Coordi nation Strategy Specification"” and
"Step 2: Agen f|n|t|on respectively, in the section 4.
USI NG THE CAB?%{ TO DESI GN AN AGENT SYSTEM'. Féhshisitinsm
Coordi nation is extrerrely inportant in CARS because its agents are 5

col l aborative. Collaborative software agents refer to the conplex class of
agent s whi ch are both autononous and which are capabl e of coo.eration
with ot her agenteparticlarycdimppanidentyrarwh the EABS poenk is 1Bt its cewrdinatien

represent. They ixay2{¥8n n?tplemenf"ﬁ%?é ItR4re ohd cBldi@ihatich pRRBESS, NBHdUelfore
accept abl e agregrrents w th ot her agents. For I nstance, an agent may

recei ve a requeere thap ope ceardinatien praserokRimHEaneausire This is gdane eft?"F'é%’kScH’{d

accordi ng to thQupigking 'eQ&ﬁHioﬂ @Qﬁ%%rdvﬁﬁﬂheﬁiﬁbﬁm W ﬂﬁ é@oﬂdhﬁn@%raph
part|CU|ar Clrcunstances "state resource

avai | abl e. datahase 3?56%@ FQﬁ"ﬁ'slrb‘ar"PQ'BF 2R qeﬁlsew%ﬁ%ﬂ'%m%% epch GRen

the two agent %rumam graphlzssdﬁtr@& BeBR Goddid avith; ther @tep3t drDBediieAtifiyOto the The
co-ordi nati on en e

easoni ng system. 2 ows th nt, to
i nteract wth $5PPRA NY n?% ah§‘:‘?1§’agﬁﬁ' g‘t" ih‘ff‘o}‘e]fgqcf'?’%l?’eﬁﬁ?ps ﬁ"ﬁ‘?ﬁ\ 08 F8n
protocol s, selaaiheﬁbd)gfabﬂmezwu@awler to be appropriate to the agent's

domai n. Typi ¢al In_t coordln t pr ot S have bee
"hardwi red" into %a\dr%tr\'ﬂéyprl"gﬁf 3'?5 3, g é‘ﬂganP °'§HF&°" SaeRet
changi ng t HOM reaspmingesystem atalfor whuch thevfundtionelitytisidetermined: byl selbctidnufrard a

appl T oation. | de Qs CABN AL SR Y Sy U 3y 0 Bk Sadl g BT o

nore co-ordi natton graphs an engi or exe em- Each
graph conpri sew-erdinatiorographbaire usest by dbke sooutirstioorenginehand reasmlsqatsvsﬂem

[abel's for ar ca gy g Sbdahld Lroli-afioh bioBles oAl dighHsedbls, 901 ng 1 om node to

node. The agent IS a provid access a repository of the
executable for r'ﬁhgfremﬂetoanfeerom sierssidertifiedi by the 1pRels jsenqtaaspasariih s

reposi tory 18RYieddft Hiid fh dath adbh€’ RAnby sintbiy Be a€9€s@£d BY 1R agomadt! Mintil@Md t -
The co-ordination engine 210 uses eﬁﬂﬂ descriptions to dynamcally
utti

bui | d and run ¥soElEREYithte %r%@@%‘é@sg" ng t oget her the process
steps identified by (hh&anﬁﬂ@wﬁﬁdtﬁr 6o-briitfatisn @hgih8 &gl @AsLhing syst?jmt21b()a ése At
e Lo 185 et B Coouos S B 0N o P oo
the 30 agent's:| ocalhecwverslli aréliiteoturgofptie Godrainatien Bofiwatel ModGlABR QIR 6pe
visual i ser z%ger}t a Turing state machine. It takes as inputs various state variable values,
parameters, goals, exceptions and consfraints, and it outputs decisions.
In a multi-agent system, when two or more agents go through a co-
. ordination process, using their respective Coordination Software Modules 210, the
overall process functionality can generally be represented by a “universal co-

25 ordination protocol {UCP)” as follows: .

30 Proposal —> Counter-proposal —Jp Acceptance/Confirmation

gxfi‘h"”

c
(2]
"9



140 is provided with a control tool whi'ch allows users to nodify agents'

co- . or diypg@bd/gsso40r aphs at runtine. This is further descrchesoseisow, -
under the headi ng "5. DEBUGGE NG AND VI SUALI SATI ON.)

15 A particularly inmportantqdeature of the CABS agent is that
Its co-ordination engi ne 210 can inplenment nore than one co-ordination

process, and therefore Jmore than one coordination protocgl .. ...

si mul t aneousl y. ThiThisi §CFojife FrRiEES \3aaYenR? of aGhyItER , RISRATE' ox SRUTFGN of
the co- or di ngl,9ekalt BN acERhshce/tohfithationQrwitmpéssibie yerafionsSastsibalvasiach55 by
an agent. The engine 210 deal z’ with the first Qﬁg‘e o[) eaaﬁ@hc.gqel rocess

ordi nati on gragsiyiteds repregeided, by 2 |“gagRs o reRresprted, BRMeS PY S O SEJURRETRI 1y to
the secongbsAsish) Bhd e nddas afly eqinectedthy. “afidstidshiowrehdre @s iaveivg) wthinbs

t hrough the co-

. .ordination graphs. 255 in ra ) BS
thus provi fes®3h f'}‘?é‘a"a’g&ttraé‘ﬁ'é'f’ﬁ 3*8{%&%?"02?0?' I hat ilf'lc?ﬁ1 enr?gfnteo and 10 ﬁé
reasoni Ng Systesrdafiort Boftwaieckoduie 21 Qrfot pashadgent must Hecapatie)etisunportingect i on

froma set of co-ordi.ngti graphs 310 during agent build. Once each
agent is in ug‘éf‘a??\‘gsm'%"& -eoﬁ? i'nation graphs are used by the co-ordination
engi ne and reasoni ng system 210 to run specified co-ordination process

steps and pro | Sap ordinats htory of process steps identified
by the | abel SE%;?no‘f"ﬂ'g&"é’gg%rs? y’%’ﬂ‘_’{‘?ggﬁ? held in each agent. It may

sinmply be #xcessed by the agent at runtine, in accordance with its

co-ordination graphfis) .o ordination softwhre niddilel 216 04 Békigried®td AntefpietN @bl ON
engi ne and reasoni ng systema216 I's _also referred tg as . the Coordinpation
Sof t war e Mbdubedirtion araphs when given am initigldproblem) statet ARt Nidal sratp fgecities

Coor di nati on §af ihMAT SonRIIHS 6f thkGrbiflerS 8nd thetiecasshiy ddtg. st ate machine. |t

takes as inputs various state variabl e val yes, ar aneg er oal s
exceptions and consE¥esHtigns Pf.arﬁ!aq"t.b‘bﬁﬂepﬁ?%'hl'ﬂét&"s?%ﬁ&’e thodufs a‘Ic’%m'cleﬁﬂ%l

mul ti - agent s us kQiBwsiRNergi® selectsthe fiedaitis ofitheldraghugid instantiates a payadssat i on
T R e T
co- 25 ordi Naétufis giecsfomede fddeB)e’ reauitst FAIIQVBK or WAIT. If execl) returns OK, a .
' process identified by the label of the first arc leaving the node is instantiated and
exectited. If the arc test succeeds then the node pointed to by the arc is scheduled
20 .. for execution. The graph will be executed in this way until a final node is reached
" from which there are no more arcs.

.- The co-ordination software module 210 continuously cycles through
graphs in the sense that it monitors for events and exceptions occurring at any
time. '

25 If an arc test fails at a node, the next arc from the node is tried. If a
node’s exec{) method returns FAIL or all arcs leaving the node-fail then the node is
backtracked over (by calling the node’s backtrack() method which undoes any
changes made by the exec() method) to the previous node of the chain.

If a node’s exec() method returns WAIT, then the node is placed on a wait

30 queue Lmtil one of twb conditions become true: either a new external event is
received by the engine (e.g. a reply message is received from another agent) or a
timeout specified by the node is exceeded. In either case, the node is scheduled

 for execution again. In summary, the erigine performs a depth-first execution of

the graph with backtracking allowed.



30 Proposal [err] Counter-proposal Accept ance/ Confir mati on
ucP

_ WO 99/05594 o 16 pcricBesnzesy DL S
UCP is a 3-phase sequence of activities "proposal", "counter- proposal "

and "acceptance/confirmation”, wth possi QI e iter atl ons as shown. Each
activity is represented by a node (represent ed here by a h| gh | evel
process description) and the nodes are connected by "arcs" (shown here
as arrows) which 5 @thehattrinitesofetha engiaedicliden condition for noving from
node to node. The Coordi nati on Software Modul e 210 for each agent mnust
be capabl e of supporting that agent's role in the UCP. 2.3.1

Co- or di nat i on{iEthe wbility Wbtrestegraphs Bod arcs as equivalentavhep- sy @t labeloin fastt war e

modul e 210 i Sl"gﬁéwﬁg"m thidl VeI thb eﬁgne recurstfefidvdrl 44 Or aphs when given an

initial (problem state. The initial State SPECIfIES the initial
condi ti ons %f (i) tbe pbility tarsregtedmultipleninstances of thet same arc and execut&theratinon of

a graph by thg,agheinAbhsyament LmnerermHé sa.%iiéi ook J%eédﬁelaheﬁané Blen@HS

the engine selects the first node of the nst anti at es process
i dentified byot A@araliplcearc dails; the engine aqtﬁmstlﬁﬁ"uée%all ther Qthemgxeguting payallel s
exec() which pranch&t urns one of three possible results: FAIL, OK or WAIT.

| f exec() returns X, a . . L. . L
The detailed logic of the coordination engine 210 is as follows:

10
Vector executionQueue // queue of nodes awaiting execution
Vector messageQueue // queue of new messages

Vector messageWaitQueue // queue of nodes awaiting messages

16 public void run() {
Node node:

while(running) { L
node = (Node)dequeve();
20 node.run(this);
}
}

void enqueue(Node node) {
25 add node to the executionQueue
wake up the engine if it is sleeping
, :
. Node dequeue() {
Node node;
30 Time t;



process identified by the |abel of the first arc |eaving the node is

i nstanti at ed wHdomssog executed. If the arc test succeeds thercl/eBIsaehy
pointed to by the arc is scheduled 20 for execution. The graph will be
executed in this way until a final node kg reached fromwhich there are
no nore arcs. The co-ordination software nodul e 210
continuously cycles through graphs in the sense that it nonitors for
events and exceptions occurring at any time. 25 If an arc test

fails at a node, the next . arc fromt de is tried. If a node’ s

exec() nethod re‘i"i‘JP‘r‘fs"‘ﬁﬂf*l’_°'\9“eﬂ‘f“'lsg]'3P%gn aving the node-fail then the node

i's backt rack LWag the node's backtrack() method which
z}dc&’( e@@eéo@f/& i[MhI'?

undoes any chang€s m e exec() method) to the previous node of
the chain. compute thé minimaml timeowh(¢rqfalltbemodesist urns WAI T, then the
node is placed on a wait 30 queue until one of two conditions becone true:
ei ther a ne®v ext efhemesspgeMaitQueue [ ocejved by the engine (e.g. a reply
nessage i s received from another agent) or a ti meout specified by the
node i s exceeded. In either case, the node is schedul ed for execution
agai n. |In summary gy =tthesypregr emeer forns a depth-first execution of t he
graph with backtracki ng all owed. :

17 ' Q her attributes of the engine include: (i) the
ability to treat graphs and arcs as equiyal.ent when an arc |abel in fact
denotes a graph 9( %%F&@d’%%ﬁ(ﬁ‘%@e 2ERi ve power: and 5 (ii) the
ability to reate; ;bplvﬁﬂ st ances of the sane arc and execute themin
paral l el wth nanagenen o% ailure of the parallel branches. i.e. when one
branch of a parallel arc fails, the engine automatically fails all the

ot her executing parall el .- branches.. he . detail ed | ogic of
the coordination &hegkié the timeautpof WF‘PM”‘EG“‘SSQQ@VJ‘\'/@‘!‘%'F execut i onQueue

/1" queue of nodes h%X‘%LéJ Abeld F&J #Hdse nodes whose timeout has been

" exceeded remove them from the messageWaitQueue and add them

16 7 to executionQueue

}

delete and return the first element of the executionQueue

}

20  void add(Node node) {
enqueue(node):

}

void add(Goal goat) {
25 select graph (g) from the graph library and run it
}

void add(Message message) {

if message is a proposal



Vect or nessageQueue // queue of new nessages Vect or nessageWi t Queue
/'l queue of

n@%\%ﬂgﬁg@l ting nessages 15 public void run()l{CT,Gang-, Node

node: (runm ng) { node = ( Node) dequeue();

node. run(this); } 19 Vvoid enqueue(Node node) { 25
add node to the executlonQJeue - wake up the engine if it is

sl eepi ng } Node dequeue() { Node node; 30 Tinme t;
18 create a new goal from the contents of the message and

10

15

20

25

30

run a new graph with the Qoa! as input
otherwise
add message to the messageQueue
wakeup();
}
}

void wakeup() {
remove all nodes from the mzssugeWaerueue and add

to the executionQueue

y

. void waitForMsg(Node node) { . -
add node to messageWaitQueue
}

Vector replyReceived(String key) {
find the set S of all messages in the messageQueue
with key field = key
messageQueue = messageQueué - S
return S

y

The following code fragments describe the basic behaviour of a node.
Note that in defining a new node only the exec{} and backtrack() functions need to

be defined. The other functlons below descnbe how nodes mteract with the
engme and arcs.

String[] arcs // the list of arcs from this mode



while ( executionQueue isEmpty() ) { /] conpute timeout & wait

conpute the mwoyvessoki neout (t) of all the nodes in 5 PofGBYs02237 -
nmessageWai t Queue t =t - current_tine /[l now wait by
putting the engine to sleep 10 if (d>0) wait(t): check
I f the tinmeout of any node on the nessageWait Queue has been
exceeded. For those nodes whose tineout_ has been exceeded renove
them fromthe rﬂskﬂﬂm¢%@%ﬁé'sbﬁﬂnm0m@ﬁ°l®'ﬂ“’- arest o executi onQueue

del ete and ret the fi.rst e Lefz‘t;ﬁt of . thecf: egHtlrc‘)nQJeue 20 voi d
add( Node node) prekugn & {6 TR% Byious node i fhe chai voi d add(Goal goal )
{ 25 sel eCtGﬂgﬁp@r&m/ﬁmQ@&ﬂﬁ%Wwﬂ 'Ilo'thé%l‘arﬁfmtohw this node voi d
add( Message ness nessage i s a proposal

int  state // the current state of this node
5 int current_arc // the current arc awaiting execution

Object data // data describing the current state on which this node acts -

void run(Engine engine) {
10
switch(state) {
case READY:
if ( !graph.allow_exec()_)
// the graph.allow_exec() asks the graph if execution of this node is
15  allowed | | _
fail(engine false, "Exec refused by grdph"):
else
swiTchk exec() X
case OK:
20 state = RUNNING; .
engine.add(this);
brenk:-
case WAIT:
engine.waitForMsg(this),
25 " break; |
1 caseFAIL:
- faii(éﬁgin_e,fnlse,“NQ&e exec fﬁiléd"):
break;



19 create a new goal

fromthe contents of the nmessage and

run a new gr aph oghishs t e goal as input ot herw se PCT/GRSASYT .
nmessage to the nessageQueue 5 wakeup() : vol d wakeup() {
100 remove all nodes fromthe rressage\%i t Queue and add to the
execut i onQueue } voi d 'wai t For Msg(Node node) { 1 5 add
node to nessageWit Queue Vector replyReceived(String key) (

find the set S of Bbdakpressages in the nessageQueue

10

15

20

25

case RUNNING:
if ( lgraph.allow_exec() )
fail(engine,true,"Exec refused by graph");
elsé if (arcs == null )
done(engine,"'rérminal node reached");
else if ( current_arc >= arcs.length )
fail{engine true,"All arcs traversed"):
else .
exec_arc(engine, data);
break:
}
} .
void fail(Engine engine, boolean backtrack, String reason) {
state = FAILED;
if ( backtrack)
backtrack():
graph.failed(engine,this);
if ( previous_node I= null )
previous_node.nextArc(engine):
}
protected int exec() {
// contains the actual executable code for
// this node '

}
protected void backtrack() {

" // reset any state changed by exec()

}



20 with key field = key messageQueue nessageQueue - S
return S AD0 99/05594 The foll ow ng code fragnents descri perichos»ass C .

behavi our of a node. Note that in defining a new node only the exec(
and backtack) functions need to be dgfi ned. The other functions bel ow
descri be how nodes interact with the - “engine and arcs. 30 String[]
arcs // the list of arcs fromthis node

20 " Stri pgilllexee d@s(Ehgine biginé)§t of node pointed to by the arcs

Node previousnode // the previgus node in the chain G aph graph //
the graph whi ch leastproeess deseribedyiquatenbareand hi s node int state //
the current state of, 1.hi s Raod 3! currentarc // the current arc
"awai ti ng execut i*gﬁcauh'eréﬂpé‘&%h%‘g?g#/&&ata describing the current state on
whi ch this node acts voi d run(Engi ne engine) { 10

switch(state) { case READY: I f (!graph.allow exec())

5 If the run() method succeeds {
create a new node process by calling _
graph.newNode(label) where label is the node label pointed to by
nodes[current_arc 1.
Initialise the new node with setInput(data) and
10 add the node to the engine Wi'rh engine.add(newNode)
}
if the arc process cannot be created or the run method
fails call the nextArc() method of this node
} -
15 .
void setInput(Object data) {
this.data = data

20 void nextArc(Engine engine) {
if (lgraph.allow_exec())
fail(engine true,"Next arc disallowed by graph™);

else {
| if ( state == DONE && arcs == null )
25 fail(engine true," All arcs traversed");
else {

state = RUNNING;
current_arc++;

engine.add(this);



/'l the graph.allowexec() asks the graph I f execution of this node is 15

al | oned wo 99/sseaf @i | (engi nef al se, "Exec refused by graph %TIGB98A)2237

el se switch( exec() ){ case

st at e= RUNNI NG , engi ne a%v'(st hi s): br eak;

case WAIT: engi ne. wai t FO g(this): 25

br eak; case FAI L: fail (engi nef al se, "Node

exec failed"): ) br eak,

21 br eak; : case RUNNI NG i f

Igraph al | ow exel:()) fail (engi netrue, "Exec ref used by graph")
else if ( arcs == null) done(engi ne, “term nal node

reached"), } else if ( current_arc >= arcs.|ength)

fail (engine,true,"All arcs traversed"): el se 10

X r ngi n : . r
exec_arc(e g € da‘h@ following code fragn?en%aé(e’scribes the functions that implement the

behaviour of a graph. Note again that a user does not need to implement these
functions. To describe any graph, the user simply needs to provide a two

dimensional string array listing the nodes and arcs of the graph.

10 String[J[] nodes // two dimensional array of listing the nodes and arcs of the
graph _
String start_node // the label of the start node
String next_node // the label of the next node
Node  previous_node // the process of the last node of the graph
15 Node begin_node // the process identifier of the start node Graph
parent_graph // the graph of which this is a subgraph
int  state // the current state of the graph

public void run(Engine engine, Graph parent_graph, Node previous_node,
20 String next_node) {

this.parent_graph = parent_graph;
~ this.previous_node = prevnous node.
this.next node = next_node;
25
start(engine,arc_data);
}

public void run(Engine engine, Object input) {
30 start(engine,input);



voi d fail (Engi ne engi ne, bool ean backtrack, String reason) { 1 5

state = FAI Lk 99/05594 if ( backtrack) backt r ack¢gT/GB98/02237

gr aph. fail ed(engi net hi s); if ( previous_node !'= null) 20

pr evi ousnode. next Arc(engi ne): praj ected int exec() { /1
contains the actual executable code for /1l this node 25 }
protected void backtrack() { /'l reset any state changed by exec(
22 voi dd execar c( Engi ne engi ne) { | oad process described by
current _arc and the call” the run() nethod of the arc. 5. " If
the run() nethod succeeds { create a new node process by calling

odes] cur' ent o fected WiB'sRurt(Enghe ehaihe, OB E 1M th set | nput (data) and
state = RUNNING;
5 begin_node = newNode(start_node);
if ( begin_node == null )
fail(engine " Start node not found");
else {
begin_node.setInput(input previous_node);
10 engine.add(begin_node): |
}
}

void done(Engine engine, Node node) {
16 state= DONE
“if (graph k= null ) { |
Node next = graph.newNode(next_node);
if ( next == null )
state = RUNNING;
20 node.nextArc(engine);
}
elsé {
Object data = node.getData():
next.setInput(datanode);
25 engine.add(next);
}
}
}



10 add the node to the engine with engi ne add(newNode) I f the

arc process ceqywipsdog created or the run nethod  fai |l spepkhosiodns7
next Arc() method of this node 15 voi d setlnput (Object data) {
this.data = data } 20 voi d next Ar glgEngi ne engi ne) { i
I 'graph. al | owexec() fail (engi netrue, "Next arc disallowed by
graph"); el se { -1f (state == DONE && arcs == null) 25
fai | (engi net r weid'failed(Engine engines Node nyde) { el se { state
ZRgNNI NG } if(nodec-'-'lJ:r!;eeg?r;[ _;ngcriec i-;'l"a‘re= FAILED: engi ne. add(this);

}

10

18

20

25

void fail(Engine engine, String reason) {
~ state = FAILED;
_if ( previous_node = null )

: previous_node.nex'mrc(engine);_

Node newNode(String name) {
create a new node process identifed by the label name and
using the 2D nodes array find the arcs leaving this node and
their destination nodes and set these as the arc/node data

" for the new node

Below is an example of a graph description which is stored in the
coordination graph database 255 and used to create and run a coordination

process.

({so",
ot s,

- "a2","s4",
* "a3¥,"s4"},
rstr,
| vad","s2",
"a5", 53",
's3")
{547



5 The fol | owi ng code fragnent describes the functions that
I npl enment t heyo eg/os8shavi our of a graph. Note again that a UBET/GHS#R23TOt -

need to inplenent these functions. To describe any graph, the user
sinmply needs to provide a two di mensg@nal string array listing the
nodes and arcs of the graph. 10 String[][] nodes // two di nensional
array of listing the nodes and arcs of the gr aph String
start_node // tke |abel of the start node String next_node // the

| abel of the next node Node = previous_node // the process of the

| ast node of the graph 15 Node begi n_node // the J)r_ocess i dentifier
of the start node TBeastey descrikes engraph ayith four stateyshsfh, Bnd fiMe @restal-adis a

subgr aph Fr o}nnll'lode s?)t g'ca{\/taﬁéﬂ'&c% r{oeﬁﬁﬁ%ﬁ&eargfaﬁ ffstdte?sd or alternativePubl i c

voi d run( Engi ne eng aev arent -grap pr evi gusnode, IQ:
String nexts nydap t{o state s4. Whepmare ﬁﬁapreme Eﬁ“’ab‘h trav?;gﬁ;%mmb? gﬁﬁe the arcs

this. previ ousgaqgeq npcﬁg\ﬂ'cﬁ\"ﬁ\_\nﬁiqﬁthey are preset‘it@d%ﬂﬁ@rmscnm node; 25
start(engi nearc_data); ublic void un(Em%|I r%l ne,
Obj ect input) { 30 The' cgq%ml%ﬂﬂ]lq% aj Hmt)deﬂnes a node is' simply required to

implement an exec() and a backtrack() method. For arcs the code should
implement an exec(} method which returns a boolean result of frue or false.

10
2.3.2 Coordination Mechanisms

Referring to Figure 11, in CABS agents every coordination mechanism is
specified in terms of a 14»sta'§e framework wh'ere-in each stage at least one state
16 ‘process function should be implemented. The 14-stage framework can be
- considered an “exacutive summary” of the detailed logic of the co-ordination
engine 210 set out in code above. Generic atomic process functions for the
fourteen stages are listed below. Figure 11 describes in schematic form the stages

' .Iistgd below.
20¢
':.Ee:sjc;l‘:rce Phase

In this phase, an agent A2 has been triggered by an incoming message from
another Agent A1 which for instance needs to délegate tasks. The incoming
25 message will be sent to the co-ordination engine and reasoning system 210 of A2
which will call on the planner and scheduler 220, and on the various databases
. 230, 225, 215, 245 in building ané- running a co-ordination graph in order to
respond to agent A1. In the- resource phase, agent A2 will use the task database
230 to see what resources a task requires, and the resource and commitment
30 databases 225, 245 to see if it has those resources available.

Stage One

Verify resource availability and determine actions for situations of

sufficient/insufficient resources;



24 } protected void start(Engi ne engi ne, Object input) {

state = RUNNING 5 begi n_node = newNode(start_node); '

begi n_node =WOW455%4 fail (engine,"Start node nz)t foﬂﬁﬁ"“f?’gmﬁ”

el se { begi n_node set | nput (i nput, previ ous_node): 10

engi ne. add( begi n_node): voi d ‘d®ne( Engi ne engi ne, Node node) { 15
state = DONE; I f (graph '= null ) { Node next =

gr aph. newNode( neyl408Re) ; if ( next =null){ state =

RUNNI NG 20 node’ next Ar c(enPi nert)_: . el se { :
(oj ect data = notleif gesoperssEye completely/partially sufficient| n,ut (dat anode) ; 25
engi ne. add(next); go to next stage;

o if resources are completely not available
b : reject and terminate;
Stage Two

Tentatively reserve resources;

Deleqgation Phase

10

This phase wili only come into play if agent A2 does not have the resource
available, itself, to respond to agent A1.
Stage Three '

15 Determine the agent’s position/role in the whole coordination context
{head —owner of the current goal, or non-head ~ i.e. one to whom a sub-
goal has been delegated) and distinguish the level of r'esource availability

- {partially/completely sufficient). = .-

e if resources are only partially sufficient

20 - ‘go to next stage (S; - S3);

o if the resources are only partially sufficient, it is necessary to negotiate
with other agents to find additional resource. Stages S, to S, bring in
negotiation process steps which are not required if resources are
completely sufficient. Hence, if resources are completely sufficient and

25 the agent’s role is “head”

go to Stage Thirteen (S; - S,3);
e resources are completely sm;fficient but the agent’s role is not “head”,
go to Stage Ten (S; - Sy
Stage Four
30 Find the first set of tasks whose required resources cannot be met;

Remove the selected set (S;- S,);
Stage Five
Create a new proposal using every task in the selected set (S, - S;);
Stage Six



25 voi d fail ed(Engi ne engi ne, Node node) { if ( node ==

begi n_node )“%ﬁ; = FAI LED: voi d fail (Engi ne engi '
_ 3 o . g gi ne, pSHEho2Iz9aSON)
{ 5 state :"Esl LED: if ( previous_node != null)
previ ous_node. next Arc(engi ne) ; -} 0 Node newNode(String nanme) {
create a new node process identifed by t%e | abel name and usi ng the
2D nodes array find the arcs |eaving this node and their
destinati on nodes &ind asset of hgsws tiswhich the proposkt cambe posted (Ss- Seir t he new
node 15 } Bel ow'i s an exanple of a graph description which
is stored in the coordi nation graph database 255 and used to create and
run a coordi nati plegotiatioprRinasess. 20 {{"so", "al", "s1",
n a2ll , n S4" , n a3’ n S4"} , 25 n ( a4ll , n 82" ,
n a5ll , n 83" } , smga s?le'S‘BH }
5 {will depend on co-ordination strategy to be applied, for instance “Multiple
Round Second Price Open Bid” or “Contract Net” - see below.)
e send the proposal (Sg- S,);
e perform acceptance handling (S;- Se);
o (perform counter-proposal handling) (Ss- S;);
10 ¢ (perform modified-proposal processing) (S;- Se);
Stage Eight
Summarise results obtained from negotiation phase (S; - Sg);
Stage Nine _
15 - . .. Decision: select a set of acceptances from the resuit {Sg- S;);
- Stage Ten

=+ Decision: _
‘s if there are other sets of tasks whose required resources cannot be met
go to Stage Three (Sy- S;):
20 o if there are no other sets of tasks whose required resources cannot be
met, and the agent is a head agent
go to Stage Thirteen (S; - S;,);
« if there are no other sets of tasks whose required resources cannot bé
met, and the agent is not a head agent '
25 go to next stage (S - S;ol;
Stage Eleven -
» send acceptance and replie-s {Syo - S11):
o perform confirmation handling (S; - S:0);
. if applicable, perform modified-proposal handling (S,, - Syo);
30 Stage Twelve
Decision:
« if not having delegated and confirmation received
go to Stage Fourteen (S;; - S¢3);
¢ if having delegated an_d confirmation received



"s4"} 26 }s
The array desqgdmssead graph with four states sl-s4, and fivep@§6Bosiiz>- .
From node sO we can take arc al to state sl or arc a2 to state s4 or
alternative 5 arc a3 to state s4. Wen nogg than one can be traversed from
a node, the arcs are tried in the order in which they are presented in
the graph description. The code with which a user defines a
node is sinply requir@@tegextstagefSien®e an exec() and a backtrack()
met hod. For arcs t Qe nEhRation receivddPl enent an exec() method which
returns a boolean result of true or false_ 10 2. 3.2 Coordination
Mechani sns Resiest and derpipate fRir2Sd4, i n CABS agents every
coordi nation mechaadeThiteen Specified in ternms of a 14-stage framework

where in each stage at |east one state 15 process function should be
i npl enent ed.% The 1599?381%?'W3%\9§Fk%65n be consi dered an "executive
summary" of the detailed |ogic of the co-ordination engi ne 210 set out

i n code above. Gengric.atonm c process functions for the fourteen stages
are listed bel ow. sfgl"u‘?"e“"%f"descri bes in schematic formthe stages
- listed below. 20 Firfbs mserve ththeeseurces and terminatel (S,4 185, SphaSe;, an agent A2
has been triggered by an incom ng nessage from anot'her Agent Al which
for instance needs to del egate tasks. The incom ng

10 2.3.3 ' Defining New Coordination Mechanisms

The design of the coordination machine allows virtually infinite extension

1o the various UCP-compliant coordination graphs and even to non-UCP-compliant
“graphs. This is achieyed by the fact that the coordination engine is a generic and
15 domain-independent function which interprets any graph description of the form
- described earlier. By giving different coordination graphs to the engine, different
" coordination behaviour will be performed. Moreover, by altering the implemented
functions (i.e. programs) identified by the node and arc labels of a graph, then on
‘executing that graph the engine Will behave différéntly even if the set of given

20 labels remains unchanged. '

It bas been realised that the UCP and its derivative, the 14-stages
framework, subsume many existing coordination mechanisms. It has also been
realised that these mechanisms differ only in certain minor, but subtle, aspects.
After careful analysis, it was found that by differentiating the UCP in 14 stages,

25 most mechanisms have many of the stages in common and only differ in a small
number of stages. This makes it possible to implement a large number of different
mechanisms by developing only a few new functions and many of the common

“functions can be reused. In addition, specifying mechanisms using a unified
"'-"’underlyin’g framework makes it possible to solve a problem using a mixture of

30 different mechanisms.

Given a coordination behaviour, in order to define a new UCP-compliant
coordination graph, the following steps should suffice:



25 nmessage will be sent to the co-ordination engine and reasoning system
210 of A2 wobdgstoaM | | call on the planner and schedul er 2efyeessmizzrn t he

various dat abases 230, 225, 215, 245 in building and running a
co-ordination graph in order to respeod to agent Al. In the resource
phase, agent A2 will use the task database 230 to see what resources a

o o o e 5 A R Ea8 55 LEB Rl G sorfls

Verify resource ayahé apistadey fraribwibek;er m ne actions for si tuat i ons of

suff|C|ent/|nsuff|C| nt reﬁ ur ces,

27 = G e, prorpeen gedine, , fgd reuse exiting

conpl etel y/ parti ahblemyutéd finetlbns as far as possible. This wil breyherst thgefunctional
[err] if resour cet;s%?\&g'ércl(% en%léaqltXt O&q@Yé’l{& bI e 5 reject and

term nat e; fvely reserve resources;
Del egati on Phase Fdb those stages where Fioi impfemantedfunetions) §anchegeuped, dmpqemen; f

gggm ﬁi does not ne%&ﬁg% BSs fnf‘?ﬁﬁuﬁ te following tﬁr\éé"rr{é’i‘m& mibdt$Rlst:: to respond to

s pxec: to verlfy whether function is applicable, perform the necessary
change of state, messaging, and certain databases update;
10 ¢ backtrack: to reset all the operations performed and restore the original
state;

o Label: give any newly implemented function a label.

- 2.3.4 Adding New Coordination Graphs to the Engine
15 '

 After a repository of implemented functions has been defined, in order to
- allow the engine to use a particular coordination graph, a string description of the
:: graph should simply be added to the engine. (The engine can unify multiple
: coordmatlon graphs into one unified graph which contains no dupllcataon of states.)
- 20 If more than one coordination mechanism is required to solve a particular
' problem, the engine should in this case be given the graphs describing the required
coordination processes. Following unification of the graphs, the engine is able to

apply the different mechanisms implicit in the unified graphs opportunistically.
25 24 Acquaintance Database 215

The resourcé, task, and acq(xaintance databases 225, 230, 215 primarily
serve as information repositories, and can be implemented using conventional
database technologies which support storage, retrieval and query facilities. In one

30 implementation, a hashtable (Iinking each data item to be stored with a unique key)
- is used as the main data storage structure for each module.

The acquaintance database 215 stores an acquaintance model for the

agent in the form of a relationship table as in the following example: the domain

in this example is a dealing environment such as between two shops: Shop 1 and



15 Determ ne the agent's position/role in the whol e coordination
cont ext (head -owner of the current goal, or nw]ﬁ@- : e.
one to whom av2gHessH goal has been del egat ed) an |st|g’ﬂgza?sh
the | evel of resource availability a1 (partially/conpletely
sufficient). * if resources are only partially sufficient 20
go to next stage (S2 - S[err]); [err] if the resources are
only parti al Ishop#.f Refering to iFigures6,mbe esmagsr agenhefgidpat tAgent A1) has two

with other agents to , fin ST shbE 2" (aghM A2)Hds]
brinng in Uehstants? Agehitt @PQ,%J b?l oh“&?%eg@ég%g{ e%s whi chear(egnot r)eqal r ed
i f resources three aSSIS'tantS Agants B2, CZ@me@t ely sufficient. Hence, if resources -
are conpletel y suf fy 91 knowd'8t EHSstendatir dbitiad 8R 1

go to Stage Thi rteyr?8 s%%ﬁly%g ggTe'Bam' A1 kno resaour ces are
conpl et el y 5s unii @1 e«nce they ar discapsistangs, rapt simitariy A2 of, B3(€2 and D2. Assume

go to Stage TtﬁQt (32 K o\ﬁLe&F A2 and_ the items A 3G dr Q&Uce3Q\owever A2 hakikgl the
first set of tasks ose requi red resources cannot be

Renove t he sel(r@tﬂl%dmesétAX Sf@rltlpqr, assgne that) in each shop, the agﬁu(sltggtsmllvlg\ow one

g[ eat esa NEW HoBRASald Wi YesPUtiive bBiftlies. N THACHHE | 18BleE CheiW dumimarfiectiid ) |
age Si X

Find a set ofPasgibleinstapcepf g °E9?@'$F'?ﬂ?6§&?w'839f' o hﬁ(?@?'ét& in 8heps ! ‘"‘%§ ‘err]);

Negoti at i qr@, Phase St age Seven. 5 (w1l depend on
co-ordination strategy to be applied, for i nstance "Mul tiple
Round Second Price Open Bid" or "Contract Net" - see below)

[err] send the proposal (S[err]- S[err]);



[err]

Ei ght
(S[err]-

perform acceptance handling (S err]-
(perform cou
(perfor m nodi

S[err]);
of acceptances fromthe result (S[err]-

S[err]);
rv?@g,,@gﬁposal handling) (S[err] - Slerr]);
I ed-proposal processing) (S[err]- Slerr]);
Summari se results o ined fromnegotiation phase
St age N ne Deci si on:

Slerr]); St age Ten

sel ect a set

Deci si on: if there are other sets of tasks whose required
resources cannot beT&ﬁ& Aninstanceoftheorganmaﬁona%o%d?iﬁ%oﬂ-hts( S| e”]"
Slerr]); 20 here are ng other seotg g clc whoco 1o - o
resour ces cdrBasé Agent | Relation Targetret |  ohllitiescBasge bplieves ngn@a@s@s@gt
go to StageThirteen [ S[err]- [erp[g]e)“' * if there are no
ot her sets (f tasks gse r ilred Tesoulces _cannot he
met, and thd agexk | s]| netiperioheqdd adgint 2b(:item ltem1 :time 4 gost B, next st age
(S[err] - Sfkerr]); . Ptage.El eve i . rr] send
acceptance gnd repliefp (sg'fee(PF] - Sfce1rr]) Hlitem (zem2 :time 3 'cogaerfor m
confirmatiory handling (SZbeef S[ qr r] )Az (ltem item3 tm[eeﬁ rc]osi; 8).a-pp| i cabl e,
per f or m nodif-+ee=Propp |.a.| 170 Fert—Sterri )30
Deci si on: BT ‘?‘W"'I‘? not fﬁi‘\?l ngjdel egated and confirmati on
recei ved co-worker t}o St@l‘ge Foiteradten(2Sitioner § :cossBler«] ) ;
[err] if ha ii"g et o o) et qotft retT ¢ Tecerved
29 Cﬂc go f‘gb"r@)?%te 4t age ZH(S[err] - Slerr]);

co-worker (:item Item1 :time 4 :cost b), ....

10

Table : An instance of the organisational knowledge of Shop 2 agents

Base Agent Relation Target Abilities Base believes Target possesses
Agent
A2 superior B2 {:item Item4 :time 2 :cost 5), ....
superior Cc2 {:item item?5 :time 3 :cost 3), ...
superior D2 (sitem ItemB :time 6 :cost 7), ....
B2 subordinate A2
co-worker c2 (:item ltem2 :time 5 :cost 3), ....
co-worker D2 (:item Item6 :time 6 :cost 9}, ....
Cc2 subordinate A2
co-worker B2 (:itém Item1 :time 4 :cost 5}, ....
co-worker D2 (:item Itemb :time 6 :cost 8), ....
D2 subordinate A2 - .
co-worker B2 (:item Itemi :time 4 :cost 5), ....
co-worker c2 (:item item2 :time b :cost 3), ....

The Shop 1 Table introduces the four organisational relationships used in
the current implementation of the CABS system. The superior and subordinate
relationships maintain their natural interpretation as vertical structural relationships
with authority undertones. structural

Peer and co-worker are horizontal

relationships; in CABS, a co-worker is another agent in the same static agency

[err]

10 pcriGBesm2237 [err]
; St age

ve



[err] if no confirmation received reject and term nate

(S[err] - P Stage Thirteen 5 : Seng Jejosiy i on
(S[err]- 9 e%) 105594 St age Fourteen Firmy reserve

the resources and termnate (S13 - g err]3 S14 - SE); 10 2.3.3 Defining
New Coor di nati on Mechani sns 3rhe desi gn of the coordination
machine allows virtually infinite extension to the various

UCP- conpl i ant whoas déittr iamn:pg:nap-m aaudomlmata t Been gelatis@izhips apd therdefault, agdaphs.
This is achieved by the f t Is R T-¥R ie and
15 domai n-i ndé%%'n@em ﬁ%ﬁﬁ??ﬁ‘%"‘r’,"g tﬁ{g?s%t é'gﬁ?age?ap pdﬁ'o { ?tlsl%p? oﬁgof
the form desco-wbekdbr.ear | i er. By gi ving d| fferent coordi nati on graphs to
the engine, differe Lhis&fonBE FdiftionBid
Nbreover, by al terlﬁggm? of ﬁQQ&giléﬁ%hg%fQEQ%ﬁhégbﬁftoifn\‘sg (IIS. fon Clelde foRBiips on

i dentified By naqmauodarun@mdnoambargtemﬁs areydigsHssed h'@PVM-n under féﬁé&iﬁiﬂﬂg
that graph the %P%k Wdhbe.n%%ﬂat,fsqw%sb eBMRRridd 510ve set of given 20

| abel s renai ns unch been realised that the UCP
and its derivative, N91¢et|13t4°r99‘ag@5’"al relgtionship® race nog L efaviinbi-dirertignahg

coor di nation ﬁ?ﬁpﬁn'aﬁﬂﬁugﬂ hn Q?@n 12K SMghEBdlieve Y E&Bblh%?@uﬁ&ahafehﬁl‘s&ms not
al

mechani sns di f in cer n mnor, but subtle,

careful anal ys\iegessamivwaslmbaha( heligyesn¥ tQ;ber har Syperigr; rfb 'I‘IQISOCEP T“ﬁe'ﬁ}‘a‘ '
stages, 254¢ rﬂeﬁé sHE& haﬁéb‘iérShm fo [FRBY reNitiohiidp s&:aaﬁmz Iagérﬁmmﬂs aatlectythe
differ in a snal of stages. This es it L | ement
a large nunberfa‘iifthéﬁ ‘F‘Feﬁ'?e?ﬁem has ﬁ%&%%'ieg%“ovemgﬂp‘?f%%ﬂl')’h% ? @&Fnﬁ
functions and many Rbtd Q8o @R4ITENS agent’$ BBKEfS abeutCGASecdnd need adt bé nomhiemu on,
speci fyi ng mechani sns usi ng

d f K it
possi bl e to sdvitheashind ageuH %’Fﬁg dﬁ“ﬁﬁ‘?i"ﬂﬁ gosfeez?)’%g dP?rf %%rrE\i\Dr e Rl :rr:s
G ven a coor diTable, W1 belieaes CArcan produciciternd alef tost of hemitt)aRd wmpl?p ime
coor di nati qg % %Qh Ht;vbeevefr,objl %V&igv%ssc}iﬁgr%nﬁyh%gtchs BFJd'uS@s' item2 at cost 3 units

and using 5 time units. This may in practice arise if agents have different service

level agreements , for instance.

25  Planner & Scheduler 220
20
The role of the planner/scheduler is to plan and schedule the tasks to be
performed by the agent. Conventional planning (e.g. means-end analysis as in the
SIPE or O-PLAN planners - see papers in |IEEE Expert: “Intelligent systems and
their applications”, Vol 11, No. 6, December 1996), and scheduling (e.g. job-shop
25 scheduling) techniques can be used. However, the planner and scheduler 220 of
the CABS agent has additional, innovative aspects. For instance it can offer an
oVe}booking facility to ensure maximised use of resource.
The implementation of a CABS agent’s planner/scheduler 220 is a means-
end partial and hierarchical planner. Referring also to Figure 9, it maintains a
30 commitment table (or database) 245 which is a two-dimensional array with rows
900 denoting available processors and columns 905 denoting time points (using an
integer representation of time). The base time (“O") of the table is the current
time, while the maximum time is the current time plus the maximum plan-ahead
period of the agent.



30 [err] To refine the behaviour so that the decision-naking and
processi ng COoWioYoisses to the 1 4-stages franmework; PCT/GHO8b3257
Search the library of the coordination machi ne, and reuse existing

i npl emented functions as far as possibkge. This will be where the functional
5 behaviour is identical to the required one; [err] For those
stages where no inplenented functions can be reused, inplenent

new functions i ninghitgtot the plannesisichegdulenr 220 rate haasts @ stheefdrrng : Produce

[err] exec: rteL@eree;frfe oy UAB! 8ok R BodSc PRt A GoalPBIdcAicHtid ndyecessary

change of s agi ng, and certain data ases upda

backt rack: ingudegther axaramqtersap@h | enalityp dhisowitledenshd qreﬁwowenrteﬁévem gi nal

st at e; used. |ts[&,l’"§‘]tsh§be| give any newly inplenented function a |abel.
2.3.4 Adding New Coordination Gaphs to the Engine 15 After a
repositody of inplenented functions has been defined, in order to

all ow the e@gbﬁl&m{:oﬂgﬁg a parti cuI ar COOI’dI nation graph a string
description of aph s be added to the engine. (The
engi ne can UﬁlsP§/°frﬁ§F‘ﬁ 'bl‘"@" nbed "°<PGUP'EI'P FPa?‘f'l'ﬁYeéP%lEﬂ%‘ #t o one unified graph
whi ch cont ajppguipe BiBhbHat i on of states.) 20 I f nore than one

coordi nati on nechanismis required to sol ve particul ar- %@dbl em the

engi ne shouT @ Seh ot fyksarals; @’hﬁ’é the PaeNt RSt (j’PﬂS?Fst e 2 Other ageqts df aPt ed

coor di nafg ogvarg(ggﬁgs@ge abl@bdeaM Ng uni fication of the graphs, the engine is
able to apply the different nechanisnms inplicit in the un|f|ed graphs

opportunistically. 25 2.4 - Acquai ntance Database 215

The resource, taske beRaviaGrfaheplanses idlad flewes 225, 230, 215 prinarily
serve as informatjon repositories, and can be inplenmented using

conventi onal dat abase t echnol ogi es whi ch support storage, retrieval
and query f&Lill ptd esrrehirtdme o30e > epiremeriine roplanaatiradhit abtwn(faidki ng each

data itefgtpe éﬁec‘ftttg reﬁﬁherH"arﬁ withirfihe tiﬁ?é‘l)ange covered by the agents planner */

Let apblicable—tasks = the set of tasks in the agent’s task database
.which'have the desired resource R as one of their effects (produced
_ ltems)

20 /* Note depending on the planner the applrcable-taslrs can be ordered by cost,
quahty, nme, etc. That is, the cost of performing the task, the quality of resources - '
the task produces, or the time it takes to perform the task. */

For each task in the set of applicable-tasks do
25 =~ Attempt to place the task in the commitment table in a continuous
' : block of free spaces, between the desired end-time e of the task
‘and the current-time. .
If not enough free spaces are available for the task, go on to the
next task in the set of applicable-tasks.
30 If task has been successfully placed on the table:
' Add task to the set output-tasks
the start-time s of the task is given by its start position
on the table . -
] Let'_consumed-resources = the set of resources required to
35 . perform the task. .
- For each resource € in consumed-resources:
Check the resource database for C

-

SUBSTITUTE SHEET ( rule 26)



Is used as the main data storage structure for each nodul é.

The acquai ntance database 215 stores an acquai ntance nodel for the

agent in the VOROFP4a rel ationship table as in the fol |l owi nBCHRRIRIES? t he
domai n in this exanple is a dealing environnment such as between two
shops: Shop 1 and 35 31

Shop 2. Referring to Figure 6, the manager agent of Shop 1 (Agent Al) has

t wo assi stants, Agents il tRédredurcehhtdbadd onbaiaget agﬁn&lmca%m@ t®
(Agent A2) has three asgle s,t_;sr}ts Agents B2, C2 and D2.
Necessari | y in this scenari Q 1 knows of the existence and abilities of Bl

5 and Cl since they are his QEE’Y??aWEte AnTREPRT 158 RSPIRZS FPSBF e S Pantinsy.
Assunme t hat Al knows ofs-A2ngwdth leshex eamstARintgnsyrbodecmelitoneidlapxohas
no know edige of Al. Furthoeé impssidnen thattopfievaryoahop, the assistants

al |- know one anot her artctﬁh&%@&&@ﬁphW&@bhé iglaffer H€adnbvd aizmaeﬁew
bel ow summari se one nsgibgéﬁ | ASLARCSRha t B& A.920LSRALL OBR! ek &

of the agents in Shops 1 a

32 " Table: Arfﬁsﬁg‘f“éﬁ?:]é’ of°t H&or ki sHPBHRESkhoRP_dgtBYL-

Shop 1 agents : subgoals.
10

If the no task can be found to achieve the resource R within the time,
resource and other constrai_nts, append the goal to achieve R to the
" set output-subgoals and return.

16 - The computation of the total cost of achieving a goal is taken as the sum
. o_f'the cost of performing all the task required to attain the goal.
o ~ Once planning has taken place, the planner tentatively books the planned
_ schedule into the commitment table. On receipt of a confirmation of the booking
_.____"from the coordination engine, the schedule will be firmly booked and the tasks
20 _ _:___made ready for execution at their scheduled times. This use of tentative and firm
-i;'.bookmg.glves the coordination engine time to delegate external subgoals required
' - to achieve a goal, and also the ability to cancel commitments. )
The behaviour of the CABS agent plannér introduces the following
particularly usefut concepts:
25
_ e the use of tentative and firm bookings gives the planner the ability to double-
- bbok_ already tentatively bdoke:_i slots (similar in principle to what airline
réservation comparﬁes do). This idea improves the agent’s chances of operating
.. - at fuli capacity. The mechanism for handling doub!e-bdoking operates as
30 : __f_ollo_ws_: The planner maihtains a second copy of the commitment table which
re_qor_ds only the firmly bboked slots and double-booked tentatively booked slots.
‘L If double-booking is allowed by the agent, the planner uses this table in planning
o :when it cannot find free slots for a task using the normal commitment table. If
free slots are found on the second table, then those slots are marked as double-
35 _boo_ked. In the current implementation, when two goals are booked on the

_ same slots, the first goal to be confirmed gets allocated the slots and the

R4
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Base Agent Rel ati on Tar get ' Abilities Base believes Target

possesses WO 99/05594 _ Agent Al pcr/GB9S/AIET i OF
Bl (:itemlteml :tine 4 :cost 5), superi or C1
(:itemitenﬂ.tlrre3.cost 4), . 36 peer A2
(ritemltenB8 :tine 5 :cost 8), B1 subordi nat e Al

co- wor ker Cl (:itemlten? :tine 5 :cost

subordi nate  secondigoal is rejected. Other seiggtigp moligies could IBe_leplementegl Bem
lteml :time 4 § it lénty goal or hlghest cost 4841 Btc. AR id AISb pBSEbleo ktbtrol the
now e

or gani sat i onal agent's Base Agent Rel a] on

Tar get dedree of é%u%g@kl!ﬂﬂ '%9'8%‘9?8? glapney AsRYserdage of its total number
é?e“t 6Pslots that ca?lLH%etﬁdLlee-booked B2 (cit em I t em4 time 2 :cost
3. 5+ bounding theggagmLg) number obeara"e' orandhet SRR, of gl .05
7), szrocessosybor di nate co wor ker

g (: ;[ ? g]li.ﬁl ;;rgggmiltloltnpr?é aéasl&glgy %)ordered e.g. a Efk with thre Wgrlgnﬁ[ons

A2 A, B and € @nigitrilpbse the con&aint that A r(wst_tmmtesrm betomﬁ. thencost
gg , ' D2 C- Whiles%%?sa\é\ﬁé%(@;e of som%g:%nventional(élergn%pg.Iil'n eé%)e \%\gélf 8$al: cost
B2 160: i t @rdering Nelads ttb ke ihterteasing ©f planning with coordination. Ig sonxenitienal

C2 (:item.l t e

i ntroduces t he 28 aS?%ﬁ‘ﬁsqg'Q?|t%en§$érdﬁ%ﬂ?r?8%"e cc)sm'l’?slset y ﬁgnép%ﬁin §§P$ent

i npl ement at i on agénts hbe @iBBes P20 eand thhecmwlomem 3m>@harenearerol when
rel ationships fﬁ%h&l\,ﬁa@ g?;bal %Fde m§atF‘6F%L(algBIreelrp{l?etﬁt igorp é§seV§HotvbCﬁ| ket ur al

rel ati onshi ps ity t ones Peer and co-worker are
hori zont al st r anped(forl by the|aeentomdwﬁp§ub-¢qﬁ'trems oy tHowrypk dhejdoighdtther

agent in tge Saaﬁ@ntsrt@ta'cﬁlew@%d the manner in which it will be achieved {variable
blndmgs), and the way in which A wiil be achieved will all affect C. Thus, the
- ultlmate declsmn about which agent gets the contract depends on the planner .
'-and is not snmply based on a single factor such as cheapest cost. Such
' problems typlcally occur when sub-goals are not independent; and interleaving
20 ~ planning with coordlnatzon provides a flexible mechanism for handling such:

'dependence.

_ Reference is made above to “variable bindings”. These are a known

| ';c'encept for enforcing an equality constraint between a variable and a fact or

25 'another variable. A binding is used when a variable is set equal to a fact. For
o example, if vanable “v1” equals fact “f1”, say. “v1” is said to be bound to “f1”.

' " CABS agents can also allow an optimising scheduler to be attached to the

commitment table. In a S|mp|e implementation, a constraint satisfaction algorithm

can ‘be used to reschedule already planned activities such that none of the

30 constramts that were imposed during planning is violated. This is useful in

B ""'handlmg exception or in achieving pollcy goals. Optimisation can be added to the

- -:constramt-based rescheduler.
In the case of exceptions, an exception (unexpected failure condition)

might occur when an executing task overruns its scheduled time. If there are free

LY
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33 who is neither a superior nor a subordinate. Peer relationships
are the def aulyo gofssds refer to any agent known by the basg-pggsfenyho i s
nei ther a superior, subordinate nor co-worker. Sonme of the
i nplications of the different organisati g.pal relati onships on 5 negotiation
and coordination strategies are discussed bel ow, under the headi ng 4.4
Step 4. Agent Coordination Strategy Specification 510". Not e

t hat or gani saflétenial theeterningmeht pableir thendthe higlanhef sapuld ppsaily gesdhodule . its

That i's, althougmiegls ggp%e BrdBLG 1R Ry i, 3y Bie cBhBAA ABkfRcudd does
not necessarllly | y that elleves X to be her superior. It can also
be noted t hattype rescheditiog. the planner &igs §@ aritye 7t @rneve PHANASMERt sughothat Renen2
agent. This rc?ff4h‘§cér§ri]rtafl"%onstrairit@%p&élﬁtbyt fife fraRaRNViolkR&d. NRoK BRWYpBiRtSngT t he
manager of Shop I, the Al agent. Note al so that one agent” s

bel i ef s abdutreschedulgndthecRignnestmight alinyscopsiint violajjop solopg gsy2m peHimal

bel i ef s (dat adrigemknt 2€0aRE WtHimaliey inSRAENEUsE will 'bel BiRedURcriteria declddd 6n Al

believes Cl1 can produce lten? at a cost of 4 units and usin tinme

. ) g 3 15
units. Howevehy timideyaioreflesFer examnls @) lgw; enst jeh to vhich dke plabpyr igralready 3

units andedifrhittbdomby BB drdppkd in fabor dfeaktéritiiny BetprécessingInd bf agewérs have
different service | evel agreenents , for instance. - 2.5 Pl anner
& Schedul er 274 high cost job. The role of the planner/scheduler is to plan

and schedujge the t aglsshddulddenight al§tchd Gsedetd dnguiehsbliop @Bjectivedn Vit texample,
pl anni ng (e.qg. m::ans-g,gtrq.E anal ysi '

see papers i nl ggantm) ave.a @é\??%‘éi’@ ttgyfgf‘gﬁéhaihgblzs are H?ﬁglﬁfé'\é gsl g”r}&g‘r' >
ggpl [ Cﬁt ijoln_s" as Hteésitﬁé._, INQuctb a daee.eiﬁhﬂdé ca&aﬁs)mHo emnd:lﬁml sHawrgin( Eg(ye Qh,ag- Ishop
scheadul I n ni e n sed. wever e anner n edul er
250 of U Dk aBEl Byl IE Bnd ; G g SRS e SRR e i B L O
it can offer executing ohem bbtﬂe agpnt hes Iallf[tlyeit oeqeaTsd) IresoNECess It Isech vesgherfuling
50U, o ton ot eV T BhES Ok gl B RR a,

pl anner. Referring also to Figure 9, it maintains a 30 conmtnent table

(or dat abase) _?6§5 WadsolrdeDAallal@285ensi onal array with rows 900
denoti ng avaiﬁa | e processors and col unms 905 denoting time points (using

an integer representation of tine). The base tinme ("O') of the table
is the current TRd #8Bourbh ubt@bidae2I8Petbrél FedouFBR definftid@s.Current time plus

the maxi ”“'39) pl an- ahl?\ag%neral, a “variable” is a logical description of something while a “fact”
is a specific instance of that something, with relevant data added to the logical
description. Resources in this context are facts which therefore require the user to
provide data in relation to each resource for the purpose of building the
commitment table. The Fact/Variables Editor 355 is provided so as to aliow the
25 wuser to load the necesSary data using a frame-based object-attribute-value
formalism.
" Aresource is defined as an ofaject with attached attribute-value pairs. For
example, an agent in a communications system may require a resource in order to
provide a fibre-optic netyvork connection from London to Ipswich which transmits

30 video data. The resource need of the agent can be expressed as follows:

Resource Example 1:

(:type network-link

b
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period of the agent. ' " 34

I nputs to theyglhapyes / schedul er 220 are goals of the form Brepdnesorzar
resource R, by tinme e, at nmaxi mumcost c. Note, the goal specification my
include other paranmeters such as qualitysg This will depend on the planner
bei ng used. Its outputs are: 5 - (a) output-tasks - a set of
tasks it will need to performto achieve the goal; and (b)

out put.- subgoalssvariablefalse set of sub-goal s which the agent nust contract out
to ot her agen,gds {é 1 he top- 10 level goal is to be achieved. '

The behavi our’ o? %e pl anner is as follows: if (e <current-tine or
e > current - tiattdbutepl:fnomalkprddn) return fail. 15 /* Check to ensure we are
wi thin the ti_me.-raqg SAyered by the agents planner */ Let

appl i cabl e-tasks ="the set of tasks in the agent's task database- whi ch
have the d®sired rwopueationfyresfitiawPHe t heir effects (produced itens).

:speed 1000
:data-type video
)

10
The particular resources and associated attributes chosen will depend on
how the user decides to model the domain.
If the “is-variable” flag is false as in the example above, then the resource
is indeed a fact. Otherwise it is considered a variable. The “id” field gives the
15 unique identifier of the resource. The following two examples are of resource

“variables:

‘Resource Example 2:

20 (:type video-data
- sis-variable true
" :id 11002
:attributes {:data XXX
)
25 ) -

(:typé video-data-transmitted
- sis-variable true
tid 11003
30 :attributes (:from ?location1 -
:to ?location2
:data ?any-data
)

“
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20 /* Note depending on the planner the applicabl e-tasks can be ordered by

cost, quadl jme, etc. That is, the cost of perform , the
quality of rgivobtl%,g!’esg* the task produces, or the tine it takKes ts;(?g%grform
the task. */ For each task in the get of applicable-tasks do 25

‘Attenpt to place the task in the conmi t nEAt table in a continuous

bl ock of free spaces, between the desired end-tinme e of the task

and the current-tinme. I f not enough free spaces are avail able for
the task, go on to the v . nhext task .in the set of applicabl e-tasks.
30 If task hﬁ&’%ﬁ?ﬁ %W&‘E%%fﬁF’l‘%FeiFé%"éh"?mb[%ne t abl e:

Add task to the setTheuigdutcet dtdtmase 225 also contains the@nsdlogyt ddthteee 260f THie t ask
is given by its star 0si ti.Q on.the tahl Let
consuned-r esoﬁﬁ?'5§§ﬁ°—-1i?gﬁcea?§8t'"'ﬁ?" oL.&aeh Last Ry F%&agtaE) agggutes, the range g ¢ o1 m

the task. 5 legal values for éaph sttriblote, ey woostrdintisrbetwasn avdbute Salues£and any

Check the reSrgg{igﬁshﬁjp%t @%Q?I%?%fé% aftributes of, the fact and other. facts, Agents hayeto., o

35 resour ce database contains Ct

to use the same phtolagicak information if they are to understdndreac ether.cat e a
subgoal to achieve resource C by tine s, and with other
constraints such as quality simlar to 5 - those inposed on
t he top-|evel2.doal Task Database 230 Next, recursively invoke the planner
to achi evggt he new subgoal C, and append the two outputs
of the pl anner respectively to the sets output-tasks and
out put - ' The task datgbasg$apres task definitions that will be used for instance by

the planner and scheduler 220, .
The task definition provides a skeletal programming framework which
comprises: )
18 e asequence of activities
» selection (if, then......)
s iteration (exit condition)
The CABS task definition (or. description} also introduces .the idea of
“mandatory parallel” tasks and “optional parallel” tasks. Where a task description-
20 shows mandatory parallel activities, more than one activity has to be carried out
sim"ultaneously. This will prevent an agent with only a single resource available
from contending for the task. '
A task may be a primitive task, comprising only one activity, or may
involve a set of sub-tasks. An example of the latter is where the task is to carry
25 out a simple arithmetic calculation such-as “ax?2 + dx + c.” If this task is shown
with the mandatory parallel indication, then the three values akx?, dx and c will be
calcu.lated simultaneously, followed by- the sequential step of adding the calculated
val_ues together. For a task of this nature, a decomposition 560 will be generated
by the task definition editor 335 (see below under the heading “4.5 Step 5: -
30 * Tasks Definition”) and an important aspect of the task description will be the
"'interfaces between outputs of one task activity to inputs of subsequent task
" activities.
A task description further comprises pre-conditions for the task, such as
resources it will require and the effects it will have (inputs/outputs), how long the

b
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10 | f the no task can be found to achi eve the resource Rwithin the

time, respyoggsseynd ot her constraints, append the goal tecaeRbsusgsR t.0

t he set output-subgoals and return. 15 The conputation of the
total cost of achieving a goal is taken the sum of the cost of
performng all the task required to attain the goal. Once

pl anni ng has taken place, the planner tentatively books.the pl anned
schedul e i nt aaskhevilt takei lopisat describtionsCher rastusily tpegfprraing nfask s tthe rexinelhe

booki ng %&gE@g}s gg&”.ﬂ ﬂ@%&no%d"& 1d5kE 1R BBEYSosMdn! 58P mkhtidHed

booked and t ready execution at their scheduled times.
This use of taanathb inadist pf sub-taskshyitNn thp eamiplex task- coor di nati on engi ne

time 1o del egate eﬁ,‘e‘{'ﬂa‘h o?fl‘thg%’klksis b RURabR 855, thid Beifg HeSH@rttidAdVhicrizd al so
the ability to cancel commtnents. The behavi our of the CABS

agent pl anBerotitputrdaltbe $xe¢sion gneniter RHO to ﬂ}?a?’f"P'@G\ sYstemuLes e Pedorm &t s
[err] the usere@(laﬁt%hglfldnve A%n&ampiénﬂmlﬂe%smalé/e&sME ﬁtmﬁermehlegiabu i ty

t o doubl e- al ready tentatively booke

ts (sim
bri nci bl 6. t o desedptien qaRsises < variae B8P AREL RS IRES NGO APer 704 islife 2
' WDLOV?S t h]‘? ﬁgﬁﬁﬁl% ft_eﬁ'v’lﬁfg@l@g\lb@f bRRiE_E:é\ﬁbéHitlon 560 forahe iaﬂklw?ﬂt}l)laﬁltl §up.-t_7_ill‘be
mechani sm for handl i ng, doubl e- bogki n tes -gs WS
pl anner nai ntBichsasde WHCP’E%?&?S&? the, aﬁéﬁﬁﬁ ab e 3l °rV\?|fi0?: H%Vc\:ﬁ of text
r Iec;)r ds onlgy &éli]g! .g.i {hl;él y:of)re@.tadffsd Oaaec&ﬁhd dﬁ%bioﬂe,bmkeedng etmlla'plckeh;y @rabked
sl ot s. 0 e- boqki
t hl S tabl e | ncwramﬁlqggtransmlssmraﬁéaeﬁe tll’(llg\gﬁlﬁg ‘tX? got’ff% %L?l%d U%%Qrernadsjies
usi ngdt heblnor mﬁmgmﬂ& tarm'lttmieaiatevall f(These are cliaameslﬂi-tasbs athizhf coulkbdnatrbe he
second table, ,then t sl,.0f [ r " th
current inpl emt th BﬂleFor glwd?,d %m%(r)\ éggmﬁ% n%%“@lagi fﬁe caubQQQBBH xs ltl’{b Ote

s are ,
the first goainstractive toafacsimilel rrgaeblseaith@caalembrtdhe ogrrytost dhrdagtial facs'm“e

36 Gsseg&m{vgoal is rejected. Qther selection policies could be

i mpl enent e

~ Tasks and task definitions are discussed in more detail below (under the
heading “4.5 Step 5: Tasks Definition™).
e | .
. 2.8~ Execution Monitor 250
20
The execution monitor 250 has interfaces to the external system 125, to
the planner and scheduler 220 and to the co-ordination engine and reasoning
system 210.
The execution monitor 250 achieves an agent’s goals by causing tasks to
25 - be performed in the external system .125. For every task type in the CABS
environment, a user-defined task call-back function is provided. When the
e_xechtion monitor 250 decides to exécute_a particular task, it does so by calling
- the . appropriate task call-back functions and outputting them to the external
- system 126. _
30 - To simplify the construction of CABS, the actual execution in these task
. call-back functions is simulated. On successful completion of a task, the
execution monitor 260 will be signalled. Nonetheless, failure of task execution
- {e.g. there may have been a hardware problem in robot arms of the external

- system 125) can also be simulatqd. In these circumstances, the execution monitor

-
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hi ghest priority goal or highest cost goal, etc. It is also possible to
control the ree of doubl e-booking by giving the pl

per cent age of VPP %g{g nunber of slots that can be doubl e- gmzﬁed 5
[err] bounding the maxi num nunber of parg | el branches on the basis of

avai l abl e processors; [err] thé preconditions of a task may be
ordered, e.g. a task with three preconditions A, B and C m ght inpose
the constrai nisot Wil behalgtted olp ehe dilumy ardi hafcerapp&prlahetmrrectwe a@iongVtiahdet hi s
is a feature of sope_conventi gpai nner s

ordering | eadesigped-nhEo HERPHA Fﬁag'}} eﬂ"ﬂﬁfn'lnﬁﬁ dgé&'?ﬂi%o%g?g@tm]fg“ur? to
convent i onal re-scheduleatherdoalzaschl sghi¢vedbvt fupning aitdinate task caliypekefungtiensol s
the planner but i S t f@or di nation
engi he- 210 1ot by dbieaabi: them to oGP dleRtsd B ugmn@@&rﬁ@g%gfﬁ?w% Rpor di nat ¢
in the A, B, C cas&uehewereAhrieghtutiop monitor 259I@&nrﬁéaldﬁéhatﬁgeﬂm5’ regdirad and B
sub-contracted o AOEHA! exel ﬁ&hﬂn@ﬂ?o Bgynd the
manner in mﬁchx%%ute?yﬁgg{agce%lp%\?ggw(s tgé%uratlo e|n ‘llng , 'ar: d the way
in which A wirdt lavirgcteceived ani anprmfiat%ﬂl‘ip@%ts'@ﬂ Thushe spree token, theagephit e
deci si on abo"ﬁes}@@hlﬁBar@%%"mﬂl@tv@hgt%p%ﬁ“eaﬁétmqgQﬁma HeNedriféd BiitoRNRich a

and is not sinp ased on a single factor such as cheapest cost. Such

pr obl ens typl@ae-ly occur when sub-goals are not independent; and

interleaviqgg 2 ﬁk%&@émn%&m:& 28bFaS d RioRingusl@iond tér R¥pdsaR MeChani sm
for handling such endence. Ref erence i s nmade above
to "variable 'BP?i'Gf’rﬂ’gé"Da'FH 8 are a known concept for enforcing an
equal ity constraint between a variable and a fact or 25 another vari abl e.
A binding is used when a variaple is set equal to a fact. For exanpl e,
i f variabl e "Baok (grggrmes resqupcest 1+ 53y "v1" js said to be bound to "f

1". CABS agents can also allow an optim sing scheduler to be

attached tgq the onm g ne able. In a sinple inplenentation, a
constr ai nt1%s g?%“f'a%?i g’n"ng]%e& ;&ﬁ%ﬁn can be used to reschedul e al ready
pl anned acti vwheres such that none of the 30 constraints that were inposed

during planning is Vlg‘8| osga%tla'qhéei%ggy&%&m B}ogosc?ded handl i ng exception or

in achieving pollcy goa to the
constraint-based redevek éileere Z is the level number|and shquengs oumbercofrsprasalns, an

exception (unexpecte Dgsﬁ | tl?eolrﬂ)d+ftth§)H2:tlon returﬂ%cgm R faHEiolIeN an executing

task overruns its sc are
SUBSTI TUTR2GBHEET ( rul e- 26)

UnBook (cancels the reservation of resources)

UnBook [ PiD, Level, Seq, AID ]
where
25 —~ PID, Proposal-iD, labels a p'articular proposal;
" — Level, Seq € Z is the level nqmber and sequence number _of proposal.

"~ AID specifies the ID of the action returned by the function.

Commit {allocates resources)
30 '
Commiit [ PID, Level, Seq, AID ]
“Wwhere ~ - ’
'~ — PID, Proposal-ID, labels a particular proposal;

— Level, Seq € Z is the level number and sequence number of proposal.

N
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37 slots in the coomitnent table, then the planner could possibly
reschedul e i tywoogpssagtivities to give the executing task noreTiapdsnoz2bor .a
sinpl e constraint satisfaction type .-rescheduling, the planner tries to
arrive at a new arrangenent such that ng3e of the original constraints
| nposed by the goals are violated. For an optimsing 5 rescheduler, the
pl anner m ght allow constraint violation so |ong a afn opt i mal
arrangenent is foondQ enscifiefrhe P ofifhe ﬁF@%’égﬁ”%ﬂg?Y a'l?e upet on criteria
deci ded on by the devel oper). TFor exanple a | ow cost job to which the
pl anner is already commtted may, be dropped in favour of extending the
processi ng t Ungommitiganssls the allocatipn, of,fespurgedl; | op.. 10 A schedul er
m ght al so be used to ensure policy objectives. For exanple, an agent
m ght have_a policy objective to ensure that jobs are perfornmed as quickly
as possi bl 8. Free ‘s'?J%h'-%})ebas?@: Xl'%]ot he commitnment table 245 shown in Figure 9,
It may ShiHere Sub-tasks B and C two and one cell |eftwards respectively

and begin execu;@%‘%@g%hz la%}gﬁg{g%}hap%goipg% Is their required resources

- such reschedul i ng e any e constraints inposed by
the top-|evel goal. Level, Seq2e Z is theRexed numberBuxdeqeence 2@mber of proposal.  The
resour ce dat abase 225 stores resource definitions. 20, . I n general,
a "variable" is a7 & &% °'fb°ést5? ﬁ:gf’{ﬁ"ﬁ agHion [STnRY ﬁ& O fungtion- ¢ ot - is a
specific iHpstance of that sonething, with relevant data added to the

| ogi cal descripti.on. Resourc |.n | S .C t [

therefore require ﬁﬂés ﬁ'&"@ 1oy §on °ﬁ'§pbr°o?/)%eglét%8a‘{%§; ?ﬁ;‘? %F(g‘fl{t%ﬁ dt'?fot)qlg g F %lsource
for the purpd=ze not yaiutdmthhergetdhe comm tnent table. The Fact/Vari abl es
Editor 355 is provided so as to allow the 25 wuser to |oad the necessary
data using a frane-based object-attribute-val ue formalism

A resource i S3.def i IQMERVIEWH CABSRIKATRORM at t ached attri bute-value pairs. For
exanmpl e, g agent in a communications systemmay require a resource in

order to . . . .
Referring to Figure 3, the means for capturing data for loading said

architecture , for generating a system comprising one or mulitiple entities according

to sai& architecture, and for automatically building a software module according to
said architecture, is provided by the CABS platform. This provides an agent

20 .template 300 which dictates the agent structure shown in Figure 2, a user
interface 305 which is primarily a set of editors for identifying a set of agents,
selecting agent functionality and inputting task and domain-related data, a library

of co-ordination strategies 310 and a set of standard-type, supporting agents 315.

The agent shell 300 is simply the framework to support an agent structure

25 as shown in Figure 2 and described in full herein. The editors are described below.
The co-ordination strategies 310 are described above, under the heading “2.3 Co-
ordination Engine and Reasoning Systém 210", One of the supporting agents 315

is particularly important however, and novel. This is described below, under the
heading “5. DEBUGGING AND VISUALISATION”. It could have application in

30 other multi-agent and distributed systems, not just those built using the CABS

system.

| The editors of the user interface 305 support and record decisions taken
by the developer during agent creation and input via a design interface 350. In

more detail, they comprise the fol_lowing:

b1
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provide a fibre-optic network connection from London to | psw ch which
transmts 30 wp@smssdfit 2. The resource need of the agent can JheqyeaRppssed. as

fol | ows: Resource Exanple 1: (:type network-1link

38 cis-variable fal se cid 11001 cattributes (:from London
to Ipswich 5 : connect on-type | bre- opt I C : speed
1000 . dat a- type vi deo ) 10 The part I cul ar
resources and aamenﬁda‘mnm editon (329 (céfesemtm/bblbmdmmde Step Zzovmyént user
deci des to nod ESeV

fal'se as in th "‘é‘%’g’?r’fn € a ngrow%%al Icarl gé%’tﬁilggn of e Qgen?gjts ?Jb'l ggntd :

O herwi se it i #sidadmesodareedta vari able. The "id" field gives the 15 uni que
| dent i fier of. %ne%égg%t@geg§g§z§0§tﬁ%aqot oV XGHIR 3.7 Seddl 3! ESAPLAHC
5 Organisation 505") for describing the relational links between agents in a
scenario and also the beliefs that each agent has about other agents in the
system
* a co-ordination editor 330 {referred to below under “4.4 Step 4: Agent Co- -
ordination Strategy Specification 5107) for selecting and/or describing co-
10 ordination strategies of the agents
e a task description editor 335 (referred to below under “4.5 Step 5: 7asks
Definition 520~) for describing the tasks that the agents in the domain can
perform
* an ontology editor 340 (referred to below under “4.1 Step 1: Domain Study
15 and Agent Identification 515") for describing a suitable ontology for the domain
e a fact/variable editor 355 (referred to below under “4.2 Step 2: Agent
Definition 500" éhd under “4.5. Step 5: Tasks Definition 520 for describing
specific instances of facts and -vai'iabtes, using the templates provided by the
. - ontology editor 340
20 e« a code generation editor 360 {referred to below under “4.6 Step 6: Domain-
-specific Problem Solving Code Production 525"} for generating code according
to the definitions provided for each agent _
¢ a summary task editor 365 (referred to below under “4.5 Step 5: Tasks
. - Definition 520") for describing summary tasks which are tasks composed of one
25 - or more sub-tasks which have to be performed in some order
* ‘a constraints editor 370 (referred to below under “4.5 - Step 5: Tasks
:_Definitian 5207 fot' describing the cpnstraints between {i) the preconditions and
- effects of a task, (i) one or more preconditions of a task, and (iii) the effects of

-.-a preceding task and the preconditions of a succeeding task in a summary task
30 - description.

v The output 100 of the CABS platform is then a logical description of a set
- of agents and a set of tasks to be carried out in a domain, together with

executable code for each agent and stubs for executable code for each task.

Y
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20 (:type video-data ‘is-variable true »id 11002 cattributes

(:data XXX  wo99/05594 ) 25) (:type video-dat a-t r anpivehafd2237
;is-variable true cid 1 1003 30 :attributes (:from ?locationl
:to ?location2 - data ?any- dg&a )

39 Not e that "?anything" dehotes a |ocal variable.

The resource database 225 al so contains the ontol ogy database 260. This
stores the | ogi cal C&BS$ enbiodies afsystactoffraethods/ples envitanmeaytd pravide mabouits, t he

range of 5 legal values faor: ea ttri , any constraints between-
attribute val ﬁgeg',t s&%amﬁﬁifv Pl e:Fhaﬁ‘leo'#s%gtﬁg’ bet ween the attributes of the

fact and ot hes tardfigsre d\gember dfalifferent agentsiaferatying Smgtionafityolnsitiehayiour,
information i{ LngXic@tferh th WRAKSLSH Ailther 85 ctiolEd,
5 e imbue each agent with communicative and co-ordination abilities selected from
a CABS-supplied list,
¢ supply each agent with the necessary domain-specific problem-solving code,
and _
» automatically generate the required executables for the agents.
10
In addition, the CABS platform can provide the developer with a suite of
support agents 315 of known general type such as name-servers, facilitators
{classified directories), and visualisers. Overall, CABS aliows the system developer
*to concentrate on domain-specific analysis without having to expend effort on

15 agent-related issues.
"4.%%v  USING CABS PL_ATEORM TO DESIGN AN AGENT SYSTEM

The CABS platform is based on a methodology for designing collaborative

20 -'software agents which views the égents as having five primary sets of

* characteristics, or “layers”. Referring to Figures 4 and 5, this methodology

requires dévelopers to p_rovide inputs in respect of three of these, a definition layer
400, an organisation layer 405 and a coordination fayer 410, as follows.

* - In an “agent definition” step 500, relevant to the definition layer 400, user

25 inputs determine the agent in terms of its reasoning (and learning) abilities, goals,

- resources etc. - ‘ i

" In an “"agent organisation” step 505, relevant to the organisation layer

405, user inputs determine the agent in terms of its relationships with other

" agents, e.g. what agencies it belongs to, what roles it plays in these agencies,

30 what other agents it is aware of, what abilities it knows those other agents

possess, etc. (An agency is a group of agents which share a common attribute

'such as belonging to the same company. Agencies may be virtual or real. A

virtual agency is a group of agents which share some sort of co-operation
agreement.)

-
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2.7 Task Dat abase 230 10 The task dat abase stores task
definitions t%”m#l;" be used for instance by t he pl anne{,cﬂaggﬁogggdul er

220. task definition provides a skel etal progranmm ng
f ramewor k whi ch conprises: 1 5 * a seguence of activities *
selection (if, then ...... * iteratiof (exit condition)

The CABS task definition (or description) also introduces the idea of
"mandatory parallelfn sras'kgemrui;-&ainht‘mﬂaétepmat relbvarit askihe dﬂb&ﬁl&tiantla\%‘éf

description 20__shows, mandatory. pa agt | vities .nore than on |V|ty
has to be car Fi'8d Ygef inPuts g‘?‘ﬁﬁ%[’gﬁé lfg?rf;'na ?"\% TeEeHPRRR H"tcn'é"ﬂu% g‘ﬁat

only a singleagewource available from contendl ng for the task

A task may be a prigjtive Sk, I n I .act L V] r

i nvol ve a set of sugl"? éwﬂsottﬁ '3 ersaR{'ﬁ'élj(')f'\g '{ Eg easlg Fg'rn %%:hvd$t3¥%a'tghsg%s'E is -
to carry 255 igure4siThpy eresa commmcatmmlbwlﬂéﬁi. wvhichuhendies téchnjtal-ashects of. " | f
this task is i th. ”EQP' idd I '

t hree val ues 3&3}“@%?? é’ﬁﬁqﬁ&\}\%ﬁgﬁnbe %%@E{H ﬁ&@ra&nﬁuﬂ-}%cgaﬁéergé&gl (?/'\EmnlaH}OV\ed
by the sequent428l whicbpprovidesidnrigterfiace derl wrsmabavstems\ﬁal adds npeslifyt oredeletBor a

task of this Q@éo'ﬁF%§5§véﬁgﬁlgn¥bo%é @n156olﬁv"tﬂ ﬁﬁcﬁ%‘ghmdln Fi gum’ 2 N@et ask

definition editor (see bel ow under t "4.5 30 Tasks
Defnition") arsemmunioation tayer 4dSpwilk bQ)P"ONWGdtQYSW"d@QWp?QQ)ﬁ“Q\AtM msssadee

I nterfacesqgetRagr %ﬁsputﬁeomoaeert ash R bY igkdviddd b Pib SinRfasld BEAVEIA
t ask activities. task description further conprises

pr e- condi t i on®xtespalisystemssR40 apd Hh%lées"'-"ce rdasahgse 25 and the) exegulinn @opker t he

effects it w |dzshamast bfhotl'lfe?ek&@tblaﬂ'{ SrovidB® By |tlQ=.n£beﬁ1t'@emplate 300 of Figure 3.

40 task wll take, i cal dESCFIthIOHSfOI‘ act uaII\{éaerf rmn a

task at the externaithe user mguts required by the CABS methodology to the definition layer
400, the organisation layer 405 and the coordination layer 410 are structured

15 according to the following six steps:

1. Domain study and agent identification 515,
2. Agent definition 500,
3. Agent(s} organisation 505,
20 - - 4. Agent coordination strategy specification 510,
' - B. Tasks definition 5620, and

6. Domain-specific problem solving code production 525.

Referring to. Figures 3. and 5, the CABS platform provides visual
25 programming editors via the user .interface 305 to support and automate Steps
1-5. These steps should be performed iteratively until the developer is satisfied
that the final suite of agents accuratel.y depict the problem being modelled.
Use of the CABS platform to carry out Steps 1-6 is now described in more
detail.
30
4.1 - Step 1: Daomain study and agent identification 515

The CABS platform is for use by a developer who is the domain expert

rather than a software agent expert. This first step will be carried out in a way

-~

SUBSTITUTE SHEET ( rule 26)



system 125 and, in the case of conplex tasks, the deconposition 560

nment i oned dich is a list of sub-tasks w thin thepeogmbssaizask.
An out put of t e task is a callback 555, this being the instruction which
is 5 output via the execution nonitor 250 to the external system 125 to
perform a rel evant function. An exanple mght be to run a facsimle
activity. The | ogical description conprises a variable 550 which
descri bes | oabatnthepdgreain @xdertlicahsiery best. 1t mightibe that the Wemeimexasey fora

deconposi ti on Zgnce Qlsed Q%e&n@iﬁh oWQithee L:br?tFol %&&e&&%l‘?ﬁve to bé amiedDutl i @6t | NY

presence of ' er shee 0 be sent, or of ck of text 10 data in
the correct Ioffaéy., Howtewen nhgprq‘fwydtmacaeséetem?@a%ﬁ putgneRoYs,degition-

commenci ng t r,;?é}?:@t §§bt%nas ?\'& HSih hitdridl {BM RTINS the ifidiNGt bh QanBgHtbs est

nunber and ryi ter a set tinme interval. (These are cl earIP{
sub-t asks Ghiaghntsduithe demaine The levabefcorpnylasity at whichihe demainds mods '

facsimle nmagi gag anmI&l arctﬂel f6thikin Ea‘iéeﬂtsanhhﬁm detehﬁaa tHé thoRRddries 2off @@si i | e
machi ne in the rea

to carry out the facs 5acth|ty
Tasks and ¢ - e dper A2 AR o R SPISRS? SSRUE AT OB e A
headi ng "4.5 wit&Bver thera k& dbEisibimiaking ehtity i |n the d&nﬂn Execut i On Moni t or 250
20 The _executi.on npni.tor 250 ' rfa rnal

X
system 125, to The Hfisep | iapit ot Uig) StagReY I§'F"p 2 taﬁan !SFB V& Rat i on
engi ne andor aapeBértihg the sesySdantidateOagents selected by thermain(expm amliketyniot or

e nnl Cvye s eadordBLAg0 17 454 Mbrbd fohfileort BELLAITRI D t1°
user - def i ned donsdin.c Ihé Msyfstamw:lballoicstemaolv iofl 8. idgtifierst ineopy of theragentt | on

o 200, 7l 300, and 1fié BthPof SRR ik ke 4Rl et 985, o0 DY o 11

t he appropri at tlons and Ing themto the
ext er nal - +'syst dhat@ter3gage it is foulld thsit there ﬁwcqrﬁ@tcmmtmlao?ﬁnéldamss

the actualy TS‘jxfg(éH{ h?‘;e,t# tb fb@grﬁ)%afeﬂ%{%clsmﬂs i RpecPdF K phetass it¥afAndtInflelbs ff ed.

On success conp on o execution nonitor 250 wll be
si gnal | ed. Norreetire, hen theylist ek agent identifiesscean beFmended te aQJUSE s setn@ly have

been a har dv"aéé?ldgfafpéféﬁ‘té Fof MBRhc@tdtrBliude ¥ néi loRb,N@ld the desigN preessl @) can
al so be sinmulate hese circunst.ances, the execut i on nonitor
be relterated to reflect the changes.
_ No specific editor is necessary for agent identification.
20 - Another important user input is the vocabulary of the domain. This is
- input using the ontology editor 340. An ontology or data dictionary for a domain
describes all the possible concepis or objects that can exist in the domain. In
CABS, an object-attribute-vaiue formalism is used for describing domain objects
and concepts. The ontology edito-r 34b simply provides templates for describing
25 these objects, that is (i) the different object types, (ii) the list of attributes of each
of these object types, (iii) the type of values of that each attribute takes, and (iv)
the default values (if any) for each attr-ibute.
- This editor provides a template or form so that you can describe the
vocabulary of the domain which the agénts will be controlling.
30
The ontology editor -340 allows the user to identify an ENTITY, its
ATTRIBUTES, the VALUES the attributes take, and typical DEFAULT values. An

- example in the communications network field would be as follows:

-
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41 250 will be alerted of the failure and hence appropriate
corrective acty N be desi gned. For instance, the ag hgaer
may desi gn thewgggnr)léts;ﬁpupon failure, to re-schedul e the ggg#’sd%?%blg%e _
achieved by running alternate task call-back functions or by del egating
themto other agents through the coordination engine 210. 5

Furt hernore, the execution nonitor 250 can decide that the tinme required
to execute a ENFRYhas exceedduk its expected duration, the execution nonitor

250 not hayl ei ved an_ appropriate input signal. By the sane token,
t he agent iﬁgfbéjr@% can d&€P®rm ne what appropri at%épacd'iyi ons shoul d be
carried out i|NALUEh a c addeo, s6tellite, optical, ibe execiMbis/smoni t or 250 has
the foll ow ngDEI‘-'RﬁH%ié.{Eor proposal s | abel | ed %ﬁk?ﬁja]nd Seq:

Book (reserves resource 15 Book [ PID, Level, Seq, wher e

- PID, Propwmsal -[D, |abels a particular proposal; - Level, Seq
[err] Zis the | evel nunber and sequence nunber of proposal. -

Al D specifies the ID of the action returned by the function. 20 UnBook
(cancel s the fiéder vBtePpad of Agensfefaition 500 UnBook [ PID, Level, Seg, AID
] where 25 - PID, Proposal-1D, |abels a particular proposal;

- Level, Seq [err] Zis the level nunber and sequence nunber of proposal.
- AID specifies theFersash of tbe agents ideptifies incStem . thecfollemingiusar inputs have
Commit (ali®ced 8BS na@8 Okh GRS Agent Definition Editor 320:

» identities of the tasks the agent can. perform;

¢ the number of tasks the agent can perform concurrently;

¢ the time period over which the agent will normally allocate its resources
15 (plan its activities); and

* the resources available to the agent.

This data will be routed:to the planner and scheduler 220, described above
in relation to Figure 2, for use in building a commitment table 245.

20 Data entry concerning task identifiers, the number of tasks and the
planning time frame is a fairly straight forward process, except that where the time
frame is concerned, different factors will come into play. For instance, in some
scenarios, an agent which can only plan ahead for shorter durations is less able to
meet customer requests but may be more reactive to changing economic

25 circumstances.

The tasks are defined at a later stage, discussed below under the heading

“4.5 Step 5: Tasks Definition”, and ;nt this stage it is only necessary to input the

identifiers. However, the resources available to the agent have to be defined.

“Since the context in which the agent may be functioning could be any of a large

30 - ri'prhber of very different contexts, it is necessary to give the agent a definition of

: th’e'"?fesources which is sufficient.for it to build a correct logical model of the real

physical resources available to the agent such that it could plan its activities

. properly. CABS provides a Fact/Variables Editor 355 which is used for describing
the resources available to an agent.

LY
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30 ~Commit [ PID, Level, Seq, AID] wher e ' - PI D,

Proposal - I D, {@slesseg particul ar proposal; - LevRhyeragaSr Z | S
the | evel nunber and sequence nunber of proposal.

42 - AID specifies the ID of 4 he action returried by the
function. Unconmm t (cancels the al?ocation of resources) 5 Free |
PID, Level, Seq, AID] wher e - PID, Proposal-ID, |abels a

particul ar proposaln general, a “variable” i Lsaad;jg,icasd@pc['igtitpr] o¥somsething whileda “facttber

and sequence Q%”%%E'{ﬂ 2"9 éifgf’llchat ls8meth|ng, with reléd(a?ﬁ%gf'{hédeﬁstot {46 1hifegqf the

action returne nction can onIy be
execut ed onl y:iesq&rimla'e Seseurcésin this contexpargfactalwhich theseforegequitet the osensaced. )

3. OVERVI ﬂ'—é Jg ?3'\40 ch resource for thB‘%\ﬁﬁJéen& ﬂlﬁldFrJggfﬁ'ée!oécalt he

means for ca tUI’II’l INng_S ecture , fTor generating

a system c8npnedsig f@hé"!ﬁ*"%ﬁ%‘fﬂe& é’h?lFFPTégafﬁé’lﬁérﬁﬁ'tﬁg%F’ is pevisigll o as

ar chi tect ur e,;oafigwl e WBBE RTREY ¢/ hyceBstry Gh%uﬁgf?#ﬁa%@as@@%ﬂe@t— aufRrgl ng to
sai d archltectlljref r:‘ashsreerVI ded by the CABS platform This provi des an agent
value 1or

A resource (or fact) is defined as an object with attached attribute-value

pairs. For example, an agent in a communications system may; require a resource

10 in order to provide a fibre-optic network connection from London to Ipswich which
transmits video data. The resource need of the agent possibly can be expressed

as follows:

Resource Example 1: .
15

{(:type network-link
sis-variable false

*1id #1001
:attributes (:from London

20 :=i" - :to lpswich . -
v connection-type fibre-optic
:speed 1000

:data-type vi&eo '
25 )

The particular resources and éssociated attributes chosen will depend on
how the user decides to model the domain.
If the “is-variable” flag is false as in the example above, then the resource
30 is indeed a fact. Otherwise it is considered a variable. The “id” field gives the

unique identifier of the resource. The following two examples are of resource
- variables:

Resource Example 2:

“
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20 tenpl ate 300 which dictates the agent structure shown in Figure 2, a
user inte 5 which is primarily a set of editors f i LIy ng
a set of agenﬁ%ﬁﬁﬁ&ggselecting agent functionality and inpuﬂ%%#ggﬁgéé;and
domain-related data, a library of co-ordination strategies 310 and a
set of standard-type, supporting agents 495. The agent shel
300 is sinply the framework to support an agent structure 25 as shown in
Figure 2 and described in full herein. The editors are described bel ow
The co-ordination strategi es 310-are descri bed above, under the headi.ng
"2."3 Co- (8vee MideP-9ataEngi ne and Reasoni ng System 210". One of the
supporting agqgigriabletrue 1S particularly inportant however, and novel
This is described bel ow, under the headi ng "5. DEBUGGE NG AND

VI SUALI SATI onid 111002641 d have application in 30 other nulti-agent and

di stributed sysftriites (fdda X¥¢ those built using the CABS system

The editors of the user interface 305 support and record decisions taken
by the devel oper ddring agent creation and input via a design interface

350. In Jjnore detail, they conprise the follow ng:

43 [err] an agent definition editor 320 (referred to bel ow under "4.2
Step 2: Agent Definition 500") for providing a | ogical description of
t he agent, i tistypbividepidata-ambmitted initial resources etc - [err] an

or gani sat i edi (referred to bel ow under "4.3 Step 3. Agent 5
O gani sati1% 5‘85’%%%%2@850” bing the relational |inks between agents in a
scenari o and adsld00Be beliefs that each agent has about other agents in the

system [ ertdrittin&Lr 6 Aiddatiom editor 330 (referred to bel ow under "4.4
Step 4: Agent %or-' ¢ or ir:ati on Strategy Specification 510") for

sel ecting and/ or deteripeating2co- 10 ordination strategi es of the agents
[err] a task descri.ghiaCiangditor 335 (referred to bel ow under "4.5 Step 5:
Tasks Definition 520") for describing the tasks that the agents in
the domai f®%an = .perform [err] an ontology editor 340 (referred to
bel ow under "$.1 Step 1: Donmin Study . :

Note that “?anything” zdenotes a local variable.
Referring to Figure 2, the Fact/Variables Editor 355 loads the resource
20 data to the resource database 225 of the agent, to which the  planner and
scheduler 220 has access for the purpose of building and running a commitment
table.
The output of Step 2 is therefore a set of facts 530 (resources) and a list
of task identifiers 535 for which definitions must be provided at Step 5, described
25 below. '

4.3 Step 3: Agent Organisation 505

For each of the agents identified in Step 1, the following user inputs have
30 to be made, via the Organisation Editor 325:

"o jdentify the other agents in the community that it knows;

e determine the primary structural relationship it has with each of the

identified agents;
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15 and Agent ldentficaion 515" for describing a suitable ontology for
t he donain ‘Xo[gg,ﬁgsha fact/variable editor 355 (referred te@chrigogedsder

"4.2 Step 2: Agent Definition 500" and under "4.5 Step : Tasks
Definition 520") for describing cific instances of facts and

vari abl es, using the tenplates provided Dy the ont ol ogy editor 340
20 [err] a code generation editor 360 (referred to below under "4.6 Step 6:
Donai n- speciﬂbmif?rtbbltesh Sabvisnif yllahaereadnef ithe idepEfisd pgentyeaer at i ng
code according ro ‘g%t he definitions provided for each agent Terr]
a summary task edlt% (referred to bel ow under "4.5 Step 5. Tasks

Definition 520") #ospestfsavetsiangostuanthtine tif dwgwahfasipagh of the ldentifiathtased of
one 25 or nore syhotasks which have to be performed in some order
[err] a constraints eHItOI‘ 370 (referred to bel ow under "4.5 Step 5:
Tasks 5 Definition 520") for describing the constraints between (i)

the preconditions R4 gata mput%f E6demmif tasK %‘ékputé 'ég)alrpﬂ\%e@rormprﬁ:mpnse
preconditions of a task, and (iii) the effects of recedi ng task

and t he precéieatifiers for B?SkeP‘%'E}&E ddtismeen B% ndeistgod by e fgf'&s om$he tasks:

descri ption. definition, Stethee%wbel&\QQ of the CABS platformis then a
| ogi cal description ents and a  set of tasks ongﬁcarri ed

out in a domain, Eb“etq‘i%?“'%t‘f’ﬁ Editor é%gé’ﬁf%lmeedi‘ﬁd'ép'ﬁtdf' this Hen, 8 stubs
for exec Uﬂ6b|cﬁea‘€@deelﬁﬂ6n§hﬁﬁfhbtea\ﬁklch is then stored in the Acquamtance Model 215 of

44 f d I t,
provi de a multhe age"t zggeg 'ﬁpﬁa@ﬁégég\r?éfogﬁg%bﬂ? %’{’) g’%ﬁég ega%ré é?err]

configure a Acgbsintante Batdbesert5agents of varying functionality and

behavi our [er ﬂ\%gg% n%ugﬁ S{[eF %”%ré Qhé'm%;eeg &L Icﬁ‘ga?gﬁtr regaggﬁ\ﬂﬁoéfssw acﬁ [err]

I mbue each agent w I've and co-or I on I es se ect ed
from ah«€CORBSsystEm etbrés iptthe acquajrgance rsedepRY5 ofithe sapant angi a settdfe

necessary 4gomaL;sP85h fdla&cr%n@éh@ TestRboes Q&oﬁ&&‘ér that the bas®@ ry&em believes the

target agent can produce.

e
g

4.4-3: Step4:  Agent Coordination Strategy Specification 510

20 © . - For each of the agents identified in Step 1 above, the i-dentities of the
UCP-compliant coordination graphs which the agent can execute to realise its
different coordination strategies have to be input, via the Co-ordination Editor 330,
CABS currently provides the following coordination graphs in its coordination graph
database 310 which user can select and assign to agents by loading the agent’s

256 coordination graph database 255: '

Master-slave (hierarchical task distribution)

Contract net {Limited contract net)

Multipie Round First Price Sealed Bid

Multiple Round First Price Open Bid (similar to English Auction)
Multiple .Round Second Price Sealed Bid

Muitiple Round Second Price Open Bid (similar to Vickery Auctidn)

30

Multiple Round Reverse Price Open Bid (similar to Dutch Auction)

@ NO MR WN

Single Round Derivatives of the last five strategies

*

SUBSTITUTE SHEET ( rule 26 )



[err] automatically generate the required executables for the agents. 10
I n addition, t“tlg pl at f orm can provi de the devel oper vm'tp w, e _
support agents 19 of known general type such as nane-servers, Fam Btators
(classified directories), and visuali serg Overall, CABS allows the system
devel oper "to concentrate on domain- E)eci fic anal ysis without having to
expend effort on 15 agent-rel ated issues. 4. USI NG CABS PLATFORM TO
DESI GN AN AGENT SYSTEM The CABS pI atformis based on a
met hodol ogy for de col | atiy ts i views the
agents as having fﬁ/’grkp rnga%?er #'%oor% ara %u(r?lsg&%gs %r]teEPs:f' nrgsz"'
Referring to sawgua dub aenﬂorﬁw This sstratedyonesiesspyily requwuqalaugsriamebtimms to
provi de |nputs dve® of e r 0, an
organi sat i on é‘)’/vg?'{ iﬁg ém}cg'(q)ar%gg natTli1 gn arﬁgtr %)tpétgéyo?s I e% an ageéto

In an "agest ajmbumesla)tasksteapesimo bidsctoenegformtthe ttagk tlemiather amntsaymhamo
user 25 1 DULAARLSHEIHAR SiFaRfEl ind KorkfBETs e wWhfing SRSA S Sk

| ear ni ng) abi I'es, goals, resources et gg}’ent

or gani sat i on"d@sept Beg,ony MVevraamlsat@nelHéla@pgﬂm betvwesn mamrﬂclpattnwsenteser

| nputs det er el "GorddERhed T SHIEF @ thd SconbhelARNSHEBGy "olBoORRR! the
agents, e.g. what agencies it belongs to, what roles it plays in these
agenci es, 30 anpeuRcesspiBFtsHERAES the awtamwéor@fb'dwatbr@@ppstt ies it knows

those ot haip AgeNt S The cAAGRRRH prétdeols( HReAABE chid b8 Ghdlé!Rotd aﬂﬁﬂitﬁslé’\h' ch
share a conmmon attribute such as bel onging to the sane conp

Agenci es nay "98Md A Fingleyroynd, behaviour betweeq ofwe, fgepts |"§’°§’e§r6‘ti'ﬁe cﬁgeabent s

whi ch share S@Bﬁvﬁgrsbnﬁfprﬁﬁoﬁpﬁbﬁéidﬂ{ble) andaa:ee&nﬁm immediately. Alternatively,

45 g co-ordi nation" p, 510, . rel evant to the
coor di nati on ﬁhay@lent may i tcate another round of the cvc e in which case a multiple round

behaviour emerges. The key point here is that the terminating condition on the

156 agent that initiates the interaction must be met before the interaction terminates.
Typically, most other agent applications have agents with one or at most
two fixed strategies. CABS agénts can have many more as illustrated by the list
above. Hence for example, an agent may use a first coordination protocol (say the
English Auction) to sell some antique while simuftaneously using a second protocol
20 (e.g. Dutch Auction) for selling flowers, whilst at the same time using a third

protocol (the contract net) for some other tasks distribution.

If a user requires a coordination strategy which is not provided by the
CABS system, the Coordination Editor 330 can be used to define a new
coordination graph to add to the agent coordination graph database 255. Using
25 the UCP as starting point, new co-ordination graphs can be created for instance by
adding a new sub-graph which introduces new nodes between some of the
existfng nodes in one of the predefined graphs, and/or by modifying one or more of
the arcs in a predefined graph. Alternatively, a compietely new graph can be
‘created by following the process described earlier under “2.4.1 Coordination
30 Software Module: Defining new coordination graphs”. The key advantage of this
- novel approach is that it maintains a simple core (the UCP) while facilitating
: iﬁ_'or'isiderably more complex coordination techniques to be developed and installed.

- New coordination graphs can be assembled from primitives provided, based on the
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410, user inputs determne the coordination and negotiation techni ques for
the agentywo 99/05594 The two other "layers" which w | lpch@peg@asnt .in
each agent are shown in 5 Figure 4. They are a conmuni cation |ayer 415,
whi ch handl es techni cal aspects of iFQer-agent comuni cation, and an
application progranmng interface (API) layer 420 which provides an
interface for external systens to add, nodify or delete resour ces

avai | abl e to WER angewithin cpnstraints Providad pvethenearprdingtien gditer 330.¢ e editor
conmuni cati on V, odoNBodtBthk BaleWAIRY) and t he nmessage
10 handl er %@Xﬁéégkgla nydeergﬁzg'(r)&vd |Igjélz“’GiB%YprOV| ded by the interfaces

bet ween external systens 240 and the resource database 225 and the

execution nonitor 4 saAePwithifSOchr e therefore both provi ded by the agent
tenpl ate 300 of Figure 3

) Thg user guts rea’w regl % t he CABS
met hodol ogyB t 0 t he &ddentifies she pagepf the U BO”hﬂ'ﬁét MFERTSEY: A HPP*UR05 and
the coordination | ayq{ong&lﬁrta r&th&élﬂ{elﬂe@sdpﬂaﬁma[:&ﬁﬂdl ng to the foll ow ng six
st eps:

d
2. Agent definiti ore- Mnes and |mplemgnt§ ttq%@ e?t gx%h %Blgéﬁ:ygg%fngﬂ %%Sgra%or

4. Agent coordi nati orpysdefinément of eRistifig aet ioonodes®f a predefined grapb. Tasks
definition 520, and, . 6. Donai n Ci b
production 525. 4. if any new 'ﬁg?se?rr?rﬁsgn?eg tIBeD quegEe e ééﬁt g} §€éé}%§?ﬂ§

platform moovides viumenkerdiatepfarghesan ng edl tors via the user interface
305 to support and autonmate Steps 1-5. These steps should be perforned

iteratively until the devel oper is satisfied that the final suite of
agents accur afhis; fdepaat oft the agentislidentified gStepdie[the dser selects and/or deyelep®f t he

CABS pl atfor ngtgt% &6\1,5% 9&4%0%&19& -drafhatich geage ES Wridhethel yefPESn .nvokéie\t.al »

30 4.1 tudy an I dentification 51

The CABS pl at tlmﬁo1owlﬁatwnlﬁ§¢0b§3% devel oper Wno is the domain expert

rather thapga software agent. expert. This first step will be carried out in
a way

4.5 Step 5: Tasks Definition 520
L mr - _
:Foryeach of the tasks identified in Step 2, the following user inputs have to be
made for each agent, via the task description editor 335:
20 . .
1. Determine the average cost and duration of performing the task.
2. Exhaustively list as variables 550 all the items (resources) that are
required before the task can be performed.
3. Exhaustively list as variables 550 all the items {products} produced once
25 . the task is performed.
4, Determine and note all the constraints between the consumed items (No.
- 2 above) and the produced items (No. 3 abovel}, and within each group.
5. Determine if the task can be performed by directly executing a domain
- function (primitive tasks) or whether it is in fact an abstract specification
30 - of a network of other tasks {i.e. it is a summary task).
. 8. ¥ the task is primitive then provide the following two functions (a) one to
. execute to perform the task (a callback 555} and {b) one to compute the

 actual cost of the task once it has been performed. For summary tasks

b
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46 that the domain expert considers best. It mght be that the donai n

expert for ' ce bases a decision on where control praspgeRmBave to
be carried outhlér%%tk?a dormai n. However, the preferred approach is to

enphasi se aut ononobus deci si on- . maki ng,ability as the main criterion for
identifying the initial set of candidateS™for 5 agents in the domain. The
| evel of granularity at which the donain is nodelled wll be determ ned

by the domai n exper tprovide wi ddscrpioarafi the sumendyp itasksr ineterro$ of fits companantdi dat e
agents. As a startin oi nt, candi date agents will usually be identified
wherever there is at 'sion-making entity in the domain. ' The
user input at this stage will sinply be a list of agent identifiers, 10

representing _I_hﬁaset sithe £28h qg%ﬁ"%gqgfﬁ nﬁfcleetﬁgi?% @Oc{sh‘%wﬂpg?dhneﬁ%ﬂﬁﬁé as

likely to a reason ref ore wor kabl e control
structure f50rtask hasting fod@ntinite tiMecinGNBh sThe SABRI platfarm ravides on Mariehles he

identifiers azg a?ys f %H& aaagsﬂ% -based §ﬂ§étl-at§ﬂgteam4 Flﬁ:rél‘@ﬁﬁﬂ&n Qbr SLfHIn

this set of age at a later stage it is ound
that there |stmcmhwmed anchproduesd:itrms. o cand| date 15 agent having to be

all ocat ed deci s| O”STHe“cér%%Bﬁﬁé b8fweRnPARE Rithinl theCadHanel NndUSBEEcedMitems
practice, then the li1st of agent identifiers can be amended to adé ust the

set of casrivel 2 delimjepach taF'E)i“’ srasificwell-gefined Cashty JePr dnstangeoA d2KIRAY t he

desi gn progesgaiibi b particuld® résdlicibat @tbré thaydel £6dnstdamt @h&ﬁg%‘source for that
No specific editor is necessary for 8ent i.dentification.

Anot her i npor paitieulas gask; SHeh anP"?‘I’FéS'\‘? itk (A S‘F"'?'ﬁgntdﬁ'r‘r‘ﬁi nA Gefpsirafrgs
i nput using t R YA |Q&)§oeﬂ‘bw1'n&éd dbschtie edtistrhiagybavedati® dhrablesnaeysirer a

0T domai o sk e H . B0 PR e BP0 08 L
for descri bi ngeﬂmage: Dhis @ah be extendamdo setring riequalifies, fonerdroply seving wvhaB40

si mply pro | des te t 0 escribing 25 th jects, that is (i) the
di fferent bhj EEP“R;%E@"”(?‘?P%% ﬁ%’ iedP eo'gtegﬁl??rﬁﬁfeggpof each of these
obj ect types, (iii )Int hequrpea oSumwasryeTaskf (Rlanht Editac 865 is iphayidedt taedistingnd
(1v) the def e &' St gdr{n Qﬁ}y}asi&r GRGD elitdr EP&L&?'summary Tikgs gdi tor

provi des a teﬁ%l RPe orm 0) rFl'at can describ vocabul ary of
t he domai'n whicomptisee (lhg%mpls eftioins i) mmm@)lqnﬂngallvseara"e' actions (iii} muitiple

{mandatory) parallel actions (iv} guarded actions (selections}), and (v} iterative
20 actions. Furthermore, these actions can be linked as a network, with a facility to
constrain the variables at the endpoints of each link.

Below is an exemple of a task description created using the task
description editor 335. The task describes the fact that to create a link from A -
(?Link-141.from) to B (?Link-141.to) a link is needed from A (?Link-131.from) to

25 some location X (?Link-131.to} and another link from X (?Link-136.from) to B
{?Link-136.to). -

The consumed_facts of the task list the resources required in pen‘ormnng
the last, i.e. the links from A to X and from X to B. The produced_facts lists the
resource which will be produced once the task is performed, i.e. the link from A to

30 B. The constraints specify relationships between the consumed and produced
facts. For example, the constraint “?Link-141.from = ?Link131.from” specifies
the condition that the source of the produced link shouid be the same as the

- source of one of the required links. These and similar constraints will be enforced
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The ontol ogy editor 340 allows the user to identify an ENTI-TY, Its
ATTRI BUTES, ti50ofakddES the attributes take, and typical DEFAfdnsgabisgs. An
exanple in the comruni cati ons network field would be as foll ows:

47 ENTI TY Li nk AT'5|' | BUTES type

capacity VALUE video, "satellite, optical, etc 10Miits/s
DEFAULT VALUE 7Mits/s 5 4.2
Step 2: Agie pintibaf byithe qﬂarﬁ{éf) 220 of the agent ensEgng ghaththsf vadiablesagdbinks

| dentified i ﬁ,ﬁhe%dfpgvﬂg%t% sQWeQ&e“Sg?Llnﬂl?Fi §roF\ave 10 to be made, via the

Agent Defi ni identities of the tasks
t he agent can per fthenrdering specifies the drdariif whinh the prreonditionsashesld bectrigdent can

perform Concférxhgnt Y it states the planner shéig Lu&ﬂﬁg{d GBained fe86urY ggtl%h? thd e

agent w || y al IS resources lan |
activitied ; resogrce description 7hnkf1@(1r?efpweammmgc‘@50mm ] d?ﬁ“é""ieosattﬁé/"éﬂgent

This data w hetinkadehe pl anner and schedul er 220, described above
|nrelat|onjfe‘%§ctfﬂ mﬁ( use in building a commtnment table 245. 20

Data entry concer nﬁﬁgﬂﬁ%@_fﬂéfﬁswmeﬁsscmﬁﬁﬁ Withihe seqpe; fipld setdndogahis a:
pl anni ng ti nR,d haNRe | parief @Izblﬂsaﬁitrawm ohiPT thRRE dBEAIS RRE re@likaNesdiad Wher e
the time ?rame I's concerned, different factors will cqone i ntdo JD| ay. For
i nst ance. i nlosaglht i.e. not subcontract-out the resource to another agent. Consumed f
10 with global scope fields can be sub-contracted out to other agents for production.

For a produced_fact, if its scope field is local, this is signal to the planner not to

use this task when trying to achieve that particular. A local scope field indicates

the task can be used when trying to produce the resource.

The following is an example of a task description:

15
(:name LinkA2B
itime 1
o | :cos-1_'_70. '
_. .. :consumed_facts ((:type Link
20 ' _ iid 136
ivar true
:scope local
- :attributes (:to ?var-138
' :from ?var-139
25 - : . ‘no ?v;r'-140
y
)
(:type Link
_ tid 131
30 '_ - ivar frue

:scope global
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scenari os, an agent which can only plan ahead for shorter durations is |ess

able to meRb ospsEhPEr requests but may be nore reactive ge,l. eTMoly
econom ¢ 25 circunstances. The tasks are defined at a l'ater
stage, di scussed bel ow under the headi ng "4.5 Step 5: Tasks

Definition", and at this stage it is onl y5‘rhecessary to i nput the
identifiers. However, the resources available to the agent have to be

defi ned. Since the context i:attwbufds :twe>vagersd3 may be functioning could
be any of a large 30 nunber of wvery different contexts, it is necessary to
give the agent a definition of t he resoutfrem Awr-di34 s sufficient for it
to build a correct |ogical nodel of the real, hysi cal resources

avai | abl e to the agent such that it could pl ¥® ?"L“E’ ivities properly.
CABS provides a Fact/Variabl es Editor 3p5 which is used for describing

t he resources avail able to an agent.

48 5 In general, a "yariable" is a |ogical description of
sonmething while a "fact” is a specific instance of that sonething, with
rel evant data added to the | ogVcal - description. Resources in this

context are facts whj QdJcQ?rf’Jc?{]g(: gyifie the user to provide data in
hie

relation to each resdurce 1Or t pose of building the logical 5 nodel
of real physical resources. The :ldag4fNari abl es Editor 355 is provided so as
to allow the user to | oad the necessary data using a frane-based

object-attribute- val ue for rivan e A resource (or fact) is

defi ned as gn object with attached attripute-val ue pairs. For exanpl e,
1 . . 'f@ﬁ? Qa . .
an agent in a conmmuni cations sys equire a resource 10 in order to

provide a fibre-optic network capnsbhied(:fd rarloggion to | pswich which
transmts video data. The resource need of the agent possibly can be
expressed as foll ows: _ Resour ce Exatfirbm ?var-144 (:type

net wor k-1 i nk tno ?var-145

sy
)
- tconstraints ((:ths ?Link-131.from :op = :rhs ?Link-141.from)
. (:lhs. ?2Link-136.t0 :op = :rhs ?Link-141.t0)
(:lhs ?Link-131.t0 :op = :rhs ?Link-136.from)
20 | (tths ?Link-131.no top = :rhs ?Link-141.no)
o © (:lhs ?Link-136.n0 :0p = :rhs ?Link-141.n0 )
:ordering ((:ths ?Link-131 : op < ﬁrhs ?Link-136 ).
)
2 ¢y

o - ‘An interesting aspect of task definition in this way is that it can enforce
optimality. For instance, by including deadline constraints together with resource
- definitions, inadequate resources become apparent. It may actually be necessary

30 for the system user to extend or add to the resource available.

b
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;is-variable fal se ;id 11001 cattributes (:from London 20

:to | pswi ch WO 99/05594 : connect lon-type fibre-optic PCT/GB98/022357Peed
1000 - dat a-type video ) 25 The
particular resources and associated attrgdutes chosen will depend on
how t he user decides to nodel the domain. If the "is-variable"

flag is false as in the exanpl e above, then the resource 30 is indeed a
fact. Ot herwise it Fosinstanse.dé thedageny aysterp|is congegned; With prasessing callsreperd

uni que i dent i%‘?e in, %‘;tes Egmhﬁﬁﬁyfﬁéé%béﬁ%,f{%'@%ﬂi%l prEteS3eR TRV vedammheTbe

resource € urce Exanple ,
49 (: tpappediantmtasks gs followst s_vari abl e true 'id 1 1002 5
:at_trlbutes(:dataXXX )

5 i) information received at call record centre;
iiy  information sorted by priority;
iii) information passed to appropriate resource/people; and

iv) exception handling e.g. “resource not available”.

10 If the exception handling step throws up “resource unavailable” it may be
extremely important that further resource is made available. This might be the
case where the call record centre supports fauit location. The deadlines for getting
network capacity back into sérvice may be unextendible for instance for certain
categories of customer. It would therefore be very important to the service

15 provider that the cali record centre has the résource to process the call records

-~ within the time constraint. o

4.65-... Step 6: Domain-specific Problem Solving Code Production 525

20 In order to output a functional, collaborative agent, the CABS system has to
. generate actual code. The data Which a CABS agent requires is of two types:
declarative and procedural. Predefined objects provide the procedural side. The
declarative information is all captured via the editors and task descriptions. At
compile time for an agent, for aspects which will be common to all agents, such as
25 . the Mailbox 200, the code generatbr can simply take a dump of code associated
with the agent shell 300. For information such aé task and resource information
which is agent-specific, this is all dumped as database files and linked at
compilation with the mailbox code etc for each agent.
That is, for all defined agents it is necessary to generate all components of
30 code and databases, dump in directories, together with agent relationships, co-
_ordination abilities and an optional visualiser, and compile. Effectively, this is
mg!_c_i_ng an instance of the objects of each agent, then addihg relationship and co-

. ordination information and standard components.

b
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( type video-data-transmtted 10 :is-variable true »id 11003

cattributes ( j'ocatlonl :to ?location2
9 PCT/GB98/02237 .
: data ?any- da?Jd’%‘}ks Not e that "?anything” denot eg a

| ocal variabl e. Ref erring te, Figure 2, the Fact/ Vari abl es
Editor 355 | oads the resource 20 data toO the resource database 225 of the
agent, to which the planner and schedul er 220 has access for the

pur pose of bui l di nt iaratsornecassagy howevenifemthatuser to praide domain specific codeThe

output of St QB feg'ue&ggar Fff%ﬁﬁ:ﬂalﬁg 1?lLt s28HeSusap thust I%QWECC%% %ngl & {rle St

of task identPf I ni tions must provi at Step 5,
descri bed 25 foedtions for computing Bosts for a prigitive taglgand fQIr rg'awﬂmtqaéb\adw@%

For each of dteQ%\?ﬁgar%%ergges%{efdse(*h'iﬁs%Bﬁ@uén%m&ect;dgléeﬁ%ﬂ&r el 3Isafuts have

ani sation [err
identify tBe other Tagemﬂse prly lpse vhenti et develaner needg tdfgfine any executable [ gr ]

determne theJapi BRBY SHn' 46! Gibtotyiled b Bk RuhdtioRdani didd BavidedTant AR
i dentified agents;

library '380 for use by developers in their code production.
The output of CABS 100, in the form of software agents, is distributed to
the user environment via scripts 390. Existing systems can tﬁen be linked to the
10 agents using an AP} of a wrapper class, defined by the system, which wraps code
inherited from the component library together with the user-supplied data.

5. DEBUGGING AND VISUALISATION

15 . . it is difficult te create any single program, even a program which interacts
with no other programs, which has ﬁo faults or errors in it. It is an order of
magnitude more difficult to analyse and debug distributed software which contains
multiple agents. The behaviours.that emerge from the overall distributed software
may not be at all what was expected. Further, the communication is often at such

20 a high level that it is not possible to look directly at data involved. Even an object
based system can be designed to allow the programmer to look at the actual data
involved in a sequence of events but agents, using message-based communication,
may simply not enable the programmer to do so.

Clearly, it is important to analyse what is going wrong so that it can be

25 corrected. Approaches used in singular -‘agent’ applications may be used but are
frequently inadequate in analysing and debugging distributed -software systems.
For example, fault analysis can be done as a “post mortem” exercise where the
data is stored at the time of failure which later provides a “snap shot” of the
prevailing circumstances, frorﬁ which an attempt can be made to find out what

30 caused the failure. A known debugger, described in international patent
application No: W093/24882 in the name of the present applicant, shows how
'such data.can be captured in a history file which can later be ‘played’, ‘replayed’,

‘rewound’, ‘fast forwarded’, etc. - video style.
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50 [err] identify the task outputs (if any) that each of the

identified a mﬁgg pr oduce; * SPeehfoheRBiAde
cost and t| E 9? nown) for each of the identified task .

out put s. The data inputs gé)ncer ni ng task outputs agai n need
only conprlse identifiers for task oUt puts which can be understood by

the agent fromthe tasks definition, Step 5, described bel ow.

The Organi sati on ESutinan3@proask mayhee bidpfal inngoote Eircutrisiamces eyith(Gstebutdy to 10
create a rel | ' t e -Model
215 of o et S e bR, TudrdSPo BiaRl skl bF Gl WS L8RTOT
heading "2.4 multl-asemsmc'éhdbamwxest@wral)errors at the level of [¥imgutantagentits of

Step 3 are thgugh %&m%lt??&en?@g&&ﬁ”&uc&ﬂ 6\&40@8%? rlissi r%gécg)ré]r{?\itﬂgzﬁ d’elati&rﬂf\l Qf‘BS

systemstores in the acqual ntance no 2 ] a se 15
vari abl es S4(between pasnty miseing éwume.smewrwmws‘)-ﬂ@dw yrically shostd timgerto

bel i eves the pyn tadk@le8El TRES '?ﬁay%"fuﬁé%'dpérors, ie errof®: \ﬂhlch glﬁ@ 18 théa?ﬁi@tof

Coordi nation Strateg ¥‘ Speci fication 510 each
agent s i dent ithe dasksrthat #)¢ ageapooe, pqrmninae?ﬁhﬁeu@ bt cqrmounded berbe f2g81 i ant

coor di nat i on jgdiRaGS afehsmby Be Q&ﬁiﬁbnﬂ@"c&i‘&ﬁ“%ﬁt 1S érﬁé’rbérﬁebdhfaﬁour of the
di fferent coordination strat%gel es have to be input, via the Co-ordination

Edi t or 330. ©overatastup qf fistib taentsypay ey bavhet WepPested Jhigaphs

inits COGOdltl?ﬁbblﬁﬂdtﬁh" ecpbvhat mightt B aaRd Thbriifatdh 61565, Aol Gsbs,adinassi gn
to agents by | oadi n ent's 25 uitfordl nati on graph dat abase 255:
10 Vaeter - of deBayban ea ancaneet b aqes freseye: 2. Contract

net (Limt ed cont r Somen@tamples of the sort of Andddited ibeh®vidies Nehidh Sﬁf?rﬁriri&ﬁ

Seal ed Bid 30 e.Round First Price Open Bi simlar to
English Auct g} systems inGiudd heﬁfy&IW% pI e Round Second Price Seal ed Bid
6. Miultiple Round Second Price Open Bid (simlar to Vickery Auction)

7. Milt ' Phe RO%L%B@X%E&J%&EE& n%?,% gin%r‘dﬁlg@ol’ Mardd re@glgrgps %ngegmnay
- grab a vital shared resource and fall to relinquish it for some reason, perhaps
"because of some failure for example at the level of the individual agent. But this
“:resource is invaluable to other agents who ‘hang up’ waiting for this resource to
" be Felinquished. Basically, deadlock refers to a state of affairs in which further
20 :-“action between two or more agents is impossible.- '

* Livelock: where agents continuously act {e.g. interact or exchange messages),
but no progress is made in solving the problem at hand. This is common in
cases where the agents co-ordinate their activities via decentralised planning.
Here, the agents can indefinitely exchange subplans without necessarily

26 - progressing the co-ordination effort, -especially where there are no structural

- checks to detect and prevent indefinite loops in the planning process.

e Chaos: Chaotic behaviour is always potentially possible in a distributed setting.

- Such behaviours, in addition to standard ‘incorrect’ behaviours or bugs on

30 the part of individual agents, frequently lead to uncoordinated behaviours.
Naturally, a distributed control system shoutd normally be coordinated. A correctly
coordinated set-up fully exploits the capabilities of individual agents and minimises
_conflicts, resource contentions and redundancy between them. Clearly then, co-

ordination is a desirable property of agent systems.

“«
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8. Single Round Derivatives of the last five strategies '

51 i,ent-server or nmaster-slave coordination ¥v31;7en a
4 . , .

mast er assi gnsw%”ﬂgsg’sl ave a job to perform This strategy ng‘g@égéﬁqz

requires a superior relationship between the slave and master. The

contract-net strategy is when an agent S%nnounces a task, requesting bids

to performthe task fromother agents. It then eval uates the bids and

awards the cont ractA&%&h%swwuw&gagﬂ%ﬁﬁhonms& aibwal ®gYuser tode&SHirRO!
rely on any organi sational re atlonshéﬁ) Bﬁpween t he §art|0| pating agents
40 S

Lim ted cont r Rgerstapd; condiohpndipr anglyse Vigus ofi8e s¥stemk egy except t hat
t he announcer svlisaslisafs ﬁsﬂhélt%didéé&ﬁbétgl@éﬁ\ﬁ caf prdiide Mbsls ﬁraﬁwal%é)%ﬂe ast.

10 The, coor atLon roto | i sted, abgv an be sin round or
miltiple | OgbiRISuet SRS BOTHE BERAAO A e MEchEHEURRHRES] A Rpes
sone agent 5 intesded by ntige ﬂeﬁgneps omma\lnsl(a‘heér EEANES @)gehbiic, dQEMhisdlle iahd

I mredi ately. Alternative late not nd. of the

cycle in whi cReHgLE av'sf'f‘ﬂ} %/dt'opes‘Fs%ﬂﬂ for usebgﬂ%vf’oﬂ?mg'ﬂé? BE" ﬁé°§‘g§ 196 nt
here is that (cohssttusting nmummyeot)raﬂpiaaunnmn Thee visualiseg epdrticuterly described e t he
[ [ h t t .

et 2ct1 o0 Mihoritn R SBSE0E § D5t B SBF LB SHEACIH Rvsoeg oo e
two fixed str aoakjt.eond CAB®migable sinc the ham Ithatyltnprmndas buildirgt bidcksl foy t he

li st l?@ V%og&’t‘ﬁﬁ?ﬁg eﬁﬁlrc%ﬁﬁﬁgéj&iflca\'ﬂ o 3 eﬁw sgﬁgab{f}ltY }Jﬂ‘rer\ﬁlg&r gm ast ft on

protocol (say t some an _
si mul t aneous| phedd rﬁglpm%éﬁ%l@ﬂsquDthc%MStm chBPQﬁinQD@UEmumb@t jobrageitsrwiskl | i ng

flowers, whil gimni@b bEAGadRTR il Ferfdihited t Rhd ddlstnbutgﬁot'l%pé dt RRmES #gnﬁa(:t

net) for some other tasks distributlon. user requl
coordi nati on $PPlgabeRs RRFeSRalK TRaMiredr thot dbg) vispalisse ShOU’d Gm?asb'sy'@t vigyalispe

Coor di nati on [kghbRr agetis Catfodaca kid ﬁr@adﬁéctWB& a flfier, forcéﬁ?ﬁlﬂfsﬂﬁﬁ\}em&ngr aph
to add to ent coordi nali on %r aph dat abase 255. 'Usi UCP a

t
starting p&gnt"e YAAIPARIBOSEE N (S IPogAathat Ul?n‘"ﬂ@"i@’éﬁ‘ﬂ‘é’@"fbﬁh P'Pl%'?éﬁéé’f%y
addi ng a new siné.- gr aph whi ch I nt roduces new nodes bet ween sone of the

s, and/ or nodi fyi ng one or
(ran);lr Zt l)? g nodes I n On\eergt];o |men ?%e\jlslug iser acg'ging to the prese t mventm|¥ thgre is

provided an -arrangement for analysing- and locating unintended behavnours in
“distributed control systems, which arrangement comprises a suite of tools which

20 all provide different viewpoints to the analysis of the distributed control software .
: system. '

All the different tools store different state data. Although no tool is
capable of providing a complete analysis of the distributed system, the
combination of one tool with another can. Different tools provide or suggest

25 diagnoses. Where the evidence of one tool -corroborates that from another tool, the

tfus;worthiness in that diagnosis is increased. There is therefore a greater

- likelihood that the diagnosis may leaci to a successful debugging of the problem.

Where the evidence is conflicting, the combination of one tool with another may
“eliminate a hypothesis or be suggestive of other possible diagnoses.

30 The tools in the current CABS Visualiser/Debugging tools suite include:

o A Society Tool: which shows the interactions {messages passed} between
- different agents in the whole society. This includes a video type tool which is

' capable of recording the messages passed between different agents for later .

b/
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the arcs in a predefined graph. Alternatively, a conpletely new graph can

be create | om ng the process described earlier u y
Coor di nati on g'g%{)o%?\l’vare Modul e: Defini ng new coordination gr}r%g‘{) Bssgn.,ﬁajlhe key

advant age of this novel approach is that it naintains a sinple core (the
UCP) while facilitating consi derably re conpl ex coordination

techni ques to be devel oped and install ed. New coordi nati on graphs can be
assenbl ed fromposiinbiteds gnelysis.dEubse hasssagesrare Iseored in a database from which

52 UCP and, wi t hin nstrai ' - cQ- ' I j.tor
330. The edit orre'awonagé‘ﬂergér)\ss%trne% '%‘get %[rﬁ%édrggg-?%gﬁsﬂ@fy og tﬁéjﬂdtg@%{'ﬁ‘gbﬁgﬁoes

the fol | ow ng: tool can be used to aﬁalys;teiﬂh’glsg sj‘nglh agers dy@Rsociety of agents. 2,
dentifies the Rkl ThOPWHIh CSOHEIR vatiolsstB6iRS TR aititu Afertl Fo. 52462
rotocol ; and . def1ne

conplexity to realise the new p ] and
i mpl ement s & he types grchtite rumbess obipesgagehbeing sxehaggethby ggents). For example, by

refinenent of exiAtibd Qidsfio P U5 Hhary ResIGES HRfe YeRPom agent A 10 4

i f any new nodes or arcs need to be defined thée editor 330 provides the 10
user tenpl ates Fagnt Bifugag some partigyjgrstime famag f ‘Bipt medhe fwnbe qf qeessadased in

Step _1, t he Use{haﬁﬁbé‘r&?& h8d By reQ;ﬂVnﬁé @lér time’, éRL Th&stditics tool provides pie
negoti ati on/ co-ordi nati on strategies which t he agent can invoke, via

the Co-ordinati¥W ken cbart 3¥ee Vvisyalisation of individual yagent activities dn pdditiapttioon 520
For each ofp theydrdaX grapfie. Withitdeh tHy VidedPand the keatfstibd W) GoliTah skiRBtHHe have

to be MBde s of meade ad udy ther Foborded “saents? st Sibrs Yosaly: This
tool can be used to analyse either a single agent or a society of agents.
¢ A Micro Tool: which shows the internals of an agent to some degree of
+ - abstraction, Indeed_, freqdenﬂy just by watching the micro tool, the designer is
15 .- able to ascertain if the agent is ‘dead’, ‘deadlocked’ or ‘alive’; aiternatively, he
or she may ascertain if parts of the agent’s internals are failing for some reason.
s: ArReports Tool: this provides a GANTT chart type presentation of the overall
- -task which an agent for example may be controlling. Typically, an agent enlists
: “the help and services of maﬁy other agents, and this tool allows the designer to
20 s+ choose some particular agent and one task {of possible many tasks) that the
agent is controlling. This shows up a GANTT chart of how it has decomposed
- the task (i.e. what sub-tasks there are), which tasks have been allocated to
- whom, Where the execution of the task has reached, and what the statuses of
-+ the different sub-tasks are (e.g. running, failed, suspended or waiting). _
25 -« Control Monitor Tool: this is a very important administrative tool which is used
for killing ail agents, suspending some agents, suspending or failing some of the
+ tasks they are performing in order -to study the emerging exception behaviour,
- ete. This is al_so an important testing and debugging tool in the sense that
certain agents may be suspending, killed from the society, etc. 50 that specific
30 agents are studied more closely. .

The visualiser 140 comprises a software agent having the same general
- framework as any other of the collaborative agents in a CABS system. It has the

- capability of pulling data off other agents in the system. It is passive in the sense

-
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20 1. Determ ne the average cost and duration of performng the

t ask. 2. Exhaustively list as variables 550 all the itens
(resources) tWR994sE4 requi red before the tasECT4PoBE22
per f or med. 3. Exhaustively list as variables 550 all the itens
(products) produced once 25 t8& task is perforned.

4. Determne and note all the constraints between the consuned itens (No.

2 above) and t}\F@lthoQg%?Q\ebﬁm vﬁuﬂpothgr %Y@Lut ﬁﬂﬁ'gl!‘deﬁshit&heﬂ&h 186 Qakhe

5. Determ ne he task can performed by directly executing a domain
function (prisereervidbrandialgo dsualipretiteell- it is in fact an abstract

specification 30 - Referring 1P Mgdt8t WOHK Ohe Ot B@drall askshitdctste | bf i Stid
sumary task) . 6. If the task is prlmtlvethngov dethe

fol | owing t woPshygeingdfisuafisgtiop Rofivgare Module 140 comprisgs a cgfteal hy Pt he

task (a calg b@ﬁ"ﬁxl@)()@"@ h@ésa@é‘ﬂaﬁ&ercml,lbﬁnésbﬁge context database 108G akl CoOSt
of the task once it has

53 a tool IaypeRAr 4 813 &p eé{upﬁ‘ﬁf BYF"B?'ettﬁg asi?ﬁﬁﬁ?‘i”?f’ﬂg'%s 1%%er s of

i ts conponent The mailbok 23860 provides TostiitieS Ofth U MdsSayingni hetvesOUEReS t o
producetheir r oduct Wlth ch execputing 5, task lasting for a finite
tinme interval® %&'B%al f1§ aﬁ'ﬁ H%rs gga%ﬁ’l aB5ings the %’ et $88™usi ng
a frame- basedcmhembatamtlammnewrﬁMathnepameﬂ(‘mmi on for defining t he

consuned ?]Erbg pr OdUCﬁ‘d { 8F%Pcher 1015 launches gandé)eﬁ'?%d% {h% lp I‘)\gﬁg‘t?n%dow thin

t he consu and produc serve 't each 14 0 Specific
wel | - def i ned dhasdiffererbrtoolssh ahe apolasdtashmetyyingt@ncesabl then Sacigtys tStatistiss,

resource but algdib?&gla%}'tsp fnd Cgm?oc’ltfo%lsntﬂ%'?e Eg fa?gceoﬁﬁrﬁﬁerfoq rdu%gwsrlonl& along

particul ar t D7 0Ces3i ng capac: ty or equi prent
Constraints whichca muiti- mtusystamscﬁrpbe)vnsud@eq o Dgueloping @ %MSFPE\PWP‘stOBbt ween

the vari abl eswmheafd%ﬂs I tﬂehﬂﬁfeFé?ﬁKﬁ%déﬁé'atiBﬁ%B&Jsi Eolidhadal e aGaiishat

each task output equals e 1 nput
difficult to use, mﬂexnble and difficult to maintain: hence the use of a suite of

tools, the tool set, with each tool sharing a common look and feel and being
dedicated to a single visualisation task. All tools are launched from a central hub
and share a common interface with the hub. . This way, ‘the visualiser is easier to
maintain and readily extensible. The set of tools selected are those which have

20 been found most useful in \)isualising, controlling and debugging muilti-agent
systems,

Primarily, the visualiser 140 sends request messages to other agents for
data which they hold. It queries the name server 135 for agent addresses and
then uses those addfessas. The message handler 205 of the receiving agent

25 routes the received request message appropriately,. depending where the.data of
intergst will be located. Data received by the visualiser 140 from all the other
agents is stored, retrieved and' processéd for appropriate display.

The visualiser 140 can also install data in an agent. It can therefore be
used to modify an agent’s behaviour. This is further described below.

30 The ‘message handler 1005 of the visualiser 140 handles incoming
“messages received by the mailbox 1000 and delivers them to tool instances that
" have registered an interest in messages of that type. Tool instances register an
- interest in receiving messages of a particular type by using the message context
- database 1010 which is consu_lted by the message handler 1005 during its

LS
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next stage. This can be extended to setting inequalities, for exanple
sayi ng what 1§K§§ L put shoul d not be, for exanple integer/ p eger .

I n addition, ry Task (Plan) Editor 365 is provided for |s

conponent tasks of summary tasks. This editor allows sunmary tasks to
conprise (i) sinple actions (ii) multipl¥optionally parallel actions (iii)
mul tiple (mandat ory) parallel actions (iv) guarded actions

(‘'sel ections),pradedsiny) Thue/ éédh\/teoIZEstaﬂéH intenésted-n tebé&iving rreport imessgac bf ans can

be linked as a network, with a f 0 t arlales at
t he endeI nt spabvcuéaéctl’{p? ifram a set o agenI(sy w:lggrs&vuislgg Qﬁé &a&ﬁ%:f q%g;‘ s agk
description CrleqaésedthSﬂhagp tagentsashat they dehwoldi sendnrepditt ores§Rfes Thetheask

d bes the_fact k f f to B
(i nic- 141, t peirapsrarats . EAE Wrbpdier sVt (4 yps osty MG B R 1
| ocati on X5 Aypalef todtrdl dystartionin endsecohdniegisteniin ¥he( Message t8oteky dathbdase B

(i 120, Brogn gy RSBl RGBS ,
and from X t otyBe. Trhis pranfieowat fallews a| yset of thvee Debugger/Wisualisee tandyremioallyl  be
produced once é I;H:é étarﬁjéﬁlrhé thé Q%}tocgfmnts he‘?shetlﬁﬁtéﬂeg'éédftﬁ %nﬁoﬁﬁb % dcagg t-ghe

constraints speC|f ations between the consunmed and produ
facts. For exdmmeat @met»roenbwaﬂ nt "?Link-141.from = ?Li nk131. fronf
specifies 49  the gqhgdidiihn tﬁé‘%hﬁ@?eﬁ Wlﬂ\e(d&ftgéngbe nWsQéBé?eéﬁldl ivepigheul d be

the same as the source one of e required |inks. These™ and simlar
constrai nts wiindortinrg mﬁsgquédxles are used to assocnate an identifier to each message,

54 at 1 yaich ﬁ?uﬁiﬁué fetdl MetREeLfd Sent-iRef0THE vmsmd ﬂgssaaamaﬁdl&
vari abl e ?Li nk- fromis bound to the same tok from

T B ter my G9R8dI0f MBed 10,8540 e COTHMRAT M ASEOR FLLSRISs BRICAIRD NS
tried. I nrerqharas RASFhis brraiigunimt allewd users of thé vislialisai te dpdidd at abitigien a

oo or T | i e U T R R ERE R B Y e AR e Bt S 70
A consuned_f aaty tiegourruethémsare; pkieosion df hthiehmolsc syite withl d v tool brlel i s a
129 Lo the PhRRSHng”8P o Ak dvent ABY' Fhafifbs/ nd mlodificatiBh aeonthreheasﬁcegwoﬁd

resource

I
¥
Sy

-infrastriucture.

MR The visualiser 140 is not a full repository of data for an agent system. it
20 :only stores data for a limited time frame, for instance two days. lf. the user wants
to store persistent data, it needs to be stor.ed, for instance, in the video type tool
included in the Society Tool. The time frame for which the visualiser 140 will hold
data will be affected by the size, activity and complexity of the CABS agent
system and, if there are for instance too many agents, the visualiser 1.40 hay need

25 to be extended. |
The visualiser 140 only provides a historic mechanism;-it lags the real-time
activity of the system. It is possible for the visualiser 140 to receive messages in
the wrong order. To avoid misinterpretation, the visualiser 140 is provided with a
limited buffer 1025 which re-organises messages in their correct time sequence.
30 (It should be noted that the messages consequently are necessarily time stamped.)
Referring to Figure 12, in a simple implemented scenario, the domain is
supply chain provisioning in which agents collaborate to manufacture and/or
" provision goods making up a service. Figure 12 shows a view of the domain

- which could be produced by the society tool. In the example, we have five

-
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locally, i.e. not subcontract-out the resource to another agent. Consumed
facts 10 wth gl obal scope fields can be sub-contracted out to other

agents for pr®OROFBA. For a produced fact, if its scop&HGHH03237

|l ocal, this is signal to the planner not to use this task when trying

to achieve that particular. A local scom8field indicates the task can
be used when trying to produce the resource. The following is

o0, SXATDI O, ok Lsobfs O, RbbRBiaranutacurer, s swolsBEab KSR U M,

20 . produces monitors, and knows C as its ‘supeion pd U as its co-worker. U

\6/1?[ : ;[ rbﬂ?es (pr?%ucg\s/ gentya) grocessing units (CPUs), and similarly knows E336ts! pavior and

-fr-om ?var - 13@ asits co-worker. Both M and U share two subordinates (X and Y). C knows of
. no_?var- 1%0 another agent P as a peer (vhfypéoduces Erinter ink and toner cartridges. P has a
' : In

. e L
‘id 131 30 subordinate T that produces printer ink\pgd teney gartridges.

: scope gl obal Co-workers are agents in the same organisation who have no authority
relation between them while peers are agents belonging to different organisations.
in the example, the production of a computer requires the base unit (CPU
10 and monitor) as well as an appropriate printer.
In the environment are three additional support agents: an agent
nameserver (ANS) which provides a white-pages facility for agent address look-up;
a broker agent {PC_Broker) which provjdes a yellow-pages facility through which
agents find other agents capable of'performing a task; and a database proxy agent
15 (DB} whose sole function is to store and retrieve messages from proprietary
databases on demand from visualisers. These agents also communicate in the
common agent communication |angd'age" (ACL). Finally, there is the visualiser
agent itself (Visual). . '
_ | ~ Use of any of the tools in the suite requires that once the tool is launched
20 _hsers conneci to one or more hameservers. In a muiti-agent system environment,
nameservers contain the names and addresses of all "live" agents iﬁ the
environment. Thus, connecting to a nameserver involves sending a request to the
nameserver to list all agents in the environment and any agents which later come
online. In an environment with many nameservers, the user can select which to
25 connect to, effectively filtering the visualisation effort to a subset of agents of

interest.

5.1  The Society Tool
30

The society tool of the visualiser sends out three types of request

messages.

Society Tool Messages
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55 cattributes (:to ?var-133
:from ?var-134

. ar-135

S WO 99/05594 ) . produced fact spf"("GP&%zz\él nk
i d 141 :var true 10
: scope gl obal 84 atributes (:to ?var-143
from ?var-144 :no ?var-145
15 - ) :constraints ((:1hs
?Link-131.from :op = _rhs 2link-141 from
(:1hs ?Li nk-[IGssage valp = prHQM nk- 14]| ﬂug;ose What is returned
(:1hs ?Li nk-;l%-ﬁ-e—e‘p—
(:1'hs ?Li nk- URY op = 1 ?egﬁdr':’%— ﬁl.rrlor%&n ddresses Addresses
(:1'hs ?Link-[136.no :op = |:rhs ?Link- 141 qof@)l agents

Request All agents return relationships | Relationships

Request None, some or all | cc all messages cc'ed messages

agents

Referring to Figure 12, the society tool allows a user to select a set of

agents and view (a) the structural organisational relationships, and (b} the

5 fnes_saging between them. It therefore accesses the acquaintance models 215

éfei:ed in the individual agents. It can also set a flag that causes the message
'handlers 205 of the agents to copy all messages to the visualiser 140.

To view (a) or (b), users use menu items to send requests to designated

‘subsets of agent requesting they update the tool instance with their current

10 '-k'howledge of the organisational relations, or to send copies of all their outgoing

| messages ‘to the tool instance respectively.

The organisational relationships describe role relations such as supenor,

' '-eu‘t-ibrdlnate, co-worker or peer. Knowing these relationships is important during

debugging because they affect how the agents might coordinate their activities.

15 For ekample, the agents may be co'nﬁgured to try performing all tasks first, if that

fails 'delegate to subordinates, if that fails subcontract to co-workers, and only if all

fail subcontract to peers. The tool supports graphical layout of the agents

' éeeording to role relationships. Current layouts include a vertical layout (as shown

“in -I'-;i'gure' 12) emphasising the vertical sdperior—suberdinate relationship, a horizontal

20 circular layout emphasising co-workers, with groups of co-worker arranged in

circles, a horizontal circular layout emphasising peers, with groups of peers

arranged in circles, and a single agent-centred layout in which all the other agents

are centred about a user-designated central agent. In the layout graphs the links

between the agents are colour-coded according to their role relationship. Facilities

25 areg provided to collapse, expand, hide and show nodes of the various graphs. The

different layouts are important especially when used with the messaging feature of

" the tool, because they allow the user to readily see the organisational structure of

the agents and how coordination proceeds within that structure. This allows him

LY
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cordering ((:1hs ?Link-131 :op < :rhs ?Li nk-136) 25 An
I nteresting a(yp)ect of task def|n|t|on inthis way is that it_can enforce
optimality. F gﬁ%mce by including deadline constraints f%ﬂ@???@? i t h

resource definitions, inadequate resources becone apparent. It may
actual |y be necessary 30 for the system8®ser to extend or add to the
resource avail abl e. 56

For instance, g} hef fifideR bud¥ Hitheh inSthée Warmcwwﬁéﬂag&n@& s.sesaxg&nsai lor fiecor d
data in a tel econmuni cations system the technical processes involved. m ght

be - mapped thmmannesdk which gqogidinsagign procseds within the,pigariselien ecei ved at cal

record centre; itishoutll bk Mot thafiné SihéIe }gbrYt ek &¥ati ﬁ)ossesseé hifdll picture
i nformati on passed to appropriate resource peopl e; exce{)tlon

handl i ng e. g. of tBe Rgsatigpal ;ttayatulpy et is ‘hfo'eFPmFHé“téx‘éeﬁﬁ AP 8y step

throws up "sewRbgrate \beal gifbredakion biurrmﬂ)/byb&he agest ihtdTRl FlobdINsiEtur of tthat
further resource is nade avail able. This m ght be the case where the

call record c@Fﬁﬁ“@agﬂbports fault location. The deadlines for getting

network capacity baMessa’g‘ee bsﬁmaencagemycahaowmeadéd)tfer éaxy visalisdnion) bpr
certain cat egorl e

uld therefore be ver ortant to
Che. service 1M quath T TREEEN I" PEESPEUE A eomaes 1 b BEPREeF o
process the C@bhaxhiﬂgoroda particular job in one colour. in addition, the tool supports the
10 filtering of messages before display. Messages may be filtered by sender, receiver,
| type or content. For example, a filter option might state “show only counter-

' proposé messages [type filter] from the set of agents ... [sender filter] to the set
of agents ...[recipient filter] about job ... [content filter]”. These features facilitate
debugging by allowing the user to focus-in on the particular messages of interest.

15 Further, combined with the off-line replay facilities with forward and backward
video modes {discussed next), they provide a powerful debugging tool.

As mentioned earlier, the society tool also provides facilities for the

storage in a database for later playback of the messages sent and received by'the

“agents. Again, message filters can be used during storage and/or replay to select .

20 particular messages of interest. Replay facilities support the video metaphor,
allowing a user to review the messages in forward or reverse mode, in single step
fashion or animated. Further, because the messages are stored in a relational
database, users can make normal (eg 'rel,ational.) database type queries on the
stored messages, e.g. “how many messages did Agent A send out regarding Job

25 21”. The video replay facilities with message filters and the database query

- support _significantly enhance the debugging effort of a user, by aliowing him or her
to focus-in or out and dynamically cha.nge perspectives while trying to make sense

- of the interactions between the agents.

In the graphical user interface shown in Figure 12, it is possible to see the

30 - layout of agents 1200 in the supply chain provisioning scenario described above.
On the left of the window are layout and view controls 1210. Toolbar buttons

- 1220 on the right control video-style replay of messages while those on the left

- 1230 and a pop-up menu 1240 control the position and visibility of the agent
“icons.
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within the tine constraint. 4.6 - Step 6: Donei n- speci fic Problem
- Sol ving Code Production 525 20 In order to output a functional,

col | abor at i veW@@885%4 t he CABS system has to gener ate act BST/GBIE23TThe
data which a CABS agent requires is of two. types: decl arati ve and
procedural . Predefined objects provide tB& procedural side. The

declarative information is all captured via the editors and task

descriptions. Al g &cqgﬁ sk&a%%gﬁmfﬁggaﬁ/g{' magggfabasfé)fs FePiRARsS biMMbpehingial | be

common to all agents, | box 200, .the code generat or can
sinply take allrdutq)adatahade pEexyoRgent cand sending;tp [t F?&ée%lﬁfaﬁ'fe Eﬁéﬁgegée beror

i nformation sug cﬁ ?Meé@ssiﬁléré&ﬁlldr AMdMheR bibeR in reverséNiThis drfangement
agent-specific, this is a d as database files and |inked at

conpi | ati on woroniden& fiexible Bpprogeft sibee any Propiietary Jatabase system can be usgd, | o

for all defg nEiquﬁﬂﬁ‘\mnfeﬁécMg?‘lt VAR @SstaMdard SroSe MicAILdalstand i aoemiickes30
code and dat abases in directories, together with agent rel ationships,

co- or di Hhﬂ‘le@ﬁe'&biqm’f‘ﬁ"&atﬁﬂé?"&Ha%t i onal visualiser, and conpil e.
Effectively, this is maki ng an i nstance of the obj ects of each agent,
t hen adding rel ati onshlg dr co- ordi nation information and standard
conponents. 5.2 Reports Too 57

It is also necessary however for the user to provide domain specific code

to inplene ask nctj onal v, or

a1 of thoto b F&ﬂ‘f&'{*bﬂﬁ‘é’ef"b‘f'{"ég% ?H‘b geoee P"e’f‘%ﬁ‘re ’;gr'l‘?‘r’ﬁ"?'r& *‘9381%9 a?\Jd fo
provi di ng cal ahaedie {i=5the comlmmed:mputscof alb tHecageats) W&lhempomnsand;nmt usi ng
t he code generatiaon.editor re

t he devel oper ﬁ@@dgd“('gu%eﬁglﬁ Wﬁ:al e &Q%&g‘ﬁggghh ?%?Ay&kﬁ Alé%%

prot ot ypes f orfroth etsefdctinbati each ameut piovidep oplyi aléosabwiewpef the PfPP‘BF‘aﬁo}""EEBO for
use by devel ORELR théP‘F&'&?'COde productlon The out put of CABS

100, in the formo ents, is distributed to
envi r onmend5vi a- scr Eathsagegb onlpknews shoutieks#nd subljebs Wﬁé’?\"'bEaWel t?ﬁ?@d’"?‘if‘?%e

. to and/or by it. No single agent holds data for the overall breakdown and the state
. of all the jobs. |
For example, in order to produce a computer, agent C might contract out
" part of this task to P to provide a laser printer. P in turn, might delegate part of its
20 contract to T to provide a toner cartridge. Because of the autonomy of the
- individual agents, C is only aware of the part of the task it is scheduled to perform,
. and the part it contracted out to P; it remains unaware of the part delegated by P
to T. Thus, a user viewing any one of the agents in isolation gets an incomplete
picture of the problem solving effort of the society. So, if for example C reports a
25 failure to perform the task, the user will be unable to immediately determine, for
instance, that the root cause of the failure was because T failed to provide the
tonér cartridge as requested by P. .
The Reports Tool is able to réquest the relevant data from each of the
agents, coilate it and depict it. The Reports Tool applies the algorithm set out
30 - below to collate the data and generate a full picture, which can then be
+: represented in @ GANTT chart of the type shown in Figure 7.
Referring to Figure 8, for this tool, note that a job J given to an agent A
may-be split up into subjobs J1 and J2 which are allocated to agents B and C
respectively. Subjob J2 may fu!ther be split into J21, J22, J23 and allocated to

-
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10 agents using an APl of a wapper class, defined by the system whi ch
wr aps code | nher| ted fromthe conponent |ibrary togethe

user - suppl i edW@PEH 5. DEBUGG NG AND VI SUALI SATI o C\ﬁd’%"’hﬂg’ It
is difficult to create any single program{ even a program which interacts
wi th no other progranms, which has no fauPfs or errors init. It is an order
of magni tude nore difficult to anal yse and debug distributed software

whi ch contai Q&tkteplpea.@cg@t Ssubjfe .hehaa«w Qlsb Sbé Isplit, eageny B fretaimirghe

overall distr ut eg sof tware e a at expect ed..
Further, the @émﬁﬂh"ﬁ‘ﬁ?'ﬁs‘f@%1ﬂe‘ﬂ}4§ﬂ°gﬂﬁ'&’ﬁ azs(ybmh ﬂ“{}ﬂ apw,sts? that it is not
possi bl e to | ook ditHaCkipsriaht dhtigdisitewpkirekack\tep level jobj sudh as jobbhded syst em

be d d Ne k .a
ol ved | n’ aumattidaEes it i SUpmed isndt Siahyend SulibisRs S8 8 wis
conmuni cat igNtop-level oy gt MGehpratel.  Ghisbiserebbreiedrin graghmagent bydweans. of the
S5t cusomppment paS St Y Sl E of fendfich UeeRAD 68 A orbinaf

correct ed®® st ngu agent I ons may be used
but are f engine aid ;easmidgaqmem 219. aS@awhen r#ggeaha aﬂmﬁ}ggﬁbd’givmgsdmtiﬁm ed

-softvare SYSLGME. o ouioilOl) SAATB R aldiics oA Bhiar GBS G5 agentpOS1

nortent’ exerci sto ure which
| at er provi desmaintdisrthp |d;ér¢lf|'ér &".tdven whenptrevahqamﬁqusu furthats srlit the subjpbn

whi ch an %6 e”fPlt %a thl? ?ntg%? flrbher 's ﬁ{goﬂjén %Eat%q:helﬁ%%d ottef af@itbUndte A

known deb nternational patent application No:
WD93/ 24882 | ntlnahea ndmb a1t Hves pdded: fts oawp!deoamr "Khignadditian to “J° & ¢9cqjat a

can be capt ur W}el»éf‘ gaorm .ﬁﬁ%’ YroH lfeh W@isqdﬂxrﬁ@pdé@nﬁfosm arfal 8¢ Hpplies Vidnay ed’

"rewound' rwar eo st

| e.
58 subjely suchaps aberﬁi%F‘P’Ffﬁfl degormrospd into "W Kotpd cl12cudR thifiease with

di stributed botl‘?ﬁ“t%@”’béﬁd ©®Hadé Bboh Redined. | - There are many cl asses of
errors whi ch occur mul ti - agent systems Le {:ﬂz}y e structl.fral
errors at #Be | evel T?ﬁs' élﬁwgmlgp‘ta%rlﬂegtl ier and parent-c ild s, the report tool can

graph a ‘global task decomposition- across the society. In fact, the same
mechanism is used in the society tool to colour-code messages by goals.
-Hence, the algorithm of the Reports tool for processing the data (retrieved

from all the agents) is as foliows:

.20 ) for some Agent “A”, select a job/goal owned by that agent;
ii)' - retrieve the unique identifier for the goal, for example “J";
i) do a search to retrieve all other jobs/goals with that identifier

and return both the jobs/goals and their relationships (with respect to the
" selected goal “J”);
25 iv) Graph the relationships (and states), as shown in Figure 7.

Referring again to Figure 7, consider the scenario with three agents A, B,
- and E. In order to perform a job, J1 say, Agent A might delegate a subpart (J11)
of this job to Agent B, who in turn delegates a subpart (J111) of J11 to Agent E.
30 - Because of the autonomy of the individual agents, Agent A is only aware of the
- subpart of J1 it is scheduled to perform, and the subpart (J11} it delegated to
‘= Agent B; it remains unaware of the subpart (J111) delegated by Agent B to Agent
-.E. Thus, a user viewing any one of the agents in isolation gets an incomplete
picture of the problem solving e_ff'ort of the society. So if, for example, Agent A

h]
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within the nulti-agent system such as wong or m ssing aquaintance

rel ationships 5959 ?ﬁ jween agents, mssing resources, incorr eghlogegpass fied
(typically shd I'mes to run tasks etc. There may be functi onal

errors, ie errors which relate to the logjc of the tasks that the
agents are perform ng. These can be conpounded by the fact I ndi vi dual
agents may be functionally 'correct', but the energent behaviour of the
overal | set uUgpgts gifsituié lbal perdorenat,r e usgewnilisberaabimto emediatelywaterayinmct ed.

This is 10 tsl{ﬂ?ci’z\ Yo Aot B, AGE ol L oBheCR B Yalifta Al BAAUOK ABRROES. |1

sone cases, ead 5o |nco er ent t1-agent systens.
Some exanpl esfaidd tohechieat)101. undesired behaviours which emerge from

such systens inclu t he rtsololop Uﬂes Kr?}é"a' Lu@WJf angllnoscolﬁ,mMeg SodaGNdss may

be contending for s & %"resou grab a vital shared
resource armsd dgents srad isedsehd ot as ta cfemdgmnmencf ea@dmlm?ieﬁtwa;secl It allowg@cause

of sone failure f Bl?é{i?’]%k ﬁ rﬁ@aﬁ@\‘é‘i{ue&fgh pg‘evr}g#a& qh@gtaﬁgeaft all gﬂéﬁ, this

resource is imvalda agents who ng waiting for this
resource to jobs to itheNexs 1mwesmdsel@a§n@aﬁmtwf 'EI@E’EF getk arel awaed gy é'@t ate

of affairs in,yhkChaf Esrl&et;w:?@a job # &l is QBhMRIeHaB hekoFm Ghe o & AWPAk St iaS
| npossi bl e. err

I vel ock: "where agents continuous] g
i nteract or esoohaedminfotask deeomposition hiergighy fop the ighy &Y ‘T‘é %ﬁ?ﬂé’ |°r§%§8‘i“v| ng
the probl efg abndRBd the' Aipdrtb soam@tesrthe GANTT ERfFEsypehgtagh 700 agzagurs 7
co-ordi nate thelr activities via de lised

| a
agents can i nshawing t'Bp ydesRERIMEen I° rf e \iph R%F@é'g'éa‘ffl s %St't”e"“
progressing t Ek?op%&s%diumsd\mbeais‘ iarthe ceﬁriaﬁﬁit{t),l de W&&b&vﬁr’ﬂes‘tetearoe the ,ob

structural checks to dete nd efinite |

pl anni ng pr oc8adsubpartsy @rtg‘ﬁr %ﬁ& %ﬁ'&%g’?’ qlf sty e e %ﬁot g‘r"ﬁ lally
possi bl e i n aagliveiten baﬂtﬁdgaﬂtnsls&geduled to perform its paﬁ;dhueioe:wata, abe Priority

addi tion to_standar

d ‘ h t he t of
i vi dual T8 garanedtp ShEtR Ry 5 pasnt” 4B koot eehE B, o s P
Natural ly, a-di strlwbﬂnigcmtﬁlmhresyStem Shturiing rtor i Iwafecememr assid. A
correctly Gl b6k, SRE- BRNTH! dibre®'58 Ofnlght 104 afsBRALY |oh! béBer? 'with

i ndi vi dual agg?ﬁ" O RN m'S resource contentions and
r edundancy be‘lseleaiort h@ms @re%ldoylns Hbe, ageot and ‘task &0 deaki ah | As shawsi ity e

property of ag@.@&.,ﬁ,y §<§>&g51305, 1310 have been used to select task “MakeComputer” for

20.-agent C 1300. The GANTT chart 700 shows the decomposition- of the

“MakeComputer” task into MakeTonerCartridge (Agent T) 1315, MakeMonitor

(Agent M) 13'25, MakeCPU (Agent U) 1320 and MakePrinter {Agent P) 1316. The

Task Status Key 1335 shows by colour coding (not visible in Figure 13) that the

MakeTonerCartridge and MakeMonitor tasks 1315, 1325 are running, the

25 MakeCPU task 1320 is completed and the MakePrinter and MakeComputer tasks

1316 1300 are waiting. A dtalogue box 1330 has been brought up to show

detanls of the MakeTonerCartridge task 1315. _

The reports tool therefore needs access for instance to the task
decompositions 560 and to the commitment database 245 in each agent.

30 - As mentioned, the job graph created by the reports tool also shows the

- current status of each subpart of the job, i.e. either waiting, running, completed or

" failled. Thus from the graph a user is immediately able to determine the overall

' status of a job, and if the job fails where exactly it did so — which obviously aids
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59 As wel | as debuggi ng, visualisation also allows the user to
confirm control and/or anal yse the behaviour,_of the
system Wﬁ;ﬂ%&% sualisers of the type descri bed bel ow e W@?ﬁz‘ae ’
means to anal yse and debug such distributed control software so that

t he behaviours obtained are as 5 intend&® by the desi gners. The visualiser
provi des a generic, custom sable and scal eabl e visualisation system for

use with a dogpi deduRGRBeARN! Fsroaswsufamamn theméremﬂam T job- AeRd
applications. The visualiser parti-cularly described is generic in the

sense that itcelpyrepdsd inthedat-h any application devel oped using the

tool kit, and cust onr.P@Jelﬁas 8 vt/me §|smssea ttmtrepért P00 bﬂb&vﬂé&ﬂybﬂlg@ﬁks for
10 constructi ngT app

catign s S sers., The scal eabi
requi rement i fpl Thessybpart J“éHﬁB E%UB?)%’r"Fél'\M"@l?ast(ﬁQP% 1of fwgemJJﬁ
conpri si ng |NyAGuMIDPlis &fmﬁ&&ﬂt YW (ABent B) dnummadeﬁieg)rada&a.m lbnt because
i ons

erf ornance. LSstr
Poteasarit s ¢ et e Bl aebRge JTLE 4 Sap Mol inipd Sons tkER v eeayq dbt
renot e agent s inason®es 6ther Waql.e area network. Further, for adm nistrative and

15 debuggi ng purpo;h I‘li%ol also pro@&gtt%nt#egar%g{ﬁ H{[egugf co %Hsgﬁnq%gg bot h

online and off-
accordi ng to béntiops eSehui grapl and hiding/shawirg ncles on the graphl edthizris rhpatege i nt

for anal ysihg | agal] HRlN d b d stributed control
syst ens, m%@cﬁggﬁpan'ge%re ér &egﬁ%e gg"lﬁ Vé'géfusfocﬂ SR U 5PPOBHPhYI de
di fferent vi eiqterest, seduointgrteo mhytetad vhficht nightl histleri tha tdebluggingt eftdrt.sof t war e

system THY ngahﬁnﬂ %ﬁﬂb the J:r?ec% tuﬁ@%raﬂ+rt bEEERY §érf3rn§n$%rt?§

Al t hough no tool is OVI ete anal ySI's
di stributed sgrApbayeliepen two @G’Fﬁb‘f'fﬁiut thsrﬁgent @nwhtcbcthe woaltis inidated mssigns. a

Di fferent took st%wmseuaauémﬁ br ?ém@“gquas,s athd dWﬂ 4R CRsP! One

t ool corroborates that from anotﬁer t ool Pru ?vvort I ness in that
di agnosi s 1% Apcarenesitien hisrarcbyiof the gpal ﬁ@oadgwbmeerpr an agentidecpmeesest hat

the di agnosi s td8kYintceébthsksi hS8E6es Shidbe GRaES Ter Ble SitRadks UPERords theier e
the evidence s conflicting, the copbination of one tool w.th another may

elimnate a hifsat %’§|V§'trb'Fheb%3'§'l}g}§§%Fﬁ‘@é‘aﬁﬂe"ﬁt"ﬂwh%d’é@bPﬁ‘eﬂPﬂ%ﬁ?@@f""“so

The tools in thesubtaskeNTHUARSEING theabbsgdal [dahtifigian@ patept-shirUinks, th@C‘rbbkd'e
sSages

LT o S Sy TRl TS ok oG 5355 I 5587 IR TR v o
type tool 2 sémegnechanism is used in the society tool to colour-code messages by goals.)
The same niechanism also allows the display of joint graphs, wherein two task
decomposition graphs are linked by one or more tasks. This happens when side
effects of a task in ane goal decomposition graph are utilised in another.
~ Similarly to the society tool, the report tool also supports online logging of
25 report messages to a database, and then subsequent off-line replay.

5.3 The Micro Tool

Referring to Figure 14, the micro tool allows a user to select a single

30 agent, Agent C as shown, and review its processing by looking at its current data
and at the messages being sent and received by different components of the
‘ageént. For instance, it might look at the last ten messages for a selected
“component. Looking at threads in the mailbox, it might review messages under

construction to go out, or messages recently received. It can request to see:

h]

SUBSTITUTE SHEET ( rule 26 )



capabl e of recording the nessages passed between different agents for |later

SUBSTI TUTE SHEET | e 26)

60 'ﬁﬁ#‘{]em' anal ysis. These nessages are storeECTIGB98m323t7abase
from whi ch rel ati onal queries can _be made for nore in-depth study of
the interactions. This tool can @ used to anal yse either a single
agent or a society of agents. [err] A Statistics Tool: which captures
various statistics on individual agents (e.g. the 5 types and the

mb f i
Anevior . ques s oMesERR Sl A el agat esreoes REo PR S o bg qegr

agent B during songigparticular tinme franme? or 'Plot ne the nunber of

nmessages that Agent A h over time', etc. The
statistics tdol "ﬂ?%@*?edg’é Pene fidoe? mer‘l’ﬁ%ge%ei c%grr‘tt‘ylﬁype vi sual i sation of
i ndi vi dual sagentmMeesdgeiiandier summatgl 1A00: 4 surd@ary of whe petiens gakaptis. W th both

the video and the statlst Ioci%cérﬁ‘?xé%\e#%é CRP e§§1;ﬂgttot\pﬁat modufe ofatﬂgnt s of

i nterest and study respRfse 1P 06} es nore close
tool can be used t agentdiay ke mesdage baensdlslgﬂtw%igfehﬂeteﬂedapfs‘&?ﬁ'éﬂy of agent S.

Lerr] AMcrg T eégdw@#.snaﬂ%gmam&@h@amé 1A afifbriid Sidte SedeiRiSOT ee Of

abstraction ust wat ¢ he mcro tool, the
desi gner is 15 -abitee GQOMPD ahmntt $o @h@ \agaﬂset prearass of theaglisdioRed or

‘alive'; gifernati %?QXTE‘ ?Fal Wlf'lere tfire REMIBYIe FOEIS thetbdlnt fs @g g ®o Of the

agent's internals are SONME reason. [err] ports Tool :
this provides a GAmghlexhihe Uﬁejﬁén seleatenpasticulsr ape in ﬁ@eb%Y'ﬁf‘I'q"s s {ask

whi ch an agent . f.or jexanml eadBachDRodeOriZ00d thd grapl WiuBAInG Vit SREWAGRBEN.enl i st s
the hel p and services of many other agents, and this tool allows the

desi gner to 20 c%@éb"%‘iﬂ’@“fyd'riﬂ"&‘ﬁl ‘agent and one task (of possible

many tasks) t#ateidi@tion monitoR§@hmaly 1225t bQiary Wgtailibgi the 2dxkesthel pgentGaNTT
chart of how it has deco

O o B " raTe AR G et ond 5ol oy B A
of the task has -reagdifsy, ranﬁingyhaimﬁlémd drafalesi? 2.0 the monitort hightlirfdicate @t -
sub-t asks: are _ ( €:9 taékunq\tag has allgtp ’toséiglqeggc%gseo f"‘ﬂh&éq‘&% resources (for -
- example, results expected from another agent might never arrive or arrive
- too late), or it might flag an executing task which has been stopped
.20 °- - . because it over-ran its scheduled allocation of processor tihe;

6. “Resource database summary” 1430: summary of the resources the agent
manages. It also shows which are free, which have been allocated, and to
whom; and

7. “Commitment table” 1435: visual depiction of how tasks have been scheduled.

25 This is a summary of the results of monitoring executing tasks or tasks
scheduled to start execution; eg the monitor might indicate a task which
has failed to start because o.f inadequate resources or it might flag an
executing task which has been stopped because it overran its scheduled
allocation of processor time. As shown, Agent C is firmly committed to

30 - - the task MakeComputer at time 4.

The micro tool provides a user with a finer ook at the internal processing
. of an agent and has obvious debugging potential. For example, the flagging of
executing tasks which have been stopped because they over-ran their allocated

-
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25 Control Monitor Tool: this is a very inportant adm nistrative tool

whi ch is used for killing all agents, suspending so
suspendi ng or W%?Wsﬁ?d sonme of the tasks they are pe??%‘?ﬂgﬁ%ﬁ)liﬁ%rder

to study the emergi ng excepti on behaviour, etc.- This is also an
i nportant testing and debugging tool in tﬂe sense that certain
agents may be suspending, killed fromthe society, etc. so that specific 30

agents are st BFHc@&Edﬁ%ﬁb Might Mdicate to a user that he or %er\ﬂeﬁdstﬁhawﬂrthé%oum
conprises a software ent havin

other of the EBF'F‘QHS‘?“& Ve “a\'@é’??ﬁgt?stlfs g'sg‘ﬁ g’fﬁt ?rs%¥geﬁeé's provids @

capability of cphdervatige datimatd bf mﬁéﬂﬂfoces;senmmel necdaé teyrah aguch Ithask, SwiiahSs ve i n
t he sense 61 t hat

it does not n¥§% Pwthe RRePhingicheduing R ACTINRSY ¢ registers itself with the
nane seb ver 135 Asdnathsoexangim | byslesking aettfe current state of th&kebemiination to

Figure 10, vera r r
Debuggi ng/ Vi sﬁé °|e§%1 S ogé??'&atﬁg g't\%ﬁ aee °" °¥ lﬂ.'r"al %oeoéd"éat%:oé’ rﬁr?%ﬁssh GhSFhde up
of 5 a mil bmgmablatmgag@' lhsxnnheewhmbs Jobawmesqmjed bv nhtengerdaSabase

1010, and . ; t
tool outlines e%lggé'?&e J;PMQ%Sfd.rﬂaﬁﬁgraﬁﬂﬁ%ge%gﬂ%@%@%l es"fftg?:l folct% ?SZ?‘? or
messagi ng bet Wksen of ladob on tie pragh dnformssthel usseef mask ofndl thereeis tadwawsabaysi ng
t he conmon,gg : t C k . 10
The tool | aﬁng efoorg'{‘%g% ﬁﬁg&’?orﬁogggng@’ggbﬁ%ﬁ%tﬂﬁgeerzh?ﬁsﬁgﬁgé@eo

t he different Jobd® saynfailpd beeasise Jerequitethpereain fesorraes swvhjch thee agent did ynot

Statistics,  paydd ffrfher, Fi%aosgﬁﬁz cam&l ro® HnkiOdny TOMES agdriteihst %aadaprbaagghgu”ber
of di nmensi ons al ong a mlti-a %ent system can be visualise

Devel opi ng a $PSRYIee wishiptlsregyigrd quantity, g, o537 PHeRLPNSURNtYi f f er ent -
vi sual i sati on npodes could make the visualiser 15 difficult to use,

i nfl exible i ffj cuIt to int hence the use of a suite of

t ool s, the1$o% set | hWCPH ’%‘d@%"ﬁ"()g?qsharl ng a conmon | ook and feel and
bei ng

it allows for the following functions: '

Browse-through
20 Add

Modify

Delete

These functions act on current goals, jobs, resources, tasks, organisational
25 relations and knowledge, and co-ordination strategies. Other functions include:
Suspend {jobs or agents)
resume (jobs or agents)
Kill (agents)
30
" ¥ These latter three are done by sending request me-ssages to these agents
with the contents being the above [e.g. a suspension notice).
- The control : monitor tool again' works in relation to single agents. It

provides an online version of the original CABS agent-building capabilities.

h]
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dedicated to a single visualisation task. Al tools are |aunched froma
central hub & .gpédeshare a common interface with the hub. poyr@pyeseart he

visualiser is easier to mai ntain and readily extensible. The set of
tools selected are those which have 20 en found nost useful in
vi sualising, controlling and debugging nulti-agent systens.

Primarily, the visualiser 140 sends request nessages to other, agents for
data whi ch they holftte cottrojuseiites todlcalinwaee user e selegban ggergRfipteirsy PBdses

and t hen uses_ aggls e : SRgealirung! 2Qasdikcdsetakrg; i Vi n
agent 25 roub[r%‘gs?'ﬁé&?gg'éeﬁ%dﬁggﬁegﬁedﬁ%%gaggé %f_)pr_o 'r%:b;tel;, :jeher?d?f\g ’
wher e the datagaiisationali malatipess and\knqwigdae, @pdcogrdingsieq siratagisfed "B@’ef'h‘é’e

visual i ser 140 f ramalbnd Berellf€ obs, and@i€d bdspefd, SeUnslor éRhikilEageataand
processed for appropriate dis The vi sual,iser 140 can al so

I ay.
i nstal | daba fagilityis alyerprovided g’&ﬁ')‘/et yRer & Wing VBHous parametars qf aRFEPFYSUS Bgent ' s

behavi our. ThigRy iohglitWah€ fordesies iffdatlothel S¥nts3Before assuming Beulimesgonge, drandl er
1005 of the visualiser 140 handl es i ncom

es in n ssages recejved by the
mai | box 1000 kA thel 2apet Shevldirlib isoBme; beWamn, geipRapd tasks, i hes éﬁf%dtver ed
?‘nt i nterest ignRteadsandlcdoffiiatiny Mew theid. Becwuse differene gnsti-agerarsystems
Interest in receiving nessages of a particular . Usi age
cont ext ot é‘?ﬂ%t%fﬁl@%ﬁ'ﬁﬁﬁ' et APiePiEy °557}a¥£§'cﬁé"sas"§§ggh%%%f‘{enrag 085
during itsjo items, this tool allows users to load an ontology database 260 dediping the

processing. Thus, eagh tool instance inter ed in receiving report
nessages of a°“t°'°9§8?%}f°értﬁng?'ﬂfﬁ‘bsgte?‘roér?f’ %1"°§§§'¥‘of agents will first, using
the mail box 1000, SFhedcantrol mbsitprettol tin ushivb dn adpbnggaing rand/ar henplysinguthe send

t to th . . | ;
{ype occur  ( uErRyeshoF p sociphEsh it o Ao Elodi VS, SREREHRY rRbRRARe e, OT,

type occur (usf
register in tbhecietgsan@nalyse dtst sukseauens ebehavionn]10This isnvsefidsWhen tegting vi ng

copi es of nfé LW&QR@eQ.g fl%g%;rt ﬁ%\s%ﬁﬁ%&&u& fnél@pet80of variou¥ Réhangdedl Son

arrangene OWs a user o _De ;Piger/_ I'sual i ser to dynamically
deci de at runegenss't henstitytion; asgasiRegonal/reltionss GorRrEinater FehRYIHE Nt tFor FRY, and
al so to C BRdHSle 2hn AB¥nt! infHRt,t Edrtrafifto exddbctations, coridiskeithyi Rjekctiia, job fer KQML

r epl yvvit__h (ou'EN ol ng nessage) and inre

ich it has adequate know-how (Qals&rﬁ& lacks the required resources although

.there are other agents in the society that can produce the required resources.

20 -Using the control monitor tool to browse through the tasks and resources of the

agent, a user might convince herself that the agent possesses the know-how but

lacks the resources. Checking the agent’s list of coordination strategies may, for

example, indicate that the agent does have the coordination ability to subcontract

out the production of the required resources to other agents in the set-up. Since

25 the agent rejects the job though, the user might posit two hypotheses, that either

(A) the agent is unaware of other agents in the society that can produce the

required resource, or (B) the time-out period that the agent waits for acceptance

affer sending out job request messages to other agents might be less than the time

needed by those agents to determine whether or not to accept a job. Using the

30 control tool to browse through the organisational relations and knowledge of the

- agent might confirm or refute hypothesis (A}, and again using this tool to increase
the agent’s wait-acceptance time-out might confirm or refute hypothesis (B).

- Other tools such as the micro or society tool might also be used in tandem

with the control monitor tool to investigate these hypotheses. Using the society

b
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(i ncoming nessage) files are used to associate an identifier to each

nmessage, ' IS, Uni que to tool instancés and event-typ 1S, Ay,
g Wb Shinis3 Feyohibalf

t he nessage handler does not need to scan the contents o to
det erm ne which tool instance requir it. This arrangenent allows
users of the visualiser to decide at runti 15 the set of events they are
Interested in nonitoring, and also to change the set at any tine.

Furthernore, exdiehs bBtadte,! the L Might!idbeervk tthe cagedty sefdihg 1A/ j6b request

nonitoring of a new evenf tvpe requir no, nodi fjcation to the basic..
support 0 i AeaRaee o patnd veofbsts 1 G4 TRfec e IR 0 i st iont
reposi tory of obsdroe titat ianhageontinatiai enace Fdr the jais)| the SHgerteprodrdsees past ahe
limted time frame, for instapce two.days. I|.f. the user wants to store
persi stent  dat¥et fepenianes oS BB UGS i b SehiseE MastieRh v repeter pe

t ool | N8| edefirming byretiBsisi (Bl.y Tool . The tinme franme for which the
visual i ser 140 wi || - "l . . i tiyity
and conplexity of t gg}é‘&ﬁg gag%qOMHes?%?gﬂggﬁﬁ&ﬁffg¥th{r.%cgraé dr sTerrls.‘t’ance
t 00 nmany agentemotelyebroivsaahdds delelelandierymndifidtigStask spénificatiomndbagents in a

The vi sual i ser .l o} ' : ' ' | -1 S

real -tinme sgééﬁf/i %&ﬁj(c{?ﬁdg@?%@é%ﬁ\fvﬁ {sli sgog%?sa?lgﬂli ezg%e(?#{ fg’gvslotgil}a 'iﬂs%r 140
to recei ve nesstgktasknof the quwent\pelenied agrnt. antotha\statys of sheseleqted taski oh, t he

vi sual i ser 1440Q.4 ' ' e L1 Qi i —
e or gant s5e. Resanger crotplihe sisacartn 5 R it Eectig s Myt ant

noted that théARRSSuers eight daynen @) tpsk seedification seitqrythrqush whialinga existing
Referring to khdkdpRcitidatidnmay Bk MtldBiet 5P laSiERN IR BASRAT T1b sthh@ HARBAIKES
supply chain provisionjng in which ag%ent_s col | aborate to manufacture and/ or
provi si on good&® FREEP A Wge'a asdpnacbe Tegl it pwareptherasts definitjanin ghe tarbisdhemi n
whi ch coul d beapeaguiedinhie triievain Gt {8R datablise, hA ftua Wi ofVBNRRVRVT Ve
O or i nof 8" ey B oo oS e B S S S 18, ot o
and U as its ®aswot ketretuthed ackpswiddgensent efitacaipt pf theaew siclfiehtion. (CPUs) , and
simlarly knows C a%hé E:gnt%l' Q&{l iisoll:vse?tm.c'iln debugging and/or analysing the behaviour of a
society of agents by allowing a user to dynamically reconfigure the society and
analyse its subsequent behaviour. That is, it allows the agent system.to be
20 redefined at runtime.

The strength in the control tool lies in the use of high level messages in
communication, perhaps KQML and its related languages. With high-level
messages, new specifications of whatever behaviour can be sent to an agent and
it is the agent’s function to interpret the specification into the relevant

25 functionality. If one were to use object-level messaging such dynamism is
immgdiately lost. An analogy is the relationship between interpreted languages
such as Prolog and Lisp that provide d;'namic redefinition of program behaviour and
compiled languages such as C+ ;l- and Fortran that do not.

Because different muiti-agent system applications may use different

30 - ontologies or date dictionaries to specify date items, this tool allows user to load

" an ontology database defining the ontology of their specific application.

- 5.6 The Statistics Tool
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Mas its co-worker. Both Mand U share two subordinates (X and Y). C knows
of 5 another as a peer who produces printer ink an )
cartridges. %gja%fup subordinate T that produces printer”i n}lgﬁarlloéz%’oner
cartridges. Co- wor ker s are aﬂ‘gnts i n the sane organi sati on who
have no authority rel ati on between tfiem while peers are agents

bel onging to different organisations. In the exanple, the

production of a corgsdfing i@qrgweeﬁs tthie tbélsdﬂoweld us(eEIP&Jchhte aadousDstatiaicy as
wel | as an appropriate printe e" envi ronnent g t hree
addi ti onal sAhoYF @ sqElett of a%ﬁ?‘%\ﬂ%ﬁtper age%aﬁ?ﬁ?eﬁ’v‘@? BARR)? W’Eﬁn% 'Yes a
whi t e- pages f-Hgd dthiistick @oliadeinight thelde forandtande; but are aobliroiket toagent ( PC
Broker) which provides a yell ow pages facility through which agents
find other agents capable of perform ng a task; and a dat abase proxy agent
15 (DB) wsosg) &l runiben®F hessdges tnd ﬂtemnweesrsdnvw thecagentsewsng timefpedod;

proprietary on denan ' : s al so
comuni cate i® mf,enumbber@gm?sﬁagg&gﬁq th“a%l"E%?‘ ‘3’?1’?4"3“‘“" %%?f%%%g' Finally,
there is the (¢) shelaverage loadirggenthel sgeats, l(e\/tlwaerortion of time agentssepesfl any

of the tools in the suite requires that once the tool is |aunched 20 users
connect to on%%?‘%%‘?‘éun é;nttgg%t'\?égs In a multi-agent system environment,

nameservers clihtthe reobtdinatmneeersusdexegution sime tatiogfi.e. 'hpw guch fisng ds ispenthe
envi ronment, co%?&ha%%gfééyﬁptoge@tomw fing tR¥M| V€S sending a request to
t he names&rversy

ents e environnment and any agents
which | ater cone online. In an environnent with nmany naneservers, the

user can sel ect V\Ihlé‘\tgtlétﬂ’:s%lélcﬁggr{ﬁ% &r® paRichIgdy hysﬂbIYnfdebﬁéﬁ‘ ﬂld"'Gr H‘i@tumng
visualisation effort to a subset of agent s _of 5.

1
The Soci ety Tt pegfprmance of a societyrpfoagents: e Fgr ?’f:?mp'%f“sf'ﬁeﬂ\?l‘?lﬁ‘gﬂ BQPit¥ands
out three typgs) ghd fHa%Bisdtics tool, dTBSF ARiter able to answer questions such as “what

Soci ety TO1O| g/rgsaﬁl%gt?osnal structuring, and distribution of task and coordination know-how best
‘minimises the time spent coordinating jobs and maximises the time spent
-executing them (i.e. increasing the profitability of the society)”. If the agents in
_the society learn from experience, the statistics tool becomes even more useful in
-assessing the performance of different learning strategies since gertain statistics

20 such as the average number of messages sent by the agent per job and/or the
coordination versus execution time ratio can serve as performance metrics for
measuring learning success.

The particular screen shown in Figure 15 shows the amount of traffic
generated 1500 by the principal agents U, T, P, M,‘ C in achieving the goal

25 ‘MakeComputer. As expected from the task decomposition 700 shown in Figure
13, Agent C sends out three achieve-messages while Agent”P only throws out
one. The reply messages correspon'd to negotiation and post-negotiation (task
management) dialogues.

The tool can support different display formats, such as histogram, pie,

30 line, or xy-scatter graph formats for the display of statistics. The choice of format
is user—detérminable, using toolbar buttons 1505, although there are pre-specified
defaults formats for the various statistics.

Similarly to the society and report tools, the statistics tool supports
database saving and video-style replay of agent statistics. For generality, only raw

bl
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64 Message Type To WHOM Pur pose What is

ret urned Agent nane server return addresses

Addr esses Whfiasos of al FCHGRYH0R7
Request Al'l agents return rel ati onshi ps Rel ati onshi ps
Request None, sonme or all -cc?%ll nessages cc' ed nessages
agent s Referring to Figure 12, the society tool allows a user

to select a sqfg esorosed t@%%ﬁ&e@ﬂgg&h%‘ta( ﬁ)sawb@oﬁ{orat&&ws@' s gﬁigi%gswé‘a'

rel ati onshi ps, nessagi ng bet ween t hem actesses
t he” acquai nt aifb¥ ’?!ﬁ‘tPé’F stagigtic can bastegieatedi n t he i ndi vi. dual agents. It can

al so set a flag that causes the nessage handl ers 205 of t?e) agenEE)to
co all nessages tqQ the vi sual I ser 140. To view (a) or :
usg?/s use men®-9t ennEXte0drd Examplests to designated subsets of agent
requesting shey update the tool instance with their current 10 know edge of
t he organi sati onal F(el ations,_.or to send é:F?"pl es of all their outgoing

messages to the too eﬂ"ﬁﬁ?%ﬁ%@'?‘ﬁ%@ec‘f’b ofch tool described abpyg i ysg 'saéit?onal

rel ationshi ps ddbagyingoaidrwhen usddaini isolatict) OlhedsS usddpiar ¢ddibination \gMbQﬁéjbﬂﬁPe
ortant qurin

ebugg ng beo 1008 TSt ST sXe Rarer HEbUEE L AaiEieCRaPOrE A s i By ueer
activities. 1%a méltirpeespactilecyiewheintigicthiesagents’ behaﬁ/mfl ®yresay bbilllustyation) E:an} ng
al | tasks flbr %Sctenhtfed teggﬁmle of Jgﬁng ?ffgr%FF gcf tIs to asﬁegb%rfg%%rggﬁFg&oft%%bte{'a?ls S

subcontract to co-wor
The t ool supp@ﬁb@lgﬂa{phldemggimgblemﬂs dd!m:nhgiaheisw accor di ng torole

relationships. Curr EQ#isléﬁ%OHLﬁu-édéﬁi H&L?etg c\éﬁ{p“lglﬁg ge\aee}y agi“'eliwts( A6 3 as gﬁg\ﬁp an in

Fi gure 12) errpha3|3| n e vertical su erela a
hori zont al 20 Fiagre 8ulThe qsayw@vw%amesagegts:mmarcsnfvguredwsxgrrmnpsgnén

Co-wor ker arr ety hébnt A, th&&é&kﬂ?ﬁsltl% BPM;%&J‘L&&%E&UL.@{V Jv&M? gt'oceed gs

enphasi si ng_peers, roups of peers arran a
singl e ageg'?' E‘ﬁi’?‘éﬂ i?a ute ﬁ&?"t/\ﬁq %t%FQBMi%JGFHeﬁQQ@@F@ Howeyerewbemt r ed

about a user - §as) maﬁo%ehml .t?aﬁ&% a faflurb lﬂeplkﬁwgﬁaut%a > the links
E:E:Y\lle?? i ége agents %r %egt?g 'chxsr b?o%le?nq t%(e:cu%[ar might for an%prle rugtla (Eher Sclzc?étlyotgglhl -
particularly the message storage; video-style playback and filter facilities to review
“the coordination activities of agents when job J was presented to agent A. The
20 -user notes, for example, that as expected, agent A sends out a request (Propose
message) to agent B to achieve J1 and another request {Propose message) to
agent C to achieve J2. Again, as expected agent B sends out a reguest to agent D
to achieve J12. Agent C however sends out no requests, although it had been
expected to send out three.
25 In a rerun of the scenario, using the micro tool to view the internals of
_agent C, it is noted from the trace of its coordination graph for job J2 that J2 was
"succéssfully decomposed into J21, ..-IZZ and J23, but the coordination process
~ failed when no candidate agents could be found to subcontract J22 to. Using the
control monitor tool to review the organisational relations and knowledge of agent
30" C, it is noted that no entries specifying agents that could achieve J22 were listed
“'in"agent C’s organisational knowledge-base — thus, an entry is added to agent C’s

organisational knowledge-base to fix this ‘bug’.
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25 are provided to coll apse, expand, hide and show nodes of the various
graphs. The erent | ayouts are inportant especiallypipRBodinesy W.th
t he nessagi ng P@gﬂ%f?e of the tool, because they allow the user to
readily see the organi sati onal structur e, f t he agents and how

coordi nation proceeds within that structure. This allows him

65 or her to identify bugs either in the way in which the agents are
organi sed, or in  Thet preblemniseagaim rathn @hdc this dimeatdagent Py IRPOEESSURFRSS B t he
or gani sati on. n BOfaAlRYbR R%REdequat
necessarily p6'§g‘¢?§§%%ﬂ§ ?au*‘ acfsos(‘gitt“uer se&?ew %fgtiga%?rgam sat i onal ster Sgteur e.
It is the respsogices Whery itafied tueatswvwsfomw sykpartpfithe i9%r at e | ocal

| nformation returnggby thehr%gé\gse{%toﬁ i) 3r&uf, éih'eQEéJ ndte€ thHt GolRfwikdSuccesstul

or gani sati on. es bet ween agents can be col our-coded (for
easy Vi sual8 sptoblen) dbgompos1ttoy|pecr08§ the sadietycgernss Exdss@gnd Cnswssessidivour ,

or by content atafteg an& W&ﬁ?ﬂ&ﬁm their Q@ﬁée@ib@ Is(ihattd cﬂtl@@fob' Q-lﬂvé’é’vei' QGigeht) One

colour. In ad et 00l upports the 10 filtering ges before
di spl ay. I\/Ess&g@éedwaw\'ﬁlﬂt?emhby tyrafused 'ihécfé‘i"&?%Pf agent BtSPp %\‘ﬁ ectnt ent .
For exanpl e, éH{uﬁ{ HaP bt Q&nwtacﬁfeaggz "show only counter- propose
nessages [type ter fromthe set- of agents . der filter] to.th

set of agents .Th§ P%l'ﬁ"@ﬁi‘hef sqep@rfo a’é’o&ﬁfﬁ t}‘%B"L"’ t°f"c'8rﬂ"8'?ﬁ°rf PRtPy -

These feat y§egnb Motibds MafD succekBhing Gitdig M2 Bld @Wrrsgoﬂshebmse Uo2fracist i n on
the particular nessages of interest, 15 Further onmbi n W { h

of f-1ine repl & its liptated Beocassop, img;(ipdicated kY ﬂhﬁ’fgﬁ/ﬁfﬁ" '“°"ﬁ$' '38%saﬂ%)de-£he

(di scussed nexbaroltMENitadRi© Yik6tE tmodite e befthitiungoil J12 ttodricrease its estimated As
mentioned earlier, the society tool also provides facilities for the
storage in a d‘&?ﬁ'&‘&se for | ater playback of the nessages sent and received
by the agent s. msanaﬂemm réruni andsthisatimé evergthinoduns tycampietiafe and/ or

replay to 1/|egte Ozgé!t %\(e(i\'?' 5k ?Wﬁa@f h:-idn{lﬁﬁ %%xecﬁ@%ﬁ%r&ﬁﬁ:b& ithé €S

support th er to review the nmessages in
forward or rewmoageontmhes (ie nhsmasglbodzm Wfongh/MP'bﬁd’or'"aWsrrﬁﬁsédtheF@H“her

because the Mesagioe ! fxshUay| 2 rdh bl & 1B the 1 BRRF Al HE & 6o

make nor nmal (eg el atl ona ase type queries on stored
nessages, e. grevlmmi aechgormasteshges di d Agent A send out regar di ng Job

In a different fault scenario using the same arrangement of agents as

20 < shown in Figure 8, the statistics tool may instead show that agent C.in fact sends
. out two requests (Propose messages) in respect of the J2 task, although three

" requests would be expected. It is now possible to form the hypothesis that the
cause of failure is located in agent C, probably due to one or both of the following:

25 i) - an error in the specification of the J2 task. The task specification is
expected to be {J21,J22,J23}= {J2}, that is, given-J21, J22 and J23
then J2 can be produced. If there is an error in the specification, for
example {J29,J22,J23}={J2} instead, then there would arise two
Propose messages sent out for.jobs J22 and J23, but no equivalent

30 - . Propose message for J29. Agent C will not send out a Propose message
for job J29 since it doesn't know of any other agent that can produce
J29;

()] an error in a specification in the aquaintance database of agent C.

Assuming the task is properly specified, then the most likely reason why

~
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25 21". The video repl ay facilities wwth nmessage filters and the database

query Sup oré{%sghgni ficantly enhance the debugging eff Or}ﬁPEnﬁsldi%r
a

all owi ng him P

to focus-in or out and dynam cally change
perspectives while trying to nake sense of the interactions between the
agents. In the graphi cal useh interface shown in Fi gure 12, it

I's possible to see the 30 |ayout of agents 1200 in the supply chain

provi si oni ng Scenamé)mdewdobe%eam\«.@vas not seht wtewdn.&d be tdnce meorel thdbwo ar e
| ayout and view controls 12 ar _buttons

control video- styl 898%dp diste f'"nig§§'a s arintance base ctgﬂm? e? Ei"e[:flog"t?i&%30 and

a pop-up nmenu 1240 weOimird §b.t he position and visibili ty of the agent
i cons.

The actual storage T8¢ oye@l fygathesis that the failuze fies in ageqt ﬁe%fnbge gieoneﬂnednla' a
link to a datfebaxamplepginggthet micae ctoslefodi vigwing nhe ipteonads offagent GresfxMges to
be stored. Retriev

Thi's arr angerfB§iEnce: it rmaglgv ron% eeudﬁ'?IIthg wedok 6 c'gad?&ﬁﬁtlonaéj{gﬁll thdihgkRYEr Se.

I"e "approach since any proprietary
dat abase systcnld aot lplanuesedo-oﬁdusaterphy dyywtitlﬁs @h¢ zctivijes inveived I8 42.atwar d

proxy which und r St @Hg kgTuni cat es I n the agent conmuni cation
| anguage. gmgg%je ﬂ&ceé orts Tool 10 In a coll aborative nulti- agent

set-up, generally |Regar§lﬂ9hmebbmm§e$ (i fandhii).sHhej eangroh gool cany bgiised 10
the combined J dﬂuﬁﬁ"%éﬁ“"%e &QE tvaaan ms&e'o?abmt #thatl GoReée, tiNAt

of an indiVvi 'Pg/ rob emin debug mul ti-agent systens
ari ses f r Jiminated.f atq cenfirm b‘é&qﬁh%&eh‘i theosantrak Ic;?“abel yied fo, diseethyr t he

probl em sol vi ﬁglew th eJqLQHan% dEﬂSas%O&f' feMt Cléhecking all spedifi€dlion§ edlating oy

knows about job 3 J whi ch _have-been al |l ocat ed

J21 J22 and 23 (by browsing through the aquamtance database of agent C
using a task browser window of the control tool).

.15 Alternatively, .if the aquaintance database is large, it is possible to use the
society tool to review the messages sent out by agent C. it might be discovered
that agent C sent out messages.to agents F and G to perform jobs J22 and J23
respectively. Now it is reasonably certain that the failure to perform job J was due
to a specification error in the aquaintance database of agent C, regarding J 21 (the

20 goal) and agent E. This can be confirmed by using the control tool to review and
modify the aquaintance database of agent C.

It should be noted that the suite of tools described above cannot detect
every possible cause of failure in a multiagent system it is used to monitor but it
makes the debugging task immeasurably easier.

25 Although described in relation to the particular CABS multiagent system
described above, one or more of the debugging tools could easily be used with
other multiagent systems, based on different architectures, agents, relationships
and languages. [t would simply be necessary that the agents of the debugging
tool(s) and of the muitiagent system being debugged were able to understand

30 - messages and other information, such as task specifications, in the same way so
that the debugging todl(s) could understand what the messages concerned and

could review and amend the other information.
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to and/or by it. No single agent holds data for the over aII br eakdown and

the state t he j obs. : For exanpl e, ﬂﬁé
produce a conﬁ’%’ 5g9é‘gent C m ght contract out part of t%’r b%qo P
to provide a laser printer. P in turn, ght del egate part of its 20

contract to T to provide a toner cartridd Because of the autonony of the
i ndi vidual agents, Cis only aware of the part of the task it is schedul ed

to perform a%ﬁ&aﬁn&ﬁé 1‘of ltﬁe s&e&ﬁtaﬁw&om&mt& fedi ih r@ﬁﬂ&h R& alwisgar e of
t he part del egat ed P Us, a usei_% Vi ew n one of the
agents in iso™ag¢ gh "@@f‘ggeé‘ﬁ sV?FEB’ﬁpIFé‘f é"sm”ce' Bihes been SY ﬁﬂ BatiewesBI vi ng

effort of thewneqsiicilikg aslicatidnst or exarrpl e Creports a 25 fal lure to perform
the task, the user will be unabl #rm‘s a{aﬁi det. e&&q& forI

i nstance, that w@vrf'ganaggmgrgaap ‘8“ YP[ViNEe! {,a9eniR 42 YEUehE FraYYl mpnpger
provide t hEﬁl ageglﬂli\egomi Wmtlgentas afr&iqe;eeér,ecl'ahyariaf taxi reser\;]atlo? agﬁfﬁbeto
Reports Tool is able to.re data from each of the

agents, col | at e9§e" &R A" B §?'atralt}?5§??§'ﬁg' o5 appl i es the al gorithm
set out 30 beb oavtéleconrhligitationk metiedri mrﬁggaemr&npﬁcaiuohumhh m?mgems, Hedech can
}?21? grlr)?ng to Fi g% zenénqgolllna rﬂeltwgﬁkgmgé‘%na?{ P’ foyt g&bv@ ng)'l vg'ﬁ otg}égk:ngnt A
may be split upfarniserssubprotids dppligatibrythevteporty taolewa$ Ivewaeaiv tcgstagésedstoB and

C r eS‘R?Ct ' ¥|prXrt a%mbr%nt JlgplW%rlfnu{ &)IP ?ésktuaecérm)&stxtxdnnérgprgsz %nd J22, J23 and

all ocated to 67
ot her agents £, arF elastrotic commpess aoplipgtionawheren agenss jhuy apd reell BIaods aandi ng

responsi bility fQuicgs S8Ry Uhreldrk %tl?t’idrpmthﬂgs a ﬁ‘&bhﬂ;ﬁcgﬂoglnbglv@tg%o

The inportant thing is to ensure each top level job, 'such as as a

uni que i denti fi &P0 vagRRts $imulianesusly etfomnos 'P?“Vsd'lf)fetﬁﬁ% tegksel ageﬁbatﬁowg et c)

of this 5 top-|gydig o indi8hgedCh\e/gahiCdas Eabentiafin aﬁ&rr&addnh@ tRéGReRefits DY
nmeans of the comm tment table of Figure 9 and as a result of decisions

by the co- b di nBRENGA" the agéRti-ne and reasoni ng system 210. So when Agent A
splits a job havi ngarttaghidiffe2ént languages dndiiardvedre alay wéll Befbudd aggtepridté ocat es
themto ot her a\gaen%;[.uss b»rc:.[ur:]t?s gnc%g,he(anl;bo%gn ntts of the present invention can be
implemented entirely in the Java programming language and run on Unix, for
instance Solaris, and Windows NT workstations.

20 -

hi
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maintain the identifier "J", even when they thenselves further split the

subjobs 10 ( tc) into yet further subjobs and all oca hemto yet
Ygousssd Refibior . 1°

ot her agents. that a subjob "J1" has added its own

in addition to "J" to trace where it originates fromif it gets further
deconposed, and this applies when a d8bj ob such as "J1" gets further
deconposed into "J11" and "J1 2". In this case, bot h—i-dentift+ers—J—

and "1" have been retained. 15 Thus, using a root [ ot
and parent-child links, the report -tool can graph a ql' ﬂ ﬂmu‘iﬂ
deconposition across the society. In f@&AMSthe sane Loityl Ssused

In the society tool to col our-code nessages by goals. Hence,
the algorithmof the Reports tool for processing the data (retrieved
fromall the agents) is as follows: 20 i) for sonme Agent "A", select a

j ob/ goal aveed, by tAModa@efat use in a software systéth foredigtribi@d BhwdIEmbARSHAHGf | er

for the goal, f&r exara:él-e g |||2) do a search to.retrieve all

ot her | obs/ godN¥/oymanadement pha processr apparatus, the modulg, gorpprisifgy, ot h the

j obs/goals and their relationships (with respect to the

sel ected goal ,J"); 25 iv) . CGaph the relationshi (and states), as
shown in Fi guf’g 7. &otnmlnidation riaans fcgmwagaﬁi“ﬂtht%ﬁﬂisé’ ’eif"°§ﬂ%§'i der the
scenari o Wit hiitthr ecexagetable saftwBre for use mngb-drdinhtingowitl otiied spRwh@ Wbdulgpb, J1
say, Agent m ght del e . bpar J1 1 of .this job to ent B,
who in tur1noAdeI egat 'ggh%gg'%‘gﬁ’grc{w?%ﬂﬁfg gﬂocﬁefltotrgsqg&yﬁ s‘%"{'a\gﬁ m‘ﬁ@@%mse of

t he autonony of theandndi vi dual agents, Agent Ais only aware of the

subpart of Jlgat is e fo d Jl 1) it
del egated to i Agaeagg%?wle't &réecrgrea%%ﬁté aanag;wat?ge '5§b§%®£{ég%g?4mtw’sl 11)

del egat ed by Agent iBcludingdieetdata indigatirkhiask execution timeemi ng any one of the
agent's i n i sokahindihufthaednlRiNG'sBh&iujing me ving
effort of the soci etuy. So if;"%oirﬁgesxanﬁ,'%g, mﬁ%@lﬁﬁ%’%ghg& oRleBaHaR A

68 15 least one of said task definitions, including said time data for the respective task

definition or definitions.

2. A module according to claim 1 in-which the scheduling means can be uéed
by the software system for allocating tasks amongst a plurality of modules during

20 control, monitoring and/or management of a process or apparatus.

3. A module according 1o either one of the preceding claims wherein the

scheduling means for one module may store data from more than one task

definition, ordering the data so as to determine the order in which, in use of the
25 system, the module will control or carry out the relevant task.

4, A module according to Claim 3 wherein the scheduling means may store

the task data together with an indicator of status selected from at least two

alternative statuses such as “tentative” and “firm”, said indicator of-status

30 determining a mode in which the scheduler deals with the relevant task data.

5. A module according to Claim 4 wherein the scheduler operates a time-out

in relation to task data having one of said indicators of status, after which the data

-
-
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reports a failure to performJ1l, the user will be unable to i medi ately

det er m ne, oklng at Agent A that the root cause oﬁ%? ure
was because Aﬁgﬁ¥m%? failed to achieve J111. éaﬁgﬁg%%s t 00
provi des a gl obal view of problemsolving in a society of 5 agents and is
useful both as a debugging and an adm niStrative tool. It allows a user
to select a set of agents and request that they report the status of al
their ] Ot?é d&l&eutby tNEXEhedulee, JABRK chiiibe Sodratitten by agbsRhuert inctinengst and a
j ob owned by t agent. (An-agent owns a job if it is scheduled-to
perforn1the14ﬂ?cw subpart at a root node in a task deconposition

hi erarchy for the job.) For the selection of agent 10 and job, the reports
tool generates the GANIT chart, t r p 700 of Fi owi ng the
deconposi ti o560 &M ‘éeFBW’é'P?ligg‘aﬂB% Tesgin e § hggﬁé{r)lﬁs"tz? (Ben §’h

subparts tg OBJeftﬁfoE Pésoaf28 by statingluatcivomumare yhaname taﬂedefeitwasﬁld datat es of
the job X her e shown
on the chart, Stg"dl%‘“%%p%{gg Hive .t °8§ {se{'pgérll %"ggglté{:gaé* {ggmgrgg g;e re?%%%jt s part,
their costs, the priority 15 aSS|gned to them by the agents, and the

resour ces they require. Referring to Figure 13 and returning to
the "MakeConputer" task ment i oned above, the GANTT chart 700 m ght be
di spl ayed on screen wth sel ect.ion boxes for selecting the agent and
task to ook at. As shown, the sel ection boxes 13 -4+310 have. been
used to select task "MikeConputer" for 20 -age 1300 T chart
700 shows the deconposition of the " MakeCo ﬁﬁaﬁ

MakeToner Cartri dge (Agent T) 1315, MakeMonitor nﬁ‘“ 1325, -MakeCPU
(Agent U) 1320 and MakePrinter (Agent P) 1316. T Task St at us Key

1335 shows by col our coding (not-visible in Figure-13) that the

MakeToner Cartri.dge and. MakeMoni-tor.tasks 1315, 1325 are running, the 25
MakeCPU task 1320 is conpleted and the MakePrinter and MakeConputer tasks
1316, 1300 are waiting. A di al ogue box 1330 has been brought up to show

details of the MakeTonerCartridge task 1315. : The reports too
therefore needs access for instance to the task deconposi ti ons 560 and
to the conm tnent dat abase 245 in each agent. 30 As mentioned, the
job graph created by the-reports tool -al so shows the current status of
each subpart of the job, i.e. either waiting, running, conpleted or

failed. Thus fromthe graph'a user is |nned|ately abl-e to determ ne the
overal I status of a job, -and if the job fails where exactly it did so-

whi ch obvi ously aids

——
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69 t he debugging effort. For easy visualisation, the different states
of a job can be col our-coded in the graph. 9ure 7 as a
whol e shows ava®MmEsMeport 700 for job J1 owned by Agent CR/GBARA23 T bpar t
J111 (Agent E) has failed, while J12 (Agen2 C) is running and J13 5
(Agent D) is conpleted. J1 1 (Agent B) and J1 (Agent A) are waiting, but

because of the failure to achieve J111 wll both fail unless action is
taken to achieve J1 1 1 i n some other way. . The tool also
provides the user with facilities fqgL.col Lapsing/expanding sections of
t he- graph and h di ng/ show ng nodes a:lgﬂg,raph - this is inportant in 10
deal i ng mnth §¥y | arge graph since it allows a user to focus-in on the
regions of ’I——Tnterest, reducing too nuch detdil which m ght hinder the
debuggi ng effort. he al gorithm fory, ensuring the correct
integration of task descripgtidns into graplis relies on tw facts:
first, theyagent on which tlhe goal is i 'osate assigns a systemw de
uni que idehtifier to the gdal th popqgat qd down the task 15
deconpositjon hierarchy of {the ngaammpn, whenever an agent deconposes a
task into >ubtasks 135 createsluni AGENTent f|e|rs for the 155|btask51$2d
records thg Wi th l(smraga)en 3 t his..hdppe or
not ot her t Mre—=rt 4118ys, Usng thelroot oo

i dentifier| | i ks, Erg epor |  togyTa raph t he“gl obal
task decompoST algoss the socie\ Fg-l n flactl, the/20__same mechanisNis
used in thg meete goh t o] collealr i agds b ;-.59.)EXTEthNLsa 3
mechani sm &l sowgdaqggért e dj splwradhs prer ei n t SMSTEM
deconposi tidn graphs ard 11 hked—y—ome—or—dd8 k asky 185 s happens whe

si de el fle ask | n Cné‘i, hoshi £ i "o,o 70re utilised in
anot her. i | |rT Emfrdbcrety ool , t~é'repor 1I®ol Al so
supports ohl glof b5 re andwidil des™ th a dapdbdse (Hpd—+ten
subsequentlo f-I repI ay. o3 Heeq M cr o-~Tool

Referring i t he| mi dr ONETWORKows _arUser to selecl a si e 30
agent, Agemnt C as , anf=Tgvi AGENT BrodEssj ng by lookingl at if
current dafta and at the| medsaRandwidin) sk nty and receijed by diffefent
conmponent s 1of _the _ _agentl ForTImramas—oi s ght | ook bt AGENTaX: |en
nmessages for a selected o 120 .

Fig.4. o
communications with
other agents

Coordmatron Layer

Organisation Layer

Definition Layer

effectors sensors .

SUBSTITUTE SHEET ( rule 26 )



conponent. Looking at threads in the mailbox, it mght review nmessages

under construction to

go out, or nessages recently received. |t can

request to s¥O99/055%4 PCTIGBI8/2337

1. "Message in queue" 1400: nost recent /ma2sages received and still to be
deal t W th; 2. "Message out queue" 1405: nessages to be
sent out; 5 3_.)Message handl er summary" ~1410: g sunpnary of the actions
taken in Flg_ﬁ.response to incom ng_nessages, for exanplle, to what
nodul e of the haq t he fressage been di spqtchqd for
detail ed processing; . ' I bn grqpigm{lzﬂ,l& vijsualfl y depi gt s
the dynam c state of ecut the co-ordinatign i SO
as to visualise the priogré¢ sation 10 off I

Where there are nul ti
the user can select a

e (gos re~agent 15 1Tyl NG L0 _ achi eve,
particular one in order to Wsualise its
progress. As each node Tnhe 'S ru gﬁ I't shdqws JGREEN

If that node fails, it
a diary detailing the

per form ng, —argt. fhac U
runni ng, com@@ggg
task whi ch has Tal IPe

exanpl e, results expec
too late), or it mght

. A
because it over-ran its sched

|
"Execgﬁﬁ ¥oni t or symary" 1425:
—coAnijttdqd itself to

wai ting,

te la
ceq

(for
e or arrive
as been stopped 20

1 L
T ©U

U N0 d
Hocat o [ pTrote tinme; 6.
"Resource dat abase sunmary" 1§430: @kﬁﬁﬁg9l§énqhﬁeres urces the agent

manages. It al so shows whi

whom and 7. "Commitnment table" 143¢: visual depi

ch are free, I ch have been abl cated, and to
of how tasks

have been schedul ed. 253'@'8@{‘3@%%%9{"% gﬂse%@g%{rﬁﬁfgﬁgﬁg resul tsf;)f

noni toring executing ta
execution; eg|the nonitpr

m ght i ngfate a tasky which
- 255

/250

Execution Monitor

. Co-érdinﬁtion
rap
Database C _\1
1 215 |Acquaintance
] Mode!
Planner & Scheduler

240

245 /220 N—

3
Commitment
Database

\__—_-/'\

230 | Task/Plan
\

Database Resource

Ontol
Database Dar}abc;gsye

240

External
Systems
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has failed to start because of inadequate resources or it mght flag an
executing task which has been stopped because it overran its schedul ed
al | ocation of WPP8¥%%or time. As shown, Agent Cis firmy cBRFGBIE2Yo 30

the task MakeConputer at tinme 4. 3/ 12 The mcro tool provides a
user with a finer |ook at the internal processing of an agent and has
obvi ous debuggi ng potential. For exanple, the flagging of executing

t asks whi ch have been stopped because they over-ran their all ocated

71 processor time mght indi-cate to a user that he or she .
under esti mat ed .t he anount of ti ed to run those tasks. (It is
assuned t hat users/developers prOV|33:5

E%h ,Lconservative estimte of the

processor ti ach task, |ch S used by the agent in

schedul i ng As anot her | e, by | ooking at
the current\state of the coor di pdt i on pripcess tor ajjob (fromthe
gr aphi cal »o0T dijnat i on progess Asefl 350 M ght be able
to infer, [ why the jlog78@as rejdfte m he nt. Since
each node qf 1 i ndi cat4p a gartlcu r state of the
process, t Ralaté&r&sfw Qi‘t?o gn t he grapi=mforms—ti user of nost of
all there i} TURTTOW aDOUT t hye c or di naptremof—ttrat—{ ob. For i nstance,
froma trade, 7ok BH ob-0, say, fai\ed because it
required c A?ﬂ%feéﬁﬂkgeéﬂﬂﬂ} he agent drd not ave, further, the
agent coul d noT— T Tmd—any Urner ent that could provijde the resource
within the fdqui rgg %%ﬁ p30@ost and other cgpstraints. f:m 5.4
The Control ﬁbnlt It all ogsgf] 1uiiuwﬁug
functi ons: e " .
e ons - 380 : Agent Definition Editor
~ APl Library
; 385 355_
315 [~ - FactVariable Editor
Ill D . 370 .
Standard - || ,Code <: Constraints Editor
Agents . Generator |
\\\.___; ____,—’}.'_, S - A - ,
: _ Organisation Editor
330 |
1. Co-ordination Editor
335 :
v “~~1- Task Description Editor
390
B Scripts 340 .
S~ Ontology Editor
360 - —
Code Generation Editor
365
- Summary Task Editor

. Distributed
Multi-Agent
System
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Browse-t hrough 20 Add Modi fy Del et e These functions
act on curren&mgﬁﬁéé jobs, resources, tasks, organisational 25 rel ations
and know edge, Y-ordination strategies. Ot her functionBCT/RBIYRB?

Suspend (j obs or agents) resumed4 (yob2 or agents) Kill

(agents) 30 These latter three are done by sendi ng request

nessages to these agents with the contents being the ﬁgove (e.g. a
tho?P gain works in

suspensi on notice). THe %L D
relation to single agents. It - g%@gégiﬁﬁﬁgﬁ?h e Fersion of the .
original CABS agent-building capablllt

72 Th Sas | nonitor

of interest and rodSe-t hrough, add, nodgfy or delete its current jobs,
resources, tasks, or gani sati onal ' ow edge, and

coordi nation strategies. Further, t shispend or resune j obs,
and al so suspend, resune or even Ki 3 cility is also

provi ded for the user to tune various par n agent such as

how long it waits for replies from ot hg = ore assuming a null

response, or how t he agent shoul d spllt ijts time between performng
tasks it has al ready commtted nd co\rdinatino‘nqufasks. Because
different nulti-agent systens ' _/
Agent Definition
53?\ + o L + /535
) \ 4
Facts - j Tasks
Agent Organisation
T — i \-505
... ¥ . 355 l . . 545
Vanle e[ |
~ variable | | Relations
_Editor _ Variables
5407 ¢
Agent co-ordination j 0
strategy specification
520 i
- ™~ Task Definition }«—
- l . fe=
' '_ _ | Decompositions
Variables Calibacks
\560
550/ 555/ J
Summary Task
525\ Domain-specific problem Editor

solving code production”
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or applications may use different ontol ogies or data dictionaries to
specify data 10 itens, this tool allows users to |oad an ontol o dat abase
260 defi ni ngMOM8/05584 ont ol ogy of their specific system or gﬁﬁﬁ”@%ﬁ’ '
The control nonitor tool is useful insdebupgi ng and/ or anal ysing the

behavi our of a society of agents by allowing a user to dynamcally

reconfigure the soci ety and anal yse its subsequent behaviour. This is
useful when testing 15 hypot heses. The user can use it to study the effects
of various changes on agents: constitution, organisational relati.ons,
co-ordi nati on behaviour etc. For exa an agent mght, contrary to
expectations, consistently reject a Fgg ép whi ch it has adequate
know how (task) but |a the require &sour ces al tho there are

n J’\rnrhmn therag

F esources. 20
and resources of

ot her agents in the so

Usi ng the control noni
t he agent, a user
know how but | ac

e resources. Checking the agent'§ |ist of

for exanpl e, indi t he agent does
y to subcontract t he pnoduction of the
required resources Rgents in the set-up. Sfnce 25 he agent
rejects the job thq \hat either
(A) ‘the agent is awar e of ot\ner agents in the sqgCiety that cgn pr oduce

t he requi red/r esource, (B) the tinme-out pgriod that the, agent waits
for acceptance after sendi'Rg out ] ob reques

m ght be le

whet her or .
t hrough t he\orgaaisati onal rel gai4
confirmor refute hypornesis (A, and agaln u3|ng this
the agent's wait- acceptance time-out mght confirmor r

to i ncrease
e hypot hesi s

(B). ~ ~Other tools.suchas the mcro or society tool mght also
be used in tandem with the control nonitor tool to investigate these
hypot heses. Using the society
73 tool, for-instance, the user m ght observe the agent sending out
j ob request nmessages - refuting hypothesis (A); and using the mcro
tool the user m ght observe that 'in the coordination trace for the job,
t he agent progresses past the F:iSJ 77 o
‘(,.700
Agent. E Agent B
Job: J111 3 Job:  J11.
State: Failed State: Waiting
Agent. C Agent A
Job:.. Ji12 Job: J1
State: Running . State: Waiting

Agent. D
Job: J13
State: Completed
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mait-acCeptance node before replies to its job request nessages are

recei ved - conflrnlng hypot hesi s (B). A browser w ndow for
the control P‘(ﬂﬁ’ "%?dht for instance allow a user to r e FOTEBS 2 s e,
add, delete and/or nodify the task spacifikati ons of agents in a .
society. Such a w ndow m ght show |ist boxes for the agents in the society,
t he set of tasks of the current selected agent, and the status of the
selected task. A 10 text area m ght show the specification of the current
sel ected task. "Mdify" and *Add" buttons mght |aunch a task
specification editor through which an existing task specification may
be nodified or .a new task defi ned. Bnﬁ Eﬁus of the tasks are set to
OK when, as far as the tool is ar Eje *ask definition in the tool is

t he sane as that in the rel gvant agent's task database. A staus val ue
of UNKNOMWN 15 indicates that tWie user has nodified the task specification

but, so far, the agent - has not Jyet returned acknow edgenent of receipt
of the new specification. A The control tool is useful in
h

debuggi ng and/ or anal ysi ng e behalvi our of a soci ety of agents by
allowing a user to dygan catTy recomNguw2e the society and anal yse its
subsequent behavi out at is, it allows™wag agent systemto be 20
redefined a L ne The strengtr-p—the control tool lies in
the use of hig Ie el messages in conmu |cq§ion perhaps KQW and its
rel ated | anpua HWin hi gh- | evel mesgage ngw speci fications of
what ever beka '- can be sent to an agent &gk t is the agent's
function to interpret the specification intg’the rengvant 25.

functionality. |1f one were to use objectTevel |nessa ch dynamism is
i medi ately 1 osf412an anal ogy is .the ¥&Lefion bet weeMN\{#® er pr.et ed

| anguages spch as Prol og and LispZthat provijde dynam c™edefinition of
program behavi gr and conpi | egA anguages su as C+ + a Fortran that
do not. Because [T erepnt nmul ti stem a gns nmay
use differept 3§ optol ogieg orgdatg dictior speci f ens, .
this tool aflows user to | odd ah ontol ogy dat abgse defi

ont ol ogy of e TsSpeci fic app ati on. The. Sta Too

Fig.9...

905 905

245
| s e X
processor 0 riSub-task CEli Task A% | <900
processor 1 BE 7Sub-task B . =900
processor 2 |
processor 3
processor 4

0 1. 2 3 4 5 6 7 8 9

current-time ) | cumrenttime

+
plan-ahead
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74 Referring to Figure 15, this tool allows a user to collate
various statistics about a society of agents on a per agent basis as
well as on a VOMEMT4y basis. The statistics collected PEHEBIFW@ZITUde"
for instance, but are not limted to: 7 /512(a) the nunber of messages and
their types sent by the agents over a tine period, (b) the nunber of
nmessages sent by the agents in coordinating different jobs; (c) the
average | oading of the agents, i.e. the proportion of tine agents spend
actual l'y executing tasks; and - ((d) the coordination versus execution
time ratio, i.e. hOManCh time is spent 10 coordinating tasks as opposed
to actually running them Statistics such as these are
particularly useful in debugging or fine-tuning t he perfornmance of a
soci ety of agents. For exanple, using the control nonitor tool and the
statistics tool, a user is better able to answer questions such as "what 15
organi sati onal structuring, and di rSTtEFIﬁt 1(0 of task and coordi nation
know how best mninmses the ti J nt oordlna%“pg j obs and nmaxi m ses
the tine spent executing them (i.e. increasi e profitability of the
society)". If the agents in the ociety Iearn from experience, the
statistics tool becomes eve erur 11 assesst gt he performance
of different 20 such as the

aver age nunber of - /qr the
coordi nation versu dti o can serve as per quPnce netrics
for nmeasuri ng The p } ar screen

qf tranaélbox

shown in Figure 15 gengr dted 1500 by the
princi pal agents U i eving the goal 25 keConmput er. As
expected fromthe 1 1 ] 13, Agent C

sends out three ac
The reply nessages.
managenent) di al og

TOO—stowr—TmFrgur
e Agent P only thrd
t|at|dweaaag@ost n
he t ool Mel’suppori

one.
lation (task
ifferent display

formats, such as h line, or xy-scatte raph formats for
the display of stajfi of 1 or mat TS fu 3 1 et erm nabl e,
using tool bar butt the{e-arexfre spec*%i defaul ts
formats for the vaf Simlafly to the society
and report toals, suppokauncher '
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dat abase saving and vi deo-style replay of agent statistics. For generality,
only raw 75 (as
opposed to pWRVOERY) agent data is saved onto database, tRGICEIHOBI Ly pack,
any relevant statistic can be recreaté&d./ 12 5.6 An Ext ended Exanpl e
5 Returning to Figure 8, while each tool described above is
useful as a debuggi ng aid when used in isolation, when used in
conmbi nation with the other tools they provide even greater debugging
and anal ysi s support by giving t-he user a nmulti-perspective vi ewpoi nt
of the agents' behaviour. By way of illustration, an 10 extended exanpl e of
using different tools to assess different aspects of agents' behavi our
in a debugging problemis describeoﬁqggonwl Consi der a
mul ti-agent society conprising seve ents *A-G as shown in Fi gure 8.
The user bel i ewe hat the agen ave been gsermfigured such '
p posit i onNof the jobsgcro s the goci
U1 tpaget B, ©92

gl ven

proceed as
D etc. Howe
pl anni ng out thg | ob.

for exanple usefthe society tool
vi deo-styl e pl 2hack and filter facilitie

m ght

agent C to achrewgg J2. Agai

agent D to achieve J1 2.

al though it had bgen expect &d to/send ln _a rerun
of the scenario, 4sing the mcrg tog of agent C
it is noted fromtlhe trace of - Qpor df nati on graph fgr j bb" J85t hat) J2 was
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successful ly deconposed into J21, J22 and J23, but the coordination process
fail ed when no candi date agents could be found to subcontract. J22 to. Usin

t he cont r'v0 92485894t or t ool

to review the or gani sati ona

r BEHEPBNEBI g

know edge of agent 30 C, it is notedg hatino entries specifying agents
that could achieve J22 were |isted

know edge- base’ - t hus,
knomﬁedge bﬂsa_

SUCCESS I n

failure due fo
its subpart pf
user notes that
society, agepts
conpl etion thei
failed to achie

achieve J1 §
user rerun¥

She noticesVng

ran out
noni t or ness

of J12 to ing¢

again rerun,
Al ternativel y
wrong out put 4
mcro t O¢
w ll have to
fault scenari
8, the stati s
two requests
request s woul
t he

an entry is added to agent C's org

In agent C s organi sati onal

ani sati onal

task across the soci ety but}H

esources when it tried to aqdty

2 Using the reports tool,

g [suscgssful 5 probl em deconpositign

blanid C qudcessful |y

tti ve subpégts of the job. However, qge
b—hn Nurn caused the failure of

of agent A to achi eve J.

es the mcro tool

starts J12 but

noni t or

>

started and

-t 1} >

gd—fﬁ”

—

) \7hE| sk
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cause of failure is | ocated in agent C, probably due to one or both of the

fol | ow ng: 25 éﬁi) an error in the specification of the J2 task. The
task specifi B398 s expected to be {J21, J22F§YEPBIELY)  {nat
is, given- J21, J22 and J23 10 / then J2 can be produced. If there
is an error in the specification, for - o exanpl e
{J29,J22,323)=(J2) instead, then there woul dg«ise two Pr opose

messages sent out for jobs J22 and J23. _but o eouivalont 20
Propose nmesdage fﬁb_r J2|§. Agent Cwill not send qut a Propoge massagle-

for job J29|sinc@iii_ddesn't know of_any other can produge
J29; - (ifi) % h riror in a speki ‘ i ht ance daf abase
of agent C. SpssuTTTyg thg Cified, then the
nost |ikely |redsof S o =)
77 tlhe thlr&l B opoge e woul d bp (once
more) that ro A agept its ISPk i nt ance flat abase
capabl e of gerflor mind o‘g_ the The ovgral |
hypot hesi s t|hat th=nfég uregges in 1 by, 5 ffr
exanpl e, usijng |t he b tlogEor v% agent C. |For
I nstance, it] mjght nptgd framit hpg tion graph that
agent C coldrdépar (ﬁ"@)-oruh' e activitgies
i nvol ved in 2,1 t dosi B i ng Regqr di ng
t he hypot hesfes (i) ﬁ i © cambeUs o 10 remptel y
revi ew t he tjask| spgetsfq cati agent C. If that]is correg¢t, (i)
S el i mpatged. T& Lonf ii), the control |tool can|be used
to directly I e @ aquai nf an Sg. o1 _apent C{ checking all
specificatioh%t [ el [t Wh =4 8 J2i, | 2:%(by br owsi §g t hrough the
aquai nt ance [d&t pbaqe—ed er-g C L%i ng tag br opyser wijndow of fhe
control toolp 2 g aﬁ 5 2o %%
?1:" < égn. 255 ===
5 e P o
g %85 | | 285 | | 883
@ | o =O< FO< FO<
= .
3 el T g/ g/
> o 2 o
5|29 | &
S E.,, -
ool | 8 8
5 £3 N
a =20+
s||%¢ =g ||
w8 o (2]
3 832 ||°
I
%
™~ 7)) §
g NI 2l 3
o||%*il - N = % 8 o8 o
AIEEN P N El 5 Gl EBE
o | [ F ol |DE+al|E \E\ w| = g'%a
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Fig.18.
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15 . Alternatively, if the aquaintance database is large, it is

possible to use the society tool to review the nessage t by
agent C. |t WOMO58¢ di scovered t hat agent C sent out %{5%@%3@@%1)
agents F and Gto performjobs J22 apd 223 respectively. Nowit is
reasonably certain that the failure to performjokJ was due to a -
specification error t he aquai ntance dat abasiu(o@ﬁgent C, regarding J 21
(the 20 goal) and a§e E. This can be confirnddihy

11ci nc +t ha ~AnNt 'Ol tool
to review afa nmodi Ay the aquai ntance dat ab :
It should bg ndt®q tha suite of t nt dpt ect -
every possiljl e c%gse G ¢ 4l a, e t D
noni tor but {it oI okt 2%
Al t hough dedcrilbed B ha{p Bagent| fy$tem
descri bed afjovg, ¢n& n:‘ 8 coul g Eagi | efused
with otther] mjl i K Hrent quec @ Beclluf ey,
agents, rel gtignshi B ugd t;si w BeSneflebsqry that
the agents df tlhe |d@dufoEng of( rﬁngi& nt $lykt ém bei ng
debugged werje abl § &3 Snfegst and lha rgr?_i%,, rmagiibn) such
as task speqififatfions__1pn the sd ;2 tthe—aebueat ool (s)
coul d under gt an at the messages concerned and could review gnd
amend the other] i I Qi 9
78 Enji®id 0 1 tarl be used in
relation to g Wd range of &1 ti\agent syste ~or] i nstance, ijt has
been eval uated | n pgrkicul ar th t He fol |l owi ng |lpppli dati ons: * a
travel managprmept pi@yic tieggﬂv viglg 17 agentsjl in{wich a travel
manager 5 apent Sipgopi atag\& fg:tel , air-li car], train and {t axi
reservation hgepts|t®| G SgeffdtElan itinerary tot g tlantfic trip
for a user; * p=2pl egolngdheAl ijors net work marjpgefreryt ayfhjijcatign with
27 agents. Here a t%ge o} ng network ;Fn\s negke g 1
Y. . =] N ! . .
provi sion viftudl JI% at Eeg\/@ﬁ( 3 for userlg} For plication
the report tp&|{wap gary"-‘egsﬂ'-l'wp tgﬂised to 10 sdlppbrt % H ergent
di splay formpt {or]|tQsk deconposifijon graphs; and E
' > — i
o
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é 8 oo
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iii) means for l'ecading, or providing access to, at least two different
col l aboration strategies to at |east one of said copies of said |oaded
nmodul e, for use by the respective coll aborative software agent in use

of the software system and 15 iv) means for generating the software
system conprising the coll aborative 3 software agents of ii)
and iii). 2. Software buil ding apparatus according to claim1,

wherein at | eggdorbi®al issues SUichs dedcplBH I6SAES WRSEMIBPOIIAS Idyiésiand  f er ent
data and/or software sets, the 20 data and/or software sets being

det er i ned DY cSAAACRANPIS B8N thelndhte “COOL oMY ik of the proaht

Software buil di'ng a s accor aim1l or clarm

the at |east pne collaborative sofivare modulie havind, bG35t aliiing and

strategies is capabl e of operating according to nore than one col | aboration
generating real agent-based control software for real applications, and goes

5 well beyond the general academic nature of the Toronto work.

A particular problem arises with “collaborative” agents. Collaborative
agents are a group of agents which co-operate with one another to co-ordinate
their activities ih performing a particular task. Such co-operation may be
necessary because know-how, resources or processing power may be

10 distributed across the environment or across the agents in the system. The

problem with collaborative agent systems is the need to co-ordinate their
activities in a problem-and context-depéndent manner.

An example of a collaborative égent system, used in this case in
communications network management, is described in international patent

15  application number W095/15635, in the name of the present applicant.

According to a first aspect of the invention, there is provided software
building apparatus, for building a software system for use in control, monitoring
and/or management of a process or apparatus, said apparatus comprising:

i) at least one software module,

20 ii) means for capturing data for loading to at least two copies of said
module, the loaded modules each comprising a collaborative
software agent for use in said software system,

iii)) means for loading, or providing access to, at least two different

collaboration strategies to at least one of said copies of said loaded
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strategy over the sane tine period, such that it operates according to at

| east two different strategies effectively in parallel. 5 4.
Sof t ware buil di ng apparatus according to any one of the preceding

clainms, wherein the software nodul e includes a coll aboration engine for use
by a coll aborative software agent, tke col | aboration engi ne being
darranged to process a coll aboration strategy. 10 5. Sof t war e

bui | di ng appar at us aCFrin‘aLé‘,goit %&b??ﬁ?ﬂfe%ﬁfi@é Eolgqﬁbrativgom\ha@%%ﬁritgﬁ' use

strategy conprises a graph’déescrip i ng

apparatus according to.glaimb5 V\,her%i n the graph descri ption
descri bes a set of stgf ' Sq BiP &n'tﬂp odes, and a set for arcs for 15
traversi ng between specified states, each node and each arc identifying at

| east one ¥} oce&reans for generating thespftware sysiemeomgpregipathe us
according to claim6 wherein the col | aboration engine is adapted to
run a col | aboration scoligbeggtive softwaredigants of Poandid).t ware system by
selecting a first node of the associated graph description,

5 This scheduling means can be used by the software system for allocating
tasks amongst a plurality of software modules during control, monitoring and/or
management of a process or apparatus.

The scheduling means for one software module may store data from
more than one task definition, ordering the data so as to determine the order in

10 which, in use of the system, the software module will control or carry out the
relevant task.

Advantageously, the scheduling means may store the task data together
with an indicator of status selected from at least two alternative statuses such
as “tentative” and “firm”. The indicator of status may be used by the scheduler

15 to determine modes of managing such data. For instance, the scheduler may
operate a time-out in relation to task data having the status “tentative”, after
which the data is deleted or can be overwritten by subsequent incoming data.

Particularly advantageously, the scheduling means may overbook
resources by storing data from more than one task definition, said data storing

ﬁo overlapping time constraints.

It should be noted that there are several novel and innovative features of

the embodiments of the present invention described below, not all of which are

necessarily referred to above, and at least some of which have applicability

mdependently of other aspects of said embodiments. . - REPLACEMENT SHEET
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‘instantiat]i ng and running a process identified by the node, instantiating

and running a process identified by an arc associated with the node,
t her eby traversing to a second node, and repeating the process until
the end of the graph description.

REPLACEMENT SHEET 8. Sg}é war e buil di ng appar at us

according to claim®6 when dependent on claim3, wherein the

col laboration engi nf g, QQE‘E@ r‘qqe Wt [ afstéitﬁg(?%i e%Worargept, softwar

col | aboration strateglies by SelecC |élg, in ai‘oaral a no r‘om eacﬁ of the
el octod " masEEN Aihchth PR AL iRee Ve ROTPTRBAEE PbApBUER.SHoAS
strategi es and i nstantiati ng and runni ng processes identified by all
t he next nodes¢olighgration or co-epdingtionstrategigsasmentianed abpvecdbeyimanch
graph description associated with a col | aboration strategy. 10
9. A sof t wainsteadssimply haveiaecess todhen) lfor instainte forioading atrthewelegantrin-of
s time. These arrangements should be taken as covered by the above.
An agent building system tool-kit known as the Collaborative Agent
Building System (“CABS") will now be described, by way of example only, as an
embodiment of the present invention, with reference to the accompanying
drawings, in which:
10 Figure 1 shows an agent-based control system, built using CABS, as it
interfaces with external hardware and/or software;
Figure 2 shows a schematic architecture for a software module
constifuting an agent for distributed control, monitoring and management of a
system;
15 Figure 3 shows a CABS platform for building an agent as shown in
Figure 2; | |
Figure 4 shows a Iayéred model of an agent in terms of primary

characterisation;

20
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a process or apparatus, wherein said systemconprises at |east two software
nodul es, each nodul e conprising data and/ or process information which
conprises: 15 (i) organisation data concerning an i nter-m)dule_,___—-————
rel ationshi p; and (ii) executable software providing at |eas

i nter-modul e col | aboration - st r apggi es; MIE mum WHH!Il
nodul e sel ects at | east one of said at | east two strategi

in negotiating WP{LIDI nother software module in relation to*task all ocatlon
20 said sel ecp eing determ ned at least in part by said organisation

dat a. A software system according to claim9, wherein at
| east two of sald software nodul es hold different data, determ ned by
different entities represented by said nodul es.
-82 - 11. A software system according to claim9 or claim10
wherein at |east one

1. Software building apparatus, for building a software system for use in

5 control, monitoring and/or management of a process or apparatus, said
apparatus cdmprising:
i)  at least one software module,

i) means for capturing data for loading to at least two cépies of said

module, the loaded modules each comprising a collaborative
10 software agent for use in said software system,

iii) means for loading, or providing access to, at least two different
collaboration strategies to at Ieast one of said copies of said loaded
module, for use by the respective collaborative software agent in use
of the software system, and

15 iv) means for generating the software system comprising the collaborative

software agents of ii) and iii).

2, Software building apparatus according to claim 1, wherein at least two
of said loaded software modules hold different data and/or software sets, the
20 data and/or software sets being determined by entities represented by said

modules.

3. Software building apparatus according to claim 1 or claim 2, wherein

the at least one collaborative software module having at least two.different———
REPLLACEMENT SHEET
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"odul e, conprisi'ng executabl e software providing aLA-east——de'r*ff’Ereht
col | aboration strategies, is capable of operating a than
one 5 col l aboration strategy over the sane tine p m!g “‘]‘:

oper at es according to at least two different ectlvely
in parallel. 12. A software systggaccording to any one of
eclains 9 to 11, wherein each nodul e i ncludes a col |l aboration engi ne

15 UAsol %%ﬁa@i’”%ﬁ%@%&l%?@%ﬂéﬁ%‘sﬁ"wﬁ&{” ort 3 Plaporation,,
Cof tare. Syt cRARSHGHOR G SR iTe D67 bahde e prates arorfing e sl least

describes a set of states, |dent|f|qd y nodes, and a set for arcs for
traversing Moldiﬁemnhstsqiegiesieﬁﬁobvelvespaé@llﬂh node and each arc

I dentifying at |east one process. 20 15. A software system
according to claim 14, wherein at |east one arc I dentifies a graph
descri ption.

5 4, -Software building apparatus according to any one of the preceding

claims, wherein the software module includes a collaboration engine for use by
a collaborative software agent, the collaboration engine being arranged to

process a collaboration strategy.

10 6. Software building apparatus according to claim 4 wherein a

collaboration strategy comprises a graph description.

6. Software building apparatus according to claim & wherein the graph
description describes a set of states, identified by nodes, and a set for arcs for
15 traversing between specified states, each node and each arc identifying at least

one process.

7. Software building apparatus according to claim 6 wherein the
collaboration engine is adapted to run a collaboration strategy, in use of the
20 software system, by selecfing a first node of the associated graph description,
instantiating and running a process identified by the node, instantiating and
runn'ing a process identified by an arc associated with the node, thereby
traversing to a second node, and repeating the process until the end of the

graph description.
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'16. A software-system according to claim15, wherein the collaboration

engine is adapted to run a collaboration strategy, in use of-the software
system by
Selecting a first node of the associated graph deam‘“ﬂ ﬁn“ m §‘L| ating
and running a process identified by tg¢.nod

running a process Identified by an arc assom 2t €d with the node,
thereby traversing to a second node and répeating the process until
the end of the graph description. 17. An exception handl er for

use in an apparat us ording.to a

the captured d#ta i n%% [bglgwng@p{%rﬂugrgc&g[ddng &p{qqp:%w}\en depelnggB{JPEes
and ot her variables of tasks to be distributed between multip

| oaded copi es ocfaimod,iwkereimihecaliabprationsengine ma@a@edttqmu@ﬂwat least twer ei n
10 said task definitions include one or nbre constraints on one or nore
vari abl es coliaisbriation stratagiésby seledting, inparalielpg addedramigach afithe

exception when a vari abl e conflicts with a relevant constraint during
use of the gysi@Hiegies, instantiating and running processes identified by all the selected
riodes, then traversing to a next node from each of the strategies and
instantiating and running processes identified by all the next nodes, and
repeating the process until the end of each graph description associated with a
collaboration strategy.
10
9. A software system for use in control, monitoring and/or management of
a process or apparatus, wherein said system comprises at least two software
modules, each module comprising data and/or process information which
comprises:
16 (i) organisation data concerning an inter-module relationship; and
(i) executable software providing at least two inter-module collaboration
strategies;
wherein, in use, a module selects at least one oflsaid at least two strategies for

use in negotiating with another software module in relation to task allocation,

20 said selection being determined at least in part by said organisation data.

10. A software system according to claim 9, wherein at least two of said
software modules hold different data, determined by different entities

represented by said modules.
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18. An excepti'on handl er ‘for use in apparatus according-toany one of 15

clains 1 to 8 wherein the captured data incl udes schedul for

t asks, defining resources and tine constrai ““\ m o a task,
and the exception handl er is arranged to ouxu I on when the
resource and tine constraints cannot.gg.net aI I ocatlon of tasks

bet ween the software nodul es.

10

15

20

11. A software system according to claim 9 or claim 10 wherein at least one
module, comprising executable software providing at least two different
collaboration strategies, is capable of operating according to more than one
collaboration strategy over the same time period, such that it operates

according to at least two different strategies effectively in parallel.

12. A software system according to any one of claims 9 to 11, wherein
each module includes a collaboration engine for running a collaboration

strategy in use of the system.

13. A software system according to any one of claims 9 to 12, wherein a

collaboration strategy comprises a graph description.

14, A software system according to claim 13, wherein the graph description
describes a set of states, identified by nodes, and a set for arcs for traversing
between specified states, each node and each arc identifying at least one

process.

15. A software system according to claim 14, wherein at least one arc

identifies a graph description.

16. A software system according to claim 15, wherein the collaboration

engine is adapted to run a collaboration strategy, in use of t:o-seﬂwereemsiem——
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-83-
by selecting a first node of the associated graph description, instantiating and
running a process identified by the node, instantiating and 'running a process
identified by an arc associated with the node, thereby traversing to a second

node, and repeating the process until the end of the graph description.

17. An exception handler for use in an apparatus according to any one of
claims 1 to 8, wherein the captured data includes task definition data, defining
resources and other variables of tasks to be distributed between multiple
loaded copies of software modules for use in said software system, wherein

said task definitions include one or more constraints on one or more variables

‘and the exception handler is arranged to output an exception when a variable

conflicts with a relevant constraint during use of the system.

18. An exception handler .for use in apparatds according to any one of
claims 1 td 8, wherein the captured data includes scheduling data for tasks,
defining resources and time constraints in relation to a task, and the exception
handler is arrénged to output an exception when the resource and time

constraints cannot be met by allocation of tasks between the software modules.
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