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VI SUALI SATION | N A MODULAR SOFTWARE SYSTEM 5 The present invention
relates to visualisation in a nodul ar software system and finds an
applicatign for _instance in debugging and editing software systens which
conprise ¥EWMEMi ty of collaborative software agents. SofRGEFBISAGH

t echnol ogy has devel oped over the past fgqw years in several different
fields. A software agent is a conputer program which acts as an 1 0 agent
for an entity such as a user, a piece of equipnent or a business. The
software agent usually holds data in relation to the entity it represents,
has a set of constraints or conditions to determ ne its behavi our and, nost
i mportantly, is provided with decision making software for naking deci sions
on behal f of the enti MSYALIGATIQN INA MOHIAR SOFTWARECSMSTEMI nt s and
conditions. Agents are generally 15 acting wthin a system and the

deci sions an agent naekes can result in activity by the system In control
sof t war e Byst ens, Thh@sesederiventiorsreiatesitd visnalzation bl a awdular syftwarkc ysasm
initiating copnegtion set-up.n_a conmunications nefwork controlled by the
system  An 2UA05 2P REGAtER A 9 wPSe Ahishiaeng 2 Sidig SaTFYaRGME'SRA & about
the 20 systiieisGorhpade & todaiun@p &f dbRabofat@ddlarelagents. I N a distributed
envi ronnent, many ch aggnts nmay co-operate to co- ordinate and perform

s
the control acti visf’?J e pgeitdgehnplogy Ras dryeloped p¥smihaPashiay YPagds . with

each agent isBiébf differat Weldd. 3 SoHREre ﬁen?%@@&&%but%)’é{id’g?&n(vmeh defBdsnad ayer)
whi ch they control, nonitor or manage, as shown in Figure 1. 25 An

agent - bat®ed aswf@maeaatib_es%rqs T B9l é)@ie§ie_mf@_qvhé1fﬁnhpéﬁé?@§im#% beg ween the
agent s, the sGaaaP BRetRKLAY RAGEERAR rabudd'f ety agg,gﬂyeﬁem@,nﬁaswget

I nteractions betweeh agents an external syste control, need to
be taken i ntod cavsteinits. orDichfipento dgreasinefitsdpbatiobasetl nsysstimpertantly, descri bed
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entity within or as a result of the constraints and conditions. Agents are generally

15 acting within a system and the decisions an agent makes can result in activity by
the system. In control software systems, those decisions result in control activity,
such as initiating connection set-up in a communications network controlled by the
system.

An agent acting within a system will also generally hold data about the

20 system so that it can operate in context.

In a distributed environment, many such agents may co-operate to co-
ordinate and perform the contro! 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.

25 An agent-based system can be very complex since the interactions
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,

30 such as those published in the proceedings of the First and Second International
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



Conferences on the Practical Application of Intelligent Agents and

Mul ti-Agent Technol ogy. These are published by the Practical Application
Conmpany Ltd., Blackpool, Lancashire, in 1996 and 1997 respectively A
general co rehensi ve revi ew of agent - based technology is ven b aC| nt h
S. Nwana, W&V e 2 Agents: An Overview', published i ?E@?)@ 233

Know edge Engi neering Review journal, Vob. 11, No. 3, at pages 205- 244 An
exanpl e of a collaborative agent system used in this case in

conmuni cati ons networ k managenent, is described in international patent 5

appl i cation Aﬁ?ﬁﬁeﬁﬂ/@%ﬂ@%BBubllshed e 9Rfren dhe Khewfadee énginapring Baview
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use in a software system, and means for generating the software system itself,
The software system, as built, comprises at least two of said loaded modules.
Each loaded software module preferably comprises a collaborative

15 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-
algorithm. Said at least two loaded modules together can then provide a muiltiple
agent community for controlling, monitoring and/or managing the process or
apparatus.

20 Such a collaborative agent building environment allows a system developer
to define a set of agents to work together in a system, organise them in relation to
one another in whatever manner they choose, imbue them with co-ordination
abilities suitable for the problems the agents are being desighated to tackle,

. support links from the agents to the process or apparatus they need to

25 communicate with, to control or update for instance, and generate the software
code for the agents.

A particular problem arises with “collaborative” agents. Collaborative
agents co-operate with one another to co-ordinate their activities in performing a
particular task. Such co-operation may be necessary because know-how,

30 resources or processing power may be distributed across the environment or
across the agents in the system. It is important to co-ordinate the agents’
activities in a problem- and context-dependent manner. The problem concerns

debugging potentially very complex systems of this type.



to define a set of agents to work together in a system organise themin
relation to one another in whatever nmanner they choose, inbue themwth
co-ordination abilities suitable for the problens the agents are being
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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.

Preferably, the visualisation arrangement is provided with means for

15 obtaining organisational data in relation to the software modules, and with means
for processing the communications instances or data prior to display, such that
said communications instances, or data relating thereto, can be displayed in a
manner determined by the organisational data.

It is also advantageous if the visualisation arrangement is provided with

20 means to access data or executable 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
code may be modified by editing means provided within the visualisation
arrangement itself, or by separate editing means.

25 In the following description, it should 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.

30 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:
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means for processing the comruni cations instances or data prior to display,
such that said conmmuni cations instances, or data relating thereto, can be

di spl ayed in a manner deternmi ned by the organi sational data, 15

wherein the means to effect display of communi cation instances provides
dynam ¢ M@&MPHPTi on of at | east one of organisational da?ﬁ?’%gf’@i’f{

communi cation data in respect of one or gore software nodul es in response
to an input representative of changes to at |east one of organisational
data, and/or comrunication data in respect of one or nore software nodul es.
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description, it should be noted that, in a distributed environnent,
sof t ware nodul es Figuisrdaghawe adgyeretomodelcafssl agest rotepns 9é pdatasy or sof t war e,
such as col jahotalian0r co-ordination strategies as nentioned |0 above.
They may insteacf sinply have access to them for instance for |oading at

t he rel é@ant run-Figue.5 siovag erflovbehdrtdbhstepy stveimetonidekigtink reovageas usihg

Col Iaborati & HA&HHn of Figure 3;

Figure 6 shows possible organisational relationships between software
agents built using CABS;

Figure 7 shows data obtained using a debugging tool for debugging an

15 agent-based control system built using CABS;

Figure 8 shows a scenario for debugging using the debugging tool for
debugging a CABS agent system; '

Figure 9 shows a commitment téble for an agent according to Figure 2;

Figure 10 shows a debugging and visualisation system for use with the

20 agent-based control system of Figure 1;

Figure 11 shows a flow chart of a co-ordination process for use between
agents in a system according to Figure 1;

Figure 12 shows schematically an example of the screen-based output of

. a “society tool” of the visualisation system in use;
25 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

Figure 15 shows schematically an example of the screen-based output of

30 a “statistics tool” of the visualisation system in use.

In the following description, an agent-based system is described, together
with an environment for building it. The technology specific to the present
invention, the debugging and visualisation aspects, are described in Section b:
DEBUGGING AND VISUALISATION",



Bui Il ding System ("CABS") wi Il now be described, by way of exanple only, as
an enbodi nent of the present invention, with reference to the acconpanying
15 drawi ngs, in which: 4 Figure 1 shows an agent-based control system
built usigpgebfidsy as it interfaces with external hardware a?g-,/éggmﬁggtware
Figure 2 shows a schemptic architecture for a software rmg e constituting
an agent for distributed control, nonit®ring and managenent of a 5 system
Figure 3 shows a CABS platformfor building an agent as shown in Figure 2;
Figure 4 shows a | ayered nodel of an agent in terns of primry
characterisation; 10 Figure 5 shows a flow chart of steps involved
i n designi hg aANIUGENT-BASED SYSTEM UL USING FHELCABS TOOIgKITe 6 shows

possi bl e organi sational relationships between software agents built using
CABS; Figure 7 shows data obtained using a debugging tool for debugging an

15 agent-based CPHE §yters SBbRM iR Figufe 1S4 B e%BEr e dfi dUERNB basN\SysterhGBNAr i O
for debuggi ng using the debugg g tool for uggi ng a CABS aqent system

Figure @ sHHWE COVBRRIFTARSt A ROHBS Rigforanhcaye hewareoraivsrs tos brildinge 2;
Figure 10 Shpukary Qs&u%séwsgmmwm&@'sb&%@Qgé%%@g% b8th &&fout%mtéhe 20

agent - based control "systemor Figure 1; Figure 1 ow chart of a
co- or di nat wih qjh@;@gggta‘md pseerfosmiseis 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
10 control of a production process for instance and other examples are used
elsewhere in this specification.
The system comprises a set of classes (in the object-oriented technology
sense) implemented in the Java programming language, allowing it to run on a
variety of hardware platforms. Java is a good choice of language for developing
15 multi-agent applications because it is object-oriented and multi-threaded, and each
agent may consist of many objects and several threads. it also has the advantage
of being portable across operating systems, as well as providing a rich set of class
libraries that include excellent network communication facilities.
The classes of the system can be categorised into three primary functional
20 groups - an agent component library, an agent building tool and an agent
visualisation tool.
The agent component library comprises Java classes that form the
“building blocks” of individual agents. These together implement the “agent-level”
functionality required for a collaborative agent. Thus for instance for
25 communications, reasoning, inter-agent co-operation and the ability to participate
in goal-driven interactions between agents, the system provides:
s A performative-based inter-agent communication language
« Knowledge representation and storage using ontologies
¢ An asynchronous socket-based message passing system
30 e A planning and scheduling system
¢ An event model together with an applications programming interface (AP)) that
allows programmers to monitor changes in the internal state of an agent, and
to control its behaviour externally

e A co-ordination engine



agents in a systemaccording to Figure 1; Figure 12 shows schematically an
exanpl e of the screen-based output of a "society tool" of the visualisation
systemin use; 25 Figure 13 shows schematically a GANTT chart as an
exanpl e of the screen-based output of a "reports tool"™ of the visualisation
system i VA9 gure 14 shows schematically an exanpl e ofFCTI@¥R2&¥n- based
output of a "mcro tool" of the visualisation systemin use; and Figure 15
shows schematically an exanple of the screen-based output of 30 a
"statistics tgﬁi%b;{ of the vjsualisation systemin use. In the follow ng
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A “goal” : a logical description of a resource {fact) which it is intended an
agent should produce;

A “task”: a logical description of a process which uses zero or more
resources and produces one or more resources; and

15 A “job”: refers to a goal or task depending on the context. (For instance,
in the context of the visualiser 140 discussed below under the heading “5.
DEBUGGING AND VISUALISATION", it refers to goals.)

Referring to Figure 1, an agent-based system 100, built using the CABS
platform, comprises a set of communicating agents 105, 110, 115, 120 for

20 controlling/representing entities in an external system, together with a set of
infrastructure agents 135, 140, 145,

The agents of the system 100 communicate with each using a network
such as a Local Area Network 150. They might alternatively communicate using
. capacity in the external system itself.

25 External to the agent system 100, there is a communications system 126
with various components. There is within the external system 125, for instance, a
terminal 155, a software application providing authentication 160 and several
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

30 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
carry out tasks., The tasks will include those directly involved in providing services

to a user but may also include auxiliary tasks.



variety of hardware platforns. Java is a good choice of |anguage for
devel oping 15 nulti-agent applications because it is object-oriented and
mul ti-threaded, and each agent nay consist of nany objects and several

threads. It al so _has the advantage of being portable acro |
systens, WOREFP7as providing a rich set of class librari xcﬁﬁgs[ﬁﬁ%%gude

excel | ent network communication facilitie. The classes of the system can
be categorised into three pri mary functional 20 groups - an agent
conponent |ibrary, an bui | di ngegt\ool ,9 an agent visualisati
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* An event get her cat’ions pro granm ng 1 nterface (API)
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of knomn ener al e such as nane-
will carry ut the tasks by outputting control messages to the components of the
system 125 they control. The terminal agent 105 must therefore control the
terminal 155 so as to provide the storage capacity it has agreed. The user agent
110 must launch the authentication application 160. One of the two network
agents 120 must provide the bandwidth, agreed as a result of the collaboration, on
156 its respective network link 170.

During their activities, the agents 105, 110, 115, 120 will have access to
common resources within the CABS agent system 100, including for instance the
infrastructure agents mentioned above; a name server agent 135, a
debugging/fault finding agent 140, referred to here as a visualiser, and a facilitator

20 agent 145.

The separate agent 180, controlling a network link 175 of the external
system 125, may provide back up to the network agents 115, 120 of the CABS
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

25 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,
for instance to obtain capacity on its link as a backup resource, could be allocated
as a task to any one or more of the CABS agents.

30
2. STRUCTURE OF A SINGLE AGENT BUILT USING CABS PLATFORM/TOOL-

KIT



servers, facilitators (classified directories), and visualisers. 5
Preferably, conmponents of the system use standard technol ogi es wherever
possi bl e, such as conmuni cating through TCP/ I P sockets using a | anguage
based on the Knowl edge Query Managenment Language (KQW). Further
descri pt i%A898¥9% hese aspects can be found bel ow. In the FPEFICEWBRSthe
terns "goal", "task" and "job" are used.g These are 10 defined as follows: A
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should be pursued, when to abandon them etc., and how to co-ordinate the
agent’s activities with respect to other CABS agents in the system. The co-
ordination engine and reasoning system contains both an engine and a database of

15 coordination processes 255;
{iv) an acquaintance model 215 which describes the agent’s knowledge
about the capabilities of other agents in the system; '
{v} a planner and scheduler 220 which plans and schedules the tasks the
agent is controlling, monitoring or managing based on decisions taken by the co-
20 ordination engine and reasoning system 210 and the resources and tasks available
te be controlled, monitored and/or managed by the agent;
(vi} aresource database 225 containing logical descriptions of the
resources currently available to the agent; and providing an interface between the
- database and external systems such that the database can query external systems
25 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 modify resource items in the database, thus initiating changes in the
agent’s behaviour;
(vii) a task database 230 which provides logical descriptions of tasks
30 available for control, monitoring and/or management by the agent; and
(viii) an execution monitor 235 which starts, stops, and monitors external
systems tasks scheduled for execution or termination by the planner and
scheduler, and which informs the co-ordination engine and reasoning system 210

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



resources to control. The agents will need both to coll aborate together and
to carry out tasks. The tasks will include those directly involved in
provi ding services to a user but may al so include auxiliary tasks. 7 1n

an exanpl ' e system shown, if the user wants data doymlegsad t he
term nal ‘%QSJ,%#?Q user agent 110 wll have the task of provi ollleng a#?O

aut henti cati on resource 160, the ternm naf agent 105 will have the task of
provi ding sufficient storage for the data at the term nal 155 and the
network agents 11 5, 5 120 will have the task of providing network

bandwi dth to carry the data to the termnal 155. The network agents 115,
120 wi Il al so neeWHeea thelabeduds duitt, thd Hevadager abéevariduerCABSpas\ddedogditorsldi ng
agai nst one, another in .terns of cost, tinme and quality of service to

provi de t hehEENBIEESEIRAGTTTRILISE: BF YappySpasies ahine daent BFAIEFBRe st age,
the agents {Hehdinklthe cbbrlinatip aka eéfaédnirc%éﬁgfn@mo,tm dcaskintdnte (RS BNY
control nessages to the conponents of the system 125 they control. The

t er m nal SagHiftresowcmestabape 2ep @nd the faskglatalpset?d30xi nal 1 55 so as to

brovi de the st or ae,&ARRC kIt gl AILRAL: Wi UR8E 1AOSHLNs Hdiist | aunch

t he aut hentication application 1 One o he two network agents 120 nust
provi de t hechernagwi Thehageat medietiraan evendsnddel pfovided hyotheatoorraneahlibrary af 5 its

respective t i 7 I hel CLiviti . nts 105, 110,
115 120" wi 1E H35dm sb dborde s e BiblgeR e i idBetE L Gent sysiem
100, i ncl udprugrdromer natans®@. tTrere afer thede pessible exagardl svergndouaresdsedbove; a
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180, contr ofdridgerdicBE tewtirhailvBktslifisiatd frdte tRX EREdAIoN Monitor 240 monitoring
external systems {e.g. from various sensors) and external events initiated from
changes to the Resource Database 225. For example, if there is an event which
changes the state of the agent, such as loss of a resource, it will need to update

15 its records accordingly.

A change in state may initiate a sequence of activities within and/or
outside the particular agent. For example, losing a resource (e.g. through failure)
which is required to provide some service would require the Planner & Scheduler
module 220 to attempt to secure another resource which may be able to do the

20 same job. If it succeeds, all activities as a result of the loss of the resource can be
contained within the agent. However, if the Planning and Scheduling module 220
cannot locate another local resource, the Coordination Engine and Reasoning
System 210 will be called upon to attempt either to secure the resource from some
other agent or delegate/contract the task which required that resource to another

25 agent. In both cases, the Coordination Engine and Reasoning System 210 wiill
request the Mailbox 200 via the Message Handler 210 to construct a message and
despatch it to selected other agents. !n this way, coordination of activities with
other agents is realised.

Further details of the components of the agent structure which support

30 the above mechanism are given below,

2.1 Mailbox 200



system 125, may provide back up to the network agents 115, 120 of the CABS
system 100, in the event that bandw dth is not avail abl e through network
links directly controlled by the CABS built agents 1 15, 120. It will be
clear in_that 25 «circunstance that the CABS agents 105, 110, 115 120 wil|
need to MRAPP5P%comon communi cation | anguage with the sePGFEB8M%: X
180, together with some sort of co-ordimetion protocol. Comuni cation with
t he external agent 180, for instance to obtain capacity onits |link as a
backup resource coul d _be allocated as a task to _any one or nore of the

CABS agents. 30 Zh esvmu?@armpem@ Aea\rmt@urcmaw NQdgjepwith inter-
P'—ATFCRMT Nt Kbr’ﬁmumc%t.%ﬁf\ﬁé rT*(nglPt Qoé'_%gé”eoge thfa@d! &t SRk ﬁtitﬁacts{e’trvﬁ of a

single, collNaborative agent which can be bullt using CABS, strli)ut ed
control, rrﬁhre@er cagtintaysivalictgesdon and asgeptsnimconyng dFF macnemrpeqwess 5

(1) a mai | gk 200 SlorfOTIUOLEALADG ARNHS SrilILGL, BANLER COIMALEFLL A0S

bet ween the sof twar € nodul e and §erna ernal
har dwar e5sytbe gasgived rr)esaagmsmgearhanﬁbyer(aZQEeuﬂhl CA sroood sthesadneths aglieat

|ncomngf m. t.he nai di spatchin e ote conpgnents in the
r oni t oot iR Bed' TP Binigitons WP hie: B8R EaR dehust mesaReh Mrgadsa  em

210 whi ch ttalesdelioedeti 206 setfioviefroinigh blietr@padueubhevaganitheheotdedef the

pur sui ng, how said oaI s shoul d be pursued, when to abandon themetc., and

how to co- GPEhEEReFha AEeYF0e dokq i"@'i"fq’%% Qi NPthes st t9SetRETSaEPRE Sgent s
in the systydBed [61f thdoultre RALthe ARG BEGLECBRREY 1Y By IHEMisRhABS both
an engi ne and a dat abase of
10 The message language used in the current implementation is the KQML agent
communication language [Tim Finin, Yannis Labrou & James Mayfield (1997),
KAQML as an Agent Communication Language, in Bradshaw, J (Ed.), Software
Agents, Cambridge Mass: MIT Press, Chapter 14, pages 291-316]
The mailbox technology is relatively standard and could have been
15 implemented using alternative communication protocol other than TCP/IP such as

electronic mail and HyperText Transfer Protocol (HTTP).
2.2 Message Handier 205

20 The message handler 205 continually polls the in-tray of the mailbox 200
for new incoming messages, which it dispatches to other relevant components of
the agent for detailed processing. This module is based on standard technology,
comprising a continuously running thread which pofls the mailbox 200, and has

. access to handles of all the major components of the agent for dispatching

25 messages to them.

In CABS, the format of KQML messages is as follows:
KQML [:sender :receivers ;content]

30 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 KQML content field, A CABS agent
that puts forward a change in state to other agents {which may represent a

proposal, counter-proposal, or acceptance in the CABS co-ordination protocol) uses



1 5 coordination processes 255; (iv) an acquai ntance nodel 215 which

descri bes the agent's know edge about the capabilities of other agents in
the system (v) a planner and schedul er 220 which plans and schedul es the
tasks theyaaghksd,S controlling, nonitoring or managi ng basgs@RegiRéissi ons
taken by the co- 20 ordination.engine and reasoni ng system 210 and & he
resources and tasks available to be contllol |l ed, nonitored and/ or nanaged by
the agent; (vi) a resource database 225 containing | ogical descriptions of

t he resour e A ot . , d |, di i face
bet ween thgﬁgagg%l'sgg{afﬁr e&ee?%gfevtsey'stEg%'&gﬁghg?%gtrephg%ga%ﬂg%gge c'gt?\ﬁﬁquery
ext er nal symarformafive “sdpdylt where tizayacduaiber-proposer ande Sameest'swhenl they acaept a
external systens when resources are no | onger needed by the agent, and
external sy¥PBR%'can on their own initiative add, delete or nodify resource
items in the database, thus initiating changes in the agent's behavi our;
(vii) a task database 230 which provides | ogical descriptions of tasks 30
avai | abl & &8 ceererdinationdknging Ang Raasaning Rystasedttht by the agent: and
(viii) an execution nmonitor 235 which starts, stops, and nonitors external
systens tasks schedul ed for execution or term nation by the planner and
schedul er, and whReferringf & figuree Z@ndr 8i rthei emowlinptioe emging cAslorgasgnivgst em

210 of succ I ' ' i LI QRS t it is
woni Lor + ng Srste, 2 R AndHRE Bt Aand SHEAR 2% SR e ) 4 Add 3t
CABS- pr ovi dadi kolht are nomodescobed én detsitr iFptthemefereqer isedadeto wse hgowoidul es
of the q%en

oo SR, 66 B DRl FROAGE Radter S8 Y, 2,
dat abase 23Readinysu'Btep UheAg@R WoordindtidnvSMateyy Spectisatidli”cdndcBteg 2t hdgergent ' s
Stale 1O pefinition” respectively, in the section entitled “4. USING THE CABS PLATFORM
TO DESIGN AN AGENT SYSTEM"”.
Coordination is extremely important in CABS because its agents are
15 collaborative. Collaborative software agents refer to the complex class of agents
which are both autonomous and which are capable of cooperation with other
agents in order to perform tasks for the entities they represent. They may have to
negotiate in order to reach mutually acceptable agreements with other agents. For
instance, an agent may receive a request for a resource from another agent. it will
20 respond according to the relationship between them and according to its own
particular circumstances (“state”), such as whether it has that resource available.
The response forms part of an interaction process between the two agents which
is determined by a “co-ordination protocol”. The co-ordination engine and
reasoning system 210 allows the agent to interact with other agents using one or
25 more different co-ordination protocols, selected by the developer to be appropriate
to the agent’'s domain.

Typically, in the past, coordination protocols have been “hardwired” into
the way individual software agents work, such that changing them requires a total
re-write of the entire distributed application. In a CABS system however, the

30 agent 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 nede 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



change. The agent will run an event nodel provided by the conponent library
of the systemto nonitor these internal changes, nmaking themvisible to a
programmer via an APlI. There are three possible external event sources (see
10 Figure -2}: external messages from other agents into the Miil box 200
(e.g requl@R$Y7 a service), external events initiated frifl/ERBBcution
Monitor 240 nonitoring external systens q2.g. fromvarious sensors) and
external events initiated fromchanges to the Resource Database 225. For
exanple, if there is an event which changes the state of the agent, such as
| oss of a riBtsdlyein the agent sreawteinipllypliemeita ThejqosordivagpaisenaineoR P rigey. A
change in stiahk | by Wiy sl ] reQUt Si de
the. par t1 il o Seepten 18 ARl BOR o 1B b Sorl bl e3Pl U ey
whi ch is rdgaprthed theopiecess steps sieptified by dbe wodé dnd etpuliabels ohehePympher &

Schedul er nodul e t 1o secure ther r ur.ce whi.ch be
able to do the 20&2 g%ér?g bj%gé)?{r?ef' tlg% ugarc%eé%c&g?%gp P G r?&ai'gggra&gsfagnaﬁfft of
t he | oss 50f 3 1hehe espeuificecanrdinbiore raphsnést d Boént) hehialy edné . loddiBaeines ,thef t he
Pl anni ng and Schedul i ng podul e 220 cannot _| ocate anqther | ocal resource,
the Coor i RTGA B HE Rl R B FAFEagS 28 DI GAPP Uiy Pual o edPrio
attenpt ei t10 i§ QroABsd Gvith1Q EEPIN €I FiINBh SABRsOLERE tBIRRHIfPagents’ co-

del egate/ contract the task which required that resource to another 25

agent. | n bYdiDatiar &saphishat cowims. nEiis dh TerberndessrbeRoslovhi Hifesiae 9p%I00 wi | |
request t he-gVRgRUGIRIP ANDNISUALIEEFRINE Handl er 210 to construct a nessage

and despatch it to selected other agents. In this way, coordination of
activitil® with obmartioadasiytimpostapeidatgredt thaQARS ageftds thatdts echerdimtigbnent s

of the ageniodiid YGUEs WRbMeRt RRSYE! tidh bRE BRNIFafGF RARSE) BhE bt

below. 2.1
more than one coordination protoco!, simultaneously. This is done effectively by

multiplexing execution of the co-ordination graphs held in the co-ordination graph
database 255 by an agent. The engine 210 deals with the first node of each co-
15 ordination graph 255 it has been loaded with, then steps on sequentially tor the
second nodes of all the graphs, etc. Thus it effectively steps through the co-
ordination graphs 255 in parallel.
CABS thus provides in the agent shell 300 a co-ordination engine and
reasening §ystem 210 for which the functionality is determined by selection from a
20 set of co-ordination graphs 310 during agent build. Once each agent is in use, the
ce-ordination graphs are used by the co-ordination engine and reasoning system
210 to run specified co-ordination process steps and protocols.
The repository of process steps identified by the labels is not necessarily
- itself held in each agent. It may simply be accessed by the agent at runtime, in
25 accordance with its co-ordination graph(s).
{in the following, the co-ordination engine and reasoning system 210 is
also referred to as the Coordination Software Module 210.)
The overall architecture of the Coordination Software Module 210 is one
of a Turing state machine. It takes as inputs various state variable values,
30 parameters, goals, exceptions and constraints, 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-

ordination protocol (UCP)” as follows:



10 The mail box 200 is inplenented as a multi-threaded nodule with inter-
agent communi cation via TCP/IP sockets. One thread of execution, the server
thread, continuously listens for and accepts incom ng TCP connecti on

requests : er agents, receives any incom ng nessage e
o n‘gbg(%’gég ’ d ; ) Sréf/eﬁgggo.gﬁi second

agents a the received nessages into an in-tray (a queue

thread, the client thread, opens TCP conmctions wth other agents to
del i ver nessages. Messages to be delivered are retrieved froman out-tray
(queue). When ot her nodul es of the agent request a nessage to be delivered
to anot her agent, those nessages are placed on the out-tray of the mail box
to be later picked up by the client-thread. 10 The nessage | anguage used in
the current inplenentation is the KQW agent conmmuni cation | anguage [Tim
Finin, Yannis Labrou & Janmes Mayfield (1997), KQW as an Agent

Conmruni cat i on tanguagﬁ,__Ln_BLadshama._.l_(_Ed._)ii Sof t war e Agents, Canbridge
Mass: M T Presp, Chapter 14, pages 291-316] ¥he nuil box technology is
rel ativelSy Bropedair dJendCamtercPrapess! bedpr ABceptphesiEanianalionng al t er nati ve
conmuni cat i on grotocol othef than TCP/IP such as electronic mail and
Hyper Text Transter Protocol (HTTP). 2.2 Message Handl er 205 20 The
nmessage handl er 205 continually polls the in-tray of the mail box 200 for
new i ncom ng nessages, which it di spatcB to other relevant conponents of
the agent for detailed processing. This ule is based on standard
t echnol ogy, conprising a continuously running thread which polls the
mai | box 200, and has access to_handles of all the nmmjor conponents of the
agent fo1r°_ di spat chhiggUs% ised s3ighase SeAHEIRe o TABYes herargedlat  GPUREIL
nessages i SpRpobAl |aAWS ackiPhnde/SSIRFRRtIONC Gt BbSsite Refitiohs 38 shown. Eachgent
messages, including int er-adq<ent comuni cations as usually used in
co- or di nat i 8¢tivity AR reseidedkKGvL ap@nddsr nisenresantedydgre oy adhiah |levedfProfess
description) and the nodes are connected by “arcs” {shown here as arrows) which
each indicate a transition condition for moving from node to node. The
15 Coordination Software Module 210 for each agent must be capable of supporting

that agent’s role in the UCP.
2.3.1 Co-ordination Software Module 210

20 The co-ordination software module 210 is designed to interpret co-
ordination graphs when given an initial (problem) state. The initial state specifies
the initial conditions of the problems and the necessary data.

Execution of a graph by the coordination softWare module 210 proceeds
as follows: the engine selects the first node of the graph and instantiates a process

25 identified by the label of the node. This process is run by calling its exec() which
returns one of three possible results: FAIL, OK or WAIT. If exec() returns OK, a
process identified by the label of the first arc leaving the node is instantiated and
executed. If the arc test succeeds then the node pointed to by the arc is scheduled
for execution. The graph will be executed in this way until a final node is reached

30 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.



comuni cations are usually contained in the KQW content field. A CABS
agent that puts forward a change in state to other agents (which nmay
represent a proposal, counter-proposal, or acceptance in the CABS
co-ordinati on protocol) uses 11 the KQW performative "achi eve".

Reci pi entWRPBREY7r epl y by using the KQW performative "reflGUCEIIOR3Ehey
count er - propose and "accept" when they aggept a proposal. 5 2.3

Co- ordi nati on Engi ne And Reasoni ng System 210 Referring to Figures 2 and 3,
the co-ordination engi ne and reasoning system 210 and t he pl anner and
schedul er 220 ar elfban lrakgsgdells at @ mégm« arel fioon theanededsvtirss cifi Bed i n
detail. Fur el { t In Wel] e of
the CABS pl s e flifiod RelREAN of JF e 1E MY ohdpedh el SR bt a3,
Agent Coor dbacktiaske®tavat dhy cafiimgi fhec abdeds "baakttalipt eqetBod Agech ubdbesiahyon”

respectivel in the section entitled "4. USING THE CABS PLATFORM TO DESI GN
AN AGENT Séﬁﬂﬂe? el by ?’@ﬁai'getbﬁgrt@rfbffr?%ﬁ?%ﬂfft%itﬁe B8 because its
agents arse 15 colflzahedes exer() Metioabetwrhs VeARD ettt ragens placed eh d waithe
conpl ex class of agents which are both autononous, and whi ch are capabl e of
cooper at i ond4F4eh UBThane 98 dMios copitionfic Pegne dryes aithen &k Rew JixterRal BYANttF es
they represmteweaiwtwaayngﬂw@.é.oa REAPMAtEod i REB9Ed FRnl 8RGtReNB§H] b a

0

acceptabl e agreements wit ther agents. For instance, an agent nmay receive
a request fBMequt gresifiecby topnaddinexceggent .In lefthej £asepthe padsisntrhadilstidi ng

to the rel atdonaliRod abURE Nint LRmand tﬁ&geﬂlgﬁi\ier&rwmgtas dOMR-tR8Y bkdcdhiBh

of
t has that resource avail abl e.

circunstances ("state"), such as whethe
The respéhsthef griepb witir backtragking rellewadt i on process between the two agents
which is determ nﬁghé?yatﬁit;\'x?e%'&rt%%ﬁ&fn@h&ﬁé’ézocm ". The co-ordination

engi ne and

i) the ability to treat graphs and arcs as equivalent when an arc label in fact
denotes a graph — this gives the engine recursive power; and

15 (i) the ability to create multiple instances of the same arc and execute them in
paralle] with management of failure of the parallel branches. l.e. when one branch
of a parallel arc fails, the engine automatically fails all the other executing parallel
branches.

The detailed logic of the coordination engine 210 is as follows:
20

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

Vector messageWaitQueue // queue of nodes awaiting messages

25  public void run() {
Node node;

while(running) {
node = (Node)dequeue();
30 node.run(this);



reasoni ng system 210 allows the agent to interact with other agents using
one or 25 nore different co-ordination protocols, selected by the

devel oper to be appropriate to the agent's donmain. Typically, in the past,
coor di nat_j ocol s have been "hardwi red” into the way Jndi.yi
softmre‘gﬁgﬂ’ﬁéﬁ\%\or k, such that changing themrequires a tﬂc#ggfﬁlglﬁg'%i te of
the entire distributed application. In a8ABS system however, the 30 agent
is provided with one or nore co-ordination graphs 255 and an engi ne 210 for
executing them Each graph conprises a set of |abels for nodes together
with a set of labels for arcs which identify transition conditions for
going fromnode to node.  The ent is also provided with access to a

reposi tory ol® ﬁé‘qgﬁz‘@g&Pﬁ%r‘%‘jsgrm of the nodes and arcs identified by the

| abel s. This rag 12 internally in the agent or

5t i%idaﬁﬁhg%}l‘sgﬁi‘%g#‘?‘&ﬁ engi ne 210 uses graph descriptions to

externally fro
dynam cal ly by I AN isli%g n processes by putting together the
process steps%dé‘%n%nﬁee%hgg‘%qrﬂregno tr%nd arc |labels of the graphs. At agent
build time, §he user selects froma co-ordination graphs database 5 310
the specific coordination graphs for the agent, which are | oaded into the
agent's | ocaNodeaeduew() bn gr aph dat abase 255. (The CABS uni que vi suali ser
agent 140 is provided with a control tool which allows users to nodify
agents' co- ordedrangdeh graphs at runtine. This is further described bel ow,
under the heading "5. DEBUGE NG AND VI SUALI SATION'.) 10 A
particularly i %ant feature of the CABS agent is that its co-ordination
engi ne 210 can inplement nore than one co-ordination process, and therefore
nore than one coordination protocol, sinmultaneously. This is done

effectivgly bywmgééﬁcﬁﬁbﬁ'@u%ﬁéﬁ\bﬂ) ?( the co-ordination graphs held in
A ¥

the co-ordination gra
// compute timeout & wait

compute the minimum timeout () of all the nodes in

the messageWaitQueue
15 t = t - curreni_time

// now wait by putting the engine to sleep
if (1>0)wait(t),

20 check if the timeout of any node on the messageWaitQueue
| has been exceeded. For those nodes whose timeout has been
exceeded remove them from the messageWaitQueue and add them
to executionQueue

)

25 delete and return the first element of the executionQueue

void add(Node node) {

enqueue(node);



dat abase 255 by an agent. The engine 210 deals with the first node of each
co- 15 ordination graph 255 it has been | oaded with, then steps on
sequentially to the second nodes of all the graphs, etc. Thus it
effectively steps through the co- ordination graphs 255 in garallel. CABS
thus provWHE0FM7t he agent shell 300 a co-ordination engi RETARIBPBAZoni ng
system 210 for which the functionality ig determ ned by selection froma 20
set of co-ordination graphs 310 during agent build. Once each agent is in
use, the co-ordination graphs are used by the co-ordination engine and
reasoni ng sykstem 210 to run specified co-ordination process steps and
protocols. The repository of process steps identified by the |abels is not
necessarily itself held in each agent. It may sinply be accessed by the
agent at runti j 5 cordance with its co-ordination graph(s). (In
Jaialdbal gpadft,

the fol I owi n¥f! ation engine and reasoning system 210 is al so

ar chi tect ur e SFeEha BRSSP s o8 1KY M 210 < ane of & Turi ng

state maghing. It takes as inputs various state variable values, 30
paranmeters, goals, exceptions and constraints, and it outputs decisions. In
a nulti-agent system when two or nore agents go through a co- ordination
process, using their respective Coordi nation Software Mdul es 210, the
overal | procesd aild{#d¢sisagmimiessagepfn general |y be represented by a "universal

co- ordination protocol (UCP)" as follows: 13 5 Proposal -*
Count er - pr oposhmessage is A@&Rﬁﬁ%ﬂnce/ Confirmation UCP 10 This UCP is a
3-phase sequence. of. &htw Jodl From the SBEhts of themessane and
10 run a new graph with the goal as input
otherwise

add message to the messageQueue

wakeup():
15 }

void wakeup() {
- remove all nodes from the messageWaitQueue and add
to the executionQueue

20 ‘}

void waitForMsg(Node node) {

add node to messageWaitQueue

25
Vector replyReceived(String key) {
find the set S of all messages in the messageQueue
with key field = key

messageQueue = messageQueue — S



proposal " and "acceptance/confirmation”, with possible iterations as shown.
Each activity is represented by a "node" (represented here by a high | evel
process description) and the nodes are connected by "arcs" (shown here as
arrows) I h indicate a transition condition for noy node to
node. T&{’}Q"%or di nati on Software Mdul e 210 for each \ggcgﬁfgg%é ﬁbe
capabl e of supporting that agent's rolel?n the UCP. 2.3.1 Co- ordi nati on
Sof tware Mbdul e 210 20 The co-ordination software nodule 210 is
designed to interpret co- ordination graphs when given an initial (problem
state. The inT?VﬁFSEtate specifies the initial conditions of the problens
and t he neceﬁsary data. Execution of a graph by the coordination software
nodul e 210 proceeds as follows: the engine selects the first node of the
graph and instantiates a process 25 identified by the |abel of the node.

This process is run b){ calling its exec() which returns one of three

possi bl e resul t s:Theafdliowine gpdefragmants daserhe the hapis ghavipupfca pde.

| denti i 8d Nite tehigt haltfiningla hi% dddenipiife LERY dH ARRACAS finbtibAs hady tat ed

and executed. If the arc test succeeds then the node pointed to by the arc

i s schedul &¢ definasixeclihe other Thvactiorsphelaw [deberibex bewt peddsnintérast wdth the il a
final nodeehﬁin%e%ghaqgs% fromwhich there are no nore arcs. The

co-ordi nati ofi software nodul e 210 continuously cycles through graphs in the
sense that it nmonitors for events and exceptions occurring at any timne.

14 If an arc_test_fail Z‘tﬁ a node, %he ext grc fromthe node is tried. If

a node's exeé%’?“ﬂﬂe?‘l"ﬁ /ribedishof BRea TRom HI$ ™3FRs | eaving the node fail then

the nodgat BRG] REKET AR Y 3k pbiied by HiSurtsback! rack() et hod

Node previous_node // the previous node in the chain

Graph graph // the graph which led to the instantiation of this node
int  state // the current state of this node

int  current_arc // the current arc awaiting execution

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

void run(Engine engine) {

20 switch(state) {
case READY:
if (Igraph.allow_exec() )
// the graph.allow_exec() asks the graph if execution of this node is
allowed
25 fail(engine,false,"Exec refused by graph");
else
switch( exec() X
case OK:
state = RUNNING;
30 engine.add(this);



changes made by the exec() nethod) to the previous node of the chain. 5
If a node's exec() nethod returns WAIT, then the node is placed on a wait
gueue until one of two conditions beconme true: either a new external event

is recei V%gd%ffghﬁ engine (e.g. a reply nessage is received from anot her
agent) or ‘a. Bt specified by the node is exceeded. |n BCT/GBB/2235e, t he

node i s schedul ed for execution again. Iygsummary, the engine perforns a
dept h-first execution of 10 the graph with backtracking allowed. O her
attributes of the engine include: (i) the ability to treat graphs and arcs
as equival ent when arP™%gl | abel in fact denotes a graph - this gives the
engi ne recursive power; 15 (ii) the ability to create nultiple

i nstances of the sar‘?@se'aw,i nd execute themin parallel wth nanagenent of

failure of the parallgl.branches. |.e when one branch of a parallel arc
fails, the engine auteg' % cf’é*ﬁg(/af%(iﬂi"@'all t he ot her executing parallel

branches. The detail ggohegi ¢ of the coordination engine 210 is as follows:
20 Vector executionQueue // queue of nodes awaiting execution Vector
nmessageQbeue // quedeseofATIEW nessages Vector nessageWait Queue // queue of
nodes awaiting nmessages 25 public void run() { Node node; while(running)
{ node = (Node)dequetfeilfengid® faise,"Nodweiced fanedhi s) ; 15

break;
}
break;
10 case RUNNING:
if ( lgraph.allow_exec() )
fail(engine true,"Exec refused by graph");
else if (arcs == nult)
done(engine,"terminal node reached");
15 else if (current_arc >= arcs.length )
fail(engine,true,"All arcs traversed");
else
exec_arc(engine, data);
break;
20 . }
}
void fail(Engine engine, boolean backtrack, String reason) {
state = FAILED;
if ( backtrack)
25 backtrack():
graph.failed(engine,this);
if ( previous_node 1= null )

previous_node.nextArc(engine);



voi d enqueue(Node node) { add node to the executi onQueue wake up the engine
if it is sleeping 5 } Node dequeue() { Node node; Tine t; 10 whil e (
executi onQueue. i senmpty() ) { // conpute timeout & wait conpute the m ni num
ti meout (). &f t he nodes in the nessageWai t Queue 15 U S
current_t%ﬁgﬂwya%LM/mait by putting the engine to sleep ifp?n?ﬁ%ﬁﬁkf
wait(t): 20 check if the tinmeout of9 any node on the nessageWait Queue
has been exceeded. For those nodes whose timeout has been exceeded renove
them fromthe nessage i%éﬁ ue and add themto executi onQueue 25 del et e
and return tﬁgnﬁfﬁﬁgm 2& f of the executi onQueue void add(Node node) {

enqueue( node) ; J ( I a {¢.5el ect graph (g) fromthe graph
i brary and ru/r{ or k\?'&%%%‘(’}%ﬁ%begsggﬁfggﬁ%é%dae é’? {
// this node
}
&  protected void backtrack() {

// reset any state changed by exec()

void exec_arc(Engine engine) {
10 load process described by current_arc and

the call the run() method of the arc.

If the run() method succeeds {
create a new node process by calling
15 graph.newNode(label) where label is the node label pointed to by
nodes[current_arc ].
Initialise the new node with setInput(data) and
add the node to the engine with engine.add(newNode)
}
20 if the arc process cannot be created or the run method

fails call the nextArc() method of this node

void setInput(Object data) {
25  this.data = data

void nextArc(Engine engine) {

if (lgraph.allow_exec() )



I f message is a proposal create a new goal fromthe contents of the nessage
and 10 run a new graph with the goal as input otherw se add nessage to
t he nessageQueue wakeup(); 15 } void wakeup() { renove all nodes fromthe
nmessageWi t-(g.leue and add to the executi onQueue 20 } void waitFor Msg( Node
node) { WMQXBF7to nessagewai t Queue } 25 Vector repl yRecEFVERE g key)
{ find the set S of all nessages in thezoessageQueue with key field = key
nmessageQueue = nessageQueue - S 17 return 5 The foll ow ng code fragnents
descri be the bagsic behaviour of a node. 5 Note that in defining a new node
only the exec()faillengingirue abirxt anerdisallowed hggnophd):be defi ned. The ot her
functions bel %\‘\éedfascri be how nodes interact with the engi ne and arcs.

if ( state == DONE && arcs == null )
fail(engine true,"All arcs traversed");
5 else {
state = RUNNING;
current_arc++;

engine.add(this);

10 }

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

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

String[][} nodes // two dimensional array of listing the nodes and arcs of the
graph
20  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
Node begin_node // the process identifier of the start node Graph
parent_graph // the graph of which this is a subgraph
25 int state // the current state of the graph

public void run(Engine engine, Graph parent_graph, Node previous_node,

String next_node) {

30 this.parent_graph = parent_graph;



String[] arcs // the list of arcs fromthis node 10 String[] nodes // the
list of node pointed to by the arcs Node previous _node // the previous
node in t%g; %ra%in Graph graph // the graph which led to the instantiation
of this n egf 7 state // the current state of this noderantB98/02235
current _arc // the current arc awaiting gxecution 15 bj ect data /+/ data
describing the current state on which this node acts void run(Engi ne

engi ne) { 20 . switch(state){ case READY: if (!graph.allow exec()) // the
graph. al | ow_ex&éSArexors_nade =grapinus_fnodeecut i on of this node is all owed 25
fail (engi nef alse "Exec,refused by graph"); else switch( exec(){ case K
st at (e: gRUNN| % ’3-%‘%"“3: next_nodeingi ne. add(t hi s); 18 break: case WAIT:
engi ne. wai t For Msg(this); break; 5 case FAIL:

start(engine arc_data);

5 }

public void run(Engine engine, Object input) {
start(engine,input);
}
10

protected void start(Engine engine, Object input) {
state = RUNNING;
begin_node = newNode(start_node);
if ( begin_node == null )
15 fail{engine,"Start node not found");
else {
begin_node.setInput(input previous_node);
. engine.add(begin_node);
}
20 }

void done(Engine engine, Node node) {
state = DONE;
if (graph = null ) {
25 Node next = graph.newNode(next_node);
if (next == null ){
state = RUNNING;

node.nextArc(engine);

}



fail (engi nefal se, "Node exec failed"); break; break: 10 case RUNNI NG
if ( !graph.allowexec()) fail(engine, true, "Exec refused by graph"); else if

(arcs== null) done(engine, "term nal node reached"); 15 else if (
current _ameoysiosaprs. | ength ) fail (engine,true,"All arcs trayecsad2iss el se
exec_arc(engi ne, data); break; 20 } \éoi d fail (Engi ne engi ne, beol ean
backtrack, String reason) { state= FAl LEI3, I f ( backtrack) 25

backtrack(): graph.fai led(engine,this); if ( previous_node!= null)
previ ousnode. nexgige ¢( engi ne) ; 19 protected int exec() { // contains the
actual executable code for // this node

Object data = node.getData();
next.setInput(datanode);

engine.add(next);

void failed(Engine engine, Node node) {
10 if ( node == begin_node ) state = FAILED;
}
void fail(Engine engine, String reason) {
state = FAILED;
if ( previous_node != null )

15 previous_node.nextArc(engine);

!\lode newNode(String name) {
create a new node process identifed by the label name and
20 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

25 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.

{ {nsou ,



5 protected void backtrack(){ // reset any state changed by exec() void

execar c(Engi ne engine) { 10 | oad process described by current_arc and
the call the run() nethod of the arc. If the run() nmethod succeeds { create
a new noegp pgeeess by calling 15 gr aph. newNode( | abebg¢r/chesi@2isabel is
t he node |abel pointed to- by nodes(currf:?t-arc] . Initialise the new node
with setlnput(data) and add the node to“the engine with engi ne. add( newNode)
20 if the arc process cannot be created or the run nethod fails call the
next Arc() met hegypohgqirhi s node void setlnput (Ooject data) { 25 this.data =
data voi d next Arc(Engine engine) { if ( !graph.allow exec( ) 20
fail (engine, trugz® Megt arc disallowed by graph"); else { if (state == DONE
& arcs == null) fail (enginetrue,"All arcs traversed'); 5 el se {
state = RUNNI NGa3'tus48nt _ar c++;
{“51",
5 lla4ll' IDSZN‘
llasll’ "53"},
{”53"}
{034"}
)
10

The array describes a graph with four states s1-s4, and five arcs al-ab.

From node sO we can take arc al to state s1 or arc a2 to state s4 or alternative

arc a3 to state s4. When more than one can be traversed from a node, the arcs

are tried in the order in which they are presented in the graph description.

15 The code with which a user defines a node is simply required to

implement an exec() and a backtrack() method. For arcs the code shouid

implement an exec{) method which returns a boolean result of true or false.

2.3.2 Coordination Mechanisims
20

Referring to Figure 11, in CABS agents every coordination mechanism is

specified in terms of a 14-stage framework where in each stage at least one state

* process function should be implemented. The 14-stage framework can be

considered an “executive summary” of the detailed logic of the co-ordination

25 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

listed below.

Resource Phase
30

In this phase, an agent A2 has been triggered by an incoming message from

another Agent A1 which for instance needs to delegate tasks. The incoming



engi ne. add(this); 10 } The follow ng code fragnment describes the
functions that inplenent the behaviour of a graph. Note again that a user
does not need to inplenment these 15 functions. To descri be any graph, the
user sinphyo §HKEsy to provide a two dinensional string arr aegidsdsiopsst he
nodes and arcs of the graph. String[][] nodes // two di nensional array of
listing the nodes and arcs of the graph 29 String start_node // the
| abel of the start node String next _node // the | abel of 'the next node

Node  pr eﬁ%@g&&@\ﬁu b skhet (P I@S&afe\fapw%ngﬁétanm& 3 ngt%tewi 3RB J¥O

begi n_node rocess | he“start arent _graph
/1 the graphvhi¢h \mllcm"tcm thei Blaanmmg# sqitedaler 220ptand onstiwt earldusmweaha;eqs ent

stat e of tho gy, 294k PYbh | Sa¥ O HALCIN MonGR9TSs oK ARRNPBLEA A 380 (pode

previ ous_no ng Next node‘j’ S. p Pent _graph;
21 this prevemmgrto@enpﬁewmmeodﬁzurctéwplSasmexgmdtez\nnlemsmmbatask database

start(engLn rc data public void run(Engi i ne, QObject . input
st artg eng$ n?,ai%nb‘hlsfe \%{bat re}sources a task requnres(, an% r‘\e res urce’ and Jcommltme%t ) A

databases 225, 245 to see if it has those resources available.

Stage One
Verify resource availability and determine actions for situations of
10 sufficient/insufficient resources;
Decision:
o if resources are completely/partially sufficient
go to next stage;
o if resources are completely not available
15 reject and terminate;
Stage Two

Tentatively reserve resources;

Delegation Phase

20

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

25 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 resource availability
{partially/completely sufficient).
e if resources are only partially sufficient

30 go to next stage (S, - Sy);

¢ 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



protected void start(Engi ne engine, Object input){ state = RUNNI NG
begi n_node = newNode(start _node); if ( begin_node == null ) 15
fail (engine,"Start node not found"); else {

begi n_nodgy§9éhgkpyt (i nput, previ ousnode); engi ne. add(begi n_pefigkosiss !
voi d done( Eng| ne engine, Node node) { state = DONE; if ( graph!= null) { 25

Node next = graph. newNode(next node): if2% next == null) { state = RUNNI NG
node. nextArc(engi ne) ; 22 el se{ nj ect data = node. gettat a();

engi ne.  Node: node) oGt Re R HARE: Krocburcos ors ool HFE MG o
fail (Engi ne engi ne, t& Roes sr@é@mﬁ')\eﬁd”
go to Stage Thirteen (S, - S,3);
* resources are completely sufficient but the agent’s role is not “head”,
5 go to Stage Ten (S, - S,,);
Stage Four
Find the first set of tasks whose required resources cannot be met;
Remove the selected set (S;- S,);
Stage Five
10 Create a new proposa/ using every task in the selected set (S, - S;);
Stage Six
Find a set of agents to which the proposal can be posted {Ss - Sg);

Negotiation Phase
15 Stage Seven

(will depend on co-ordination strategy to be applied, for instance “Multiple
Round Second Price Open Bid” or “Contract Net” - see below.)
» send the proposal {Sg- S,);
e perform acceptance handling (S;- Sg);
20 . (perforr_n counter-proposal handling) {S;- S,);

e (perform modified-proposal processing) (S, - S¢);

Stage Eight
Summarise results obtained from negotiation phase (S;- Sg);
25 Stage Nine
Decision; select a set of acceptances from the result {Sy- S,);
Stage Ten
Decision:
e if there are other sets of tasks whose required resources cannot be met
30 go to Stage Three (S,- Sj);
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,,);



state = FAILED;, if ( previous_node !'= null) 1 5 previ ous

node. next Arc(engi ne); Node newNode(String nane) { create a new node process
identifed by the | abel name and 20 using the 2D nodes array find the
arcs | eavi LS-node and their destination nodes and set these as the

ar ¢/ node d@%ﬁ@%’?’t he new node 25 Below is an ex&fp®¥223 gr aph
description which is stored in the coordi2gti on graph database 255 and used
to create and run a coordination process. {{"sO', 23 [err] 5

U6x4i 9 "s2" {"s3"} {.s4" - 10 The arrgy descri bes a graph with four
states sl-s4, and i{}‘ztﬁgrec éé]"-%\%?r ??tﬁrﬂ?r?agi? 1 %'eaéfﬁg‘? BESOUEReE CANNPtobsst at e
sl or arc a2 to stat mesdarathalagentiainoy e hakg agentt 0 State s4. Wien nore than
one can be traversed froma node, the arcs are tried in the order in which
they are presented in P& gPdoRafetlri$hei on. 15 The code with which
a user defines gtdyad@even SiMPly required to inplenent an exec() and a

backt rack(g nmet hod. For arcs the code should
* send acceptance and replies (S,, - Sy);

¢ perform confirmation handling (S, - S;o);
» if applicable, perform modified-proposal handling (S,, - Sso);
Stage Twelve
Decision:
10 e if not having delegated and confirmation received
go to Stage Fourteen (S,, - S,3);
e if having delegated and confirmation received
go to next stage (S,, - S,,);
¢ if no confirmation received
15 reject and terminate (S,, - Sg);
Stage Thirteen

Send confirmation (S, - S;,);

Stage Fourteen
20 Firmly reserve the resources and terminate (S, - Si4, 514 - Se);

.

2.3.3 Defining New Coordination Mechanisms

. : The design of the coordination machine allows virtually infinite extension
25 to the various UCP-compliant coordination graphs and even to non-UCP-compliant
graphs. This is achieved by the fact that the coordination engine is a generic and
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 aitering the implemented
30 functions (i.e. programs) identified by the node and arc labels of a graph, then on
executing that graph the engine will behave differently even if the set of given

labels remains unchanged.
ft has been realised that the UCP and its derivative, the 14-stages

framework, subsume many existing coordination mechanisms. It has also been



I mpl enent an exec() nethod which returns a boolean result of true or fal se.
2.3.2 Coordination Mechanisns 20 Referring to Figure 11, in CABS agents
every coordjnation nechanismis specified in terms of a 14-stage framework
where in ¥RMWASSHge at | east one state process function shHSCH/GBRA2235

i npl enented” The 14-stage framework canype considered an "executive
summary" of the detailed |ogic of the co-ordination 25 engine 210 set out
in code above. Ceneric atom c process functions for the fourteen stages are.
| i st ed bel owealiseduthet thesdovechadnisms diftec valain certain minbe Bitagdsle) iaspents.

bel ow. Reso a tr| ered by
an i ncom ng%ggésgbgﬁfﬁgﬁyéﬁo&her %’g@ﬁﬁhi}ag}fmﬁ @2”1 @\ebﬁgg eed taPS

del egat e t asksst mbehanisnyTha@ many 4f RS Sefes h Icombsorsemd ohly differ in a small
co-ordination en i?e and easo g m 210 of A2 which will call on the
pl anner and “é‘E'ﬁGgﬁl &tage50. h'ﬁ qiﬁ"ﬁ ?Héss\)“i %H’%p'ﬁ%ﬁ%éé‘i‘ége pypbep of different 545
i n bui | di 89 rétthahiéry BY cﬁvaeplﬂbfﬂr\'&a%lfém geRPRInctioy 884 mdhy 66 BRNdofmhargent
Al . In the resource phase, agent w |l use the task database 5 230 to see

what resour ¢BRCLIPNS;83N rbéq(ﬁqse@ Hh@d#lﬁenr éB%‘H’W&Q MFEheviAmSt wEng anifisgses
225, 245 to u%aerw.ﬁg'ﬁarh@&mtkh%ﬁesf &S PHdfste ta@dr&@la' Smbéh%@m‘gm M&Edréyof

resource availability a determ ne actions for tuat 1 ons
suf fi ci ent/ idiféerent meéh@mwesources, Deci si on:
Given a coordination behaviour, in order to define a new UCP-compliant

10 coordination graph, the following steps should suffice:

e To refine the behaviour so that the decision-making and processing conform
to the 14-stages framework;
s Search the library of the coordination machine, and reuse existing
15 implemented functions as far as possible. This will be where the functional
behaviour is identical to the required one;
» For those stages where no implemented functions can be reused, implement
new functions in which the following three methods must exist:
e exec: to verify whether function is applicable, perform the necessary
20 change of state, messaging, and certain databases update;
e backtrack: to reset all the operations performed and restore the original
state;

e Label: give any newly implemented function a label.
v 256 2.3.4 Adding New Coordination Graphs to the Engine

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

30 coordination graphs into one unified graph which contains no duplication of states.}
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.



oif resources are conpletely/partially sufficient go to next stage; * if
resources are conpletely not available 1 5 reject and term nate;
Stage Two Tentatively reserve resources; Del egation Phase 20 This phase

wi || onl ywosemssonto play if agent A2 does not have the rePodveaosaras| abl e,

itself, to-respond to agent Al. Stage Thygee 25 Determ ne the
agent's position/role in the whol e coor hati on cont ext (head -owner of the
current goal, or non-head - i.e. one to whom a sub- goal has been

del egated) and distinguish the level of resource availability
(partially/completely sufficient). * if resources are only partially

suf fici ent gd” }\cq‘%’a‘m"“&boﬁ?bﬁé‘%mét age (S2 - S[err]); * if the resources
are only partially sufficient, it is necessary to negotiate with other
agents to find additional resource. Stages S[err] to Slerr] bring in_
negoti ati on procedBe sesoyEconipeih andeaaqupintanga | dasebases 2250 230e 218 rrimarilg5

oL i Sl 5 SIS Spebof B OUE i X (RORNBLE Lo Loicbtlnan
resour ces aflatabasmptasheblpgiesfvhich euppdnustordue, sgfeaval sndajuery faciivies.” Heade,
implementation, a hashtable (linking 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

10 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
Shop 2. Referring to Figure 6, the manager agent of Shop 1 (Agent A1) has two
assistants, Agents B1 and C1; whilst the manager agent of Shop 2 (Agent A2) has
three assistants Agents B2, C2 and D2.

15 Necessarily in this scenario, A1 knows of the existence and abilities of B1
and C1 since they are his assistants, and similarly A2 of B2, C2 and D2. Assume
that A1 knows of A2 and the items A2 can produce; however A2 has no
knowledge of A1. Further, assume that in each shop, the assistants all know one
another and their respective abilities. The two tables below summarise one

20 possible instance of the organisational knowledge of the agents in Shops 1 and 2.



5
(S[err]-

go to Stage Ten (S2 -
t asks whose required resources cannot be net;
Stage Five 10
task in the-selected set ($4 -

t he propo¥?

Slerr]);

St age Seven (wil |
i nstance "Multiple Round Second Price Open Bid" or "Contract Net" - see

®be posted (S[err]

Si);

S10);

,-Slerr]);

St age Four

for

Find the first set of
Renove the sel ected set
Create a new proposal
Stage Six Find a set of a
Negoti ati on PHa¥
depend on co-ordinatieg strategy to be applied,

usi ng every
ents to which
CBgupzss

bel ow.) * send the pr oposal (9] err] - S[err]); * perform acceptance handling
(S[err]- S[err]); (perfor m counter - proposal handl i ng)
Slerr]): Stage b ’ﬁ"”"—( e e B BRI BRI e e
(S[err] - [Bheé Wgknt P5 Relation Sf agEadgbﬂe Wbﬂrftr@QBa&B ERlea TRt PossREEARPT[ANcCes
fromthejresult (Sferr]- Slefr]); Stage¢ Ten Decision: * if there are her
sets of flasks whosg requi red re%& tes|cannot be met 30 . jgo to
rSte?]gier Zg resour ces Canhgll'drj y I,Bralnjc]el Ert&helté»’{ﬁ U@?“?e%@@;eni dsgb?éw “gf gge
Thirteenj(S9 - S12); superior C1 {:item ltemz :itime 3 icost 4), ...
peer A2 (:item Item3 :time 5 :cost 8), ..
B1 subordinate Al
co-worker 1 {:item ltem?2 :time 5 :cost 3}, ....
C1 subordinate A1l
co-worker B1 {:item Item1 :time 4 :cost b}, ...
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 B), ..
superior C2 (:item ltemb5 :time 3 :cost 3), ....
superior D2 (:item ltem®6 :time 6 :cost 7), ....
B2 subordinate A2
co-worker C2 (:item Item2 :time 5 :cost 3}, ...,
co-worker D2 (:item Item6 :time 6 :cost 9), ....
C2 subordinate A2
co-worker B2 {:item item1 :time 4 :cost 5}, ....
’ co-worker D2 {:item ItemB :time 6 :cost 9), ....
D2 subordinate A2
co-worker B2 (sitem ltem1 :time 4 :cost 5), ....
co-worker Cc2 (:sitem Item2 :time 5 :cost 3), ....
5
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. Peer and co-worker are horizontal structural
10 relationships; in CABS, a co-worker is another agent in the same static agency

SUBSTITUTE SHEET (RULE 286)



26 * if there are no other sets of tasks whose required resources cannot be
nmet, and the agent is not a head agent go to next stage (S[err]-S[err]);

St age El even 5 * send acceptance and replies (S[err] - Serr]); *
performconfirmation handling (S2 - SIG,; * if applicable, perform

nodi fi ed- PlOASOSEA7 handl ing (S[err], - S[err]); Stage Twel PETSRP/83128%: 10

o if not having del egated and confirmati recei ved go to Stage Fourteen
(S[err] - S[err]); * if having del egated and confirmation received go to
next stage (S[err]- S[err]); * if no confirmation received 15

rej ect and tehrqismaithe( S[seperjor noSEspb@dimgte. TReartreletioBdvips arerthe detauitpand S12 -

S[err]); Stage Fourteen Firny reserve. the resources and
Cor it o ( B I Sy &Bfptinong by e bisgraely WABSE BEACI S iR, KURpfiace
Coor di nat i omoMeotvesrkerrs The design of the coordinati on machi ne all ows
virtually infinite extepsion 25 .to the various UCP-conpliant .coordination
graphs and even t§°ﬁben9 X AP © F%?)ﬁéf.fer?rl’ﬁ grgfg'sa%aé\fglﬁt'w?‘m‘?e‘“? act
that the Bogigbtididroan€@ofndtion stEREGEd Gra itbcdNEai PeibWiapaBdend nkadiagi on
which interprets any graph description of the formdescribed earlier. By
gi vi ng di f f efehtSteBAE diAga0T GRorginaier Stratagy Snerifcaien a7 9t-er ent
Note that organisational relationships are not by default bi-directional.
That is, although an agent X might believe Y to be her subordinate, it does not
necessarily imply that Y believes X to be her superior. It can also be noted that
10 the Shop 2 Table shows no peer relationship for the A2 agent. This reflects the
fact that the A2 agent has no knowledge of the manager of Shop 1, the A1 agent.
Note also that one agent’s beliefs about a second need not be consistent
with a third agent’s beliefs (data} about the second. For example, in the Shop 1
Table, A1 believes C1 can produce item2 at a cost of 4 units and using 3 time
15 units. However, B1 believes differently that C1 produces {tem2 at cost 3 units
and using 5 time units. This may in practice arise if agents have different service

level agreements , for instance.

2.5 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 1986), 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
overbooking 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 805 denoting time points {using an
integer representation of time). The base time (“0”) of the table is the current
time, while the maximum time is the current time plus the maximum plan-ahead

period of the agent.



coordi nati on behaviour will be perforned. Moreover, by altering the
i npl emented 30 functions (i.e. prograns) identified by the node and arc
| abel s of a graph, then on executing that graph the engine will behave

differently even if the set of given | abels remains unchan been
realised t‘&%”’f‘ﬁ‘é’ucp and its derivative, the 14-stages fr%ﬁgﬁ#?&/,ogg%bsurre

many exi sting coordination nechani sns. |B3thas al so been 27 realised that
t hese nechanisns differ only in certain mnor, but subtle, aspects. After

careful analysis, it was found that b differentiatingﬁ%he UCP in_14
stages, nost nmechdfPitsthdie NaPRErGehediders 22008re 9oalsSnAbNantP e Brodiee er

in a small ndohigte of, BY AHRS e, HAI HakiRAS dokt ROSNJRE,CtHeO gbaTPAaR I L1icn R4 e

nunber of different 5 mechani sns by devel opi ng only a few new functions
and many of intlede ehgnparametarssycic a8 Bslibeubuel will ideparrdiioni by, plaprasi Bejnag
nmechani sms Ysl.R9 1& siblisegeunderlying framework nakes it possible to solve
a problemusing a mxture of different nmechani sns. G ven a coordination
behaviourb in order to define a new UCP-conpliant 10 coordi nation graph,
the foll ow &g stgﬁs shoyl d suffice: o To refine the behaviour so that the
deci si on- ma )nﬁu ‘éltb’iﬂos 8ssing conformto the 14-stages framework; * Search

the |ibrary -0f skhef 608 ¢ willtneed t6PEHLME to abilleVeteegdakidhdi Nng 15
i npl enented functions as far as possible. This will be where the functional
behavi our i db| geEpReziubgsaife required one; For those stages where no

| mpl enent ed f ynget io‘P@é%—%@é‘ls%i&ﬁk‘ﬁeeggeﬂt'mbsec”@dﬁttral%?%% g:”ﬁr]miepﬁﬁerit itMHeGRp! Ne

follow ng three nethodsS nust exist: e exec: to verl ether function is
appl i cabhe, Ipesifgoahistthdermbrysdry

The behaviour of the planner is as follows:

if { e < current-time or e > current-time + plan-ahead ) return fail.

15 /* Check to ensure we are within the time-range covered by the agents planner */

Let applicable-tasks = the set of tasks in the agent’s task database
which have the desired resource R as one of their effects {produced

items).
20 /* Note depending on the planner the applicable-tasks can be ordered by cost,
quality, time, 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-rescurces = the set of resocurces reguired to
35 perform the task.
For each resource C in consumed-resources:

Check the resource database for C

SUBSTITUTE SHEET (RULE 26)



20 change of state, nessaging, and certain databases update; *
backtrack: to reset all the operations perfornmed and restore the original
state; * Label: give any newy inplenented function a |abel. 25 2.3.4

Addi ng New Coordi nation G aphs to the Engine After a repository of

i mpl ement eWOI8897ons has been defined, in order to allow P&d/@§0R35t 0 use
a particul ar coordination graph, a stri ngzdpﬁcri ption of the graph should
sinply be added to the engine. (The enginé can unify multiple 30

coordi nati on graphs into one unified graph which contains no duplication of
states.) If nore than on€ dberthsvartoniateicdrenicemaigsr €quianedliaasel veta
particul ar problem the wRgtse;should in this case be given the graphs
describing the required goordination, pr %ﬁﬁigagisF?Fol . owi ng uni fi gab;gyl n_of

the graphs, the engine i S abla to apply TRt HECRAHIEnt i t

in the unified graphs oppoPRUnilsd|xarr constrzigty such agp\eabit siidapatabase
215 The ré&source, task, tndeatgusedbance tai-abesego225, 230, 215 primarily

5 serve as information neResi fOLLE8e1 aNthoRD 48 LIRRIED, edlisidGne new
conventi onal database technol ogi es which support storage, retrieval and

query facilities. In one®™PAptenent?iti 6RP° HAEhEYDI BXEREAKP hgtadh-2a3%%
itemto be stored w th aregpecficekey)toi sthusedets tdwgpmmitaskiat andt oraget-
structure for each nodul 8xgddie.acquai ntance database 215 stores an

acquai nt gpce nodel for the 10 agent in the formof a relationship table as
in the fol'low ng exanple: the domain in this exanple is a dealing

envi ronment Sudheare Betheen psvdourib5e: adtepe thanteShepr R WREer g ire
Figure 6, thessapagendagenir ebnShapnis,( Ageatd Ahk Basl ttwo aassdvet ants, tigent s

Bl and O ; whid ghediesiBRagetanadentof Shop 2 (Agent A2) has

156 The computation of the total cost of achieving a goal is taken as the sum
of the cost of performing all the task required to attain the goal.

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
booking gives 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 planner introduces the following
pa.rticularly useful concepts:

25
» the use of fentative and firm bookings gives the planner the ability to double-
book already tentatively booked slots (similar in principle to what airline
reservation companies do). This idea improves the agent’s chances of operating
at full capacity. The mechanism for bhandling double-booking operates as
30 follows: The planner maintains a second copy of the commitment table which
records only the firmly booked slots and double-booked tentatively booked slots.
If double-booking is allowed by the agent, the planner uses this table in planning
when it cannot find free siots for a task using the normal commitment table. |f
free slots are found on the second table, then those slots are marked as double-
. 35 booked. 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

SUBSTITUTE SHEET (RULE 26)



three assistants Agents B2, C2 and D2. 15 Necessarily in this
scenario, Al knows of the existence and abilities of Bl and O since they
are his assistants, and simlarly A2 of B2, C2 and D2. Assune that Al knows
of A2 and the items A2 can produce; however A2 has no knowgedgepdafor s

Furt her, a‘é’gﬁﬁ/ﬂs‘?ﬂat in each shop, the assistants all know one another and

their respective abilities. The two tab8242bel ow sunmari se one 20 possible
i nstance of the organi sational know edge of the agents in Shops 1 and 2.

29 Table : An instance of the organi satjonal know ed f .Sh 1 agents
Base Agent ° FRecapggeal is ’ele"t‘T‘gfrg ther selec“'%iﬂ°|l'?'ie§§°%§jsgeH@p?%\‘/%ge‘%a?’ﬁet

possesses Agerfighist priority godl WP HigH¥st cost goal,Betc. It is alsoipgoeBiblel ®toritédi FRe 4
:cost 5), superior a (;itemlten? :time 3 :cost 4)t’ peer
A2 (: it ctnoreepBdepbie-bgoking by agying Hie planner apeGepfagg o its total nymber
co- wor ker ;] bbéga, time 5 tcost 3), d

subordi nat e of s'&%\lthg%?%é?(g%m b B1 (;itemltenl :tinme 4 :cost
5), Tabl es An bowsidamc theomakinsuno ryanties atfi panallel lonarwihesipe tite Bagip of avgiiehle

Base Agent Rel ation Tar get Abilities Base believes Target
possesses AgerftfOR&Ssors: superi or B2 (;itemltemd :tine 2

. cost 5), supetheQreconditions@? a task mdy. bd erdetdd rebg.: 4 task v@ith thuse pB3congditipssi or
D2 (:;itemltenb :tine 6 :co

A, B and C might impose tﬁé cgrzs’tfainl%zthat A musst%gogcgmlierl/ae%ebefore B, then

C. While this is a feature of some conventional planners, in CABS such goal

SUBSTITUTE SHEET (RULE 26)



co- wor ker C2 (:itemlten2 :tinme 5 :cost 3), co-worker

D2 (;:itemltent :tine 6 :cost 9),.... 2 subordi nat e A2
co- wor ker B2 (:itemltem :tine 4 :cost 5), co-worker

D2 (:itemltend :tine 6 :cost 9), D2 subor di nat e A2
co-wor ker WO 99/055gH (.itemiteml :tinme 4 :cost 5), cotGFRY02235

c2 : (;:itemlten? :tine 5 :cost 3), 33The Shop 1 Tabl e introduces the

four organisational relationships used in the current inplenentation of the
CABS system The superior and subordinate relationships maintain their
natural i nt er pP@eHRg dadgdo b inteHgaving efcelarring méttaeoasAipnRtion lniqonventiamebrity
undertones.  RoskHaBEl sGReMRthE codldaiehidh I?\feaéon%rtoisuﬁateuﬁiﬁrknel%ut in CABS

rel ati onships; 1n CABS, a co-worker is another agent I n the sanme static
agency SUBST| TRgERtSHEplgrmer 22963nd the3ooqidination reeginke? 1 sbaneecordrol nehern

Soon byt b REThE del SARRRRS Al S i Shak e MR LEbd B, A

known by the base the superidr’, or

co-wor ker 5 Sonplanifed lier bymhe agenoasd & stbreotrddted ent. Hoganers ahe aimice of
rel ati onshi ps on i es, ar

negoti ati on ,and coordi nati,Qn strafegi are di scussed
bel ow, under t?%e'%eto?d? B'e“"zl.é4 agd cthe smapger, {0 e i"né(‘f'hot%’ %P'&Y%ﬁjva”aﬁe
Speci fication GiklingsiNahe thé@layohGAREE & WANBE atkikddd WIEBN BFfedt €, MHusbyhe
default bi-directional. That is, alt hm:gh an agent X mght believe Y to be

her subor di nat ¥timafe deigsioRAboHb vdichapgen) gelpthe eontracy dsBrRds e the PENBET her
superior. It cay 34 $RtbgmpRt 88sdd"8h a single factor such as cheapest cost. Such

10 problems typically occur when sub-goals are not independent; and interleaving
planning with coordination provides a flexible mechanism for handling such

dependence.

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

15 concept for enforcing an equality constraint between a variable and a fact or

another variable. A binding is used when a variable is set equal to a fact. For
example, if variable “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 simple implementation, a constraint satisfaction algorithm

20 can be used to reschedule ailready planned activities such that none of the

constraints that were imposed during planning is violated. This is useful in

handling exception or in achieving policy goals. Optimisation can be added to the

constraint-based rescheduler,

* ' In the case of exceptions, an exception {unexpected failure condition)

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

slots in the commitment table, then the planner could possibly reschedule its

activities to give the executing task more time. For a simple constraint satisfaction

type rescheduling, the planner tries to arrive at a new arrangement such that none

of the original constraints imposed by the goals are violated. For an optimising

30 rescheduler, the planner might allow constraint violation so long as an optimal

arrangement is found (optimality in this case will be based on criteria decided on

by the developer). For example a low cost job to which the planner is already

committed may be dropped in favour of extending the processing time of an over-

run high cost job.



10 the Shop 2 Table shows no peer relationship for the A2 agent. This
reflects the fact that the A2 agent has no know edge of the nanager of Shop
1, the Al agent. Note also that one agent's beliefs about a second need not
be consistent with a third agent's beliefs (data) about th or
exanpl e, i"WOPH&Bhop 1 Table, Al believes Cl can produce |F8§§;%§F’9’&3€ost of
4 units and using 3 tinme 15 wunits. Howeyger, Bl believes differently that
Cl produces ItenR at cost 3 units and using 5 time units. This may in
practice arise if agents have different service |evel agreenments, for
instance. 2.5 Pt Seheepler mightcaisn be used tognstie PPiteolipcRs- For example,

pl anner/schggulygh | rft%agé%rbo?e,d obfebf FPerdlfe 1A fobside B@rf@ﬁ{»%}déﬁglﬁgigl?l)grt he

agent. Conventional planning (e.g.” neans-end analysis as in the C
O PLAN pl anmerpossibisee Ipapely 9 dage,| BRBemapemitment ratdd A eshovyy it Bigureafditt hei r

applications’, V . er..1996) e I e .oh- shop
25 schedul ?’F\ad') sﬁtlfatc%lgﬁa eg ngﬁpg’ce%&ge@d E@%@'&%}%ﬁ'@gp&%‘%}%g’eé’nﬁﬁ%%%m er
220 of the eABSitagetHerhdstiadaient draalall iheiraeqtiredereasprees - st rescheduling i t

can offer an overbooking facility to ensure xim sed use of resource. The
i mpl enent at 8RS 8F* 5’%&%%"&@@?%9 dvfﬁf’&ﬁﬁ%}f?@éﬁ Mltg% §o2’2&?"13'5,9955'm&*ans- end
partial and hierarchical planner. Referring also to Figure.9, it maintains
a 30 commitnment table (aor database) 245 which is a two-dinensional array
with rows 98P dendiespircaPatabase 225 ocessors and col ums 905 denoting tine
points (using an integer representation of tine). The base tinme ("0") of
the table is the current tinme, while the maxinumtine is the current tinme
pl us t hel®axi num pgharresthueridtebased22ff stores rggeyrce definigans.

In general, 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

15 commitment table. The Fact/Variables Editor 355 is provided so as to allow the
user to load the necessary data using a frame-based object-attribute-value
formalism.

A resource is defined as an object with attached attribute-value pairs. For
example, an agent in a communications system may require a resource in order to

20 provide a fibre-optic network connection from London to Ipswich which transmits

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

Resource Exampie 1:

25 (:type network-link
sis-variable false
iid 11001
:attributes (:from London
:to Ipswich
30 :connection-type fibre-optic
:speed 1000
:data-type video
)



| nputs to the planner/schedul er 220 are goals of the form Produce resource
R, by tinme e, at maxi num cost c. Note, the goal specification may include
ot her paraneters such as quality. This will depend on the planner being
used. Its outputs are: (a) output-tasks - a set of tasks it will need to
perform t 3¥Q¥MSEe the goal ; and (b) out put-subgoals - a FHTRBEISgoal s
whi ch the agent nust contract out to otkgr agents if the top- 10 | evel goal
is to be achieved. The behavi our of the planner is as follows: if ( e <
current-tinme or e > current-tine + plan-ahead ) return fail. 15 /* Check to
ensure we are within the tine-range covered by the agents planner */ Let
appl i cabl e-tasks SpdAN ‘ . t i have
t he desired resour%éeegrtggragﬁées 0 thaedldr aées?? g@i%ﬁ%&éﬁ%éﬁt@ﬂ@?&e% Not e
dependi ng ohowltbe pisemdrsidesite raqufel theadrireaitasks can be ordered by cost,
quality, tinme, etg.,That i I (40) of performng the task, . .the quality
of resources the 52{ %rﬁﬁ%%’gs?l%%l’s faﬁ.;ee # E\Ethletexgg\iggsat%oge,p epgpﬁr?%oé"?eask.
*| For ed&histiadéed a fabe Orherofiseaib icoakiberetas karidbde.2Fhe “id” Atldegipés tiee pl ace
the task in the ¢ mn'lrregt table in a.rcogti nyous bl ock Fgf free spaces,

bet ween t he"f8YF PR HEIREH-F i B 'ESVCEhe I LRIONIRP (W DXATPRIGE 2§ Qb FeyqUrthyt
enough freevshates are available for the task, go on to the next task in
the set of applicable-tasks. 30 | f task has been successfully placed
on the table: Add task to the set output-tasks the start-tine s of the task

is given byppisursd Bxdmpei.tion on the table

10
(:type video-data
lis-variable true
:id 11002
:attributes (idata XXX
15 )

(:type video-data-transmitted
tis-variable true
20 :id 11003
:attributes {:from ?location?
to ?location2
:data ?any-data
. ‘ )
25 )

Note that “?anything” denotes a local variable.
The resource database 225 also contains the ontology database 260. This
stores the logical definition of each fact type - its legal attributes, the range of
30 legal values for each attribute, any constraints between attribute values, and any
relationships between the attributes of the fact and other facts. Agents have to

use the same ontological information if they are to understand each other.

2.7 Task Database 230



Let consuned-resources = the set of resources required to 35
performthe task. For each resource C in consuned-resources: Check the
resource database for C SUBSTI TUTE SHEET ( RULE 26) 32 /1 if the resource

dat abase gont ai Cthen allocate Cto the task; otherws subgoal
it el GRinoa s

to achiev ce Cby tine s, and with other constraint’s quality
simlar to 5 t hose i npos@8 on the top-level goal. Next,
recursively invoke the planner to achieve the new subgoal C, and append the
two outputs of the planner respectively to the sets output-tasks and
out put - subgoals. 10 If the no task can be found to achieve the resource R

within the time, Thesrask datadask Slohey tasRdetifiBibRd that AN @R LiseAFodR@tanke bRChi eve
R to the seg?%%ut-sub oals and return. 15 The conputation of the

total cost ! P CENedy8RL2Ps taken as the sum of the cost of
f ' It t J: ' |
pertormng a Aol B HEMHHISE brd Rt TaaIE(lEbl%tEfé p%%ﬂgﬁg%ﬂﬁ&kn&hﬁs

taken place, the planner tentatively books edule into the
conmi t neht coatdrises:On recei pt of a confirmation of the booking fromthe

coordi nati Qn egg': dule will be firmy booked and the tasks 20
made ready f&r>e ggﬁ %ﬂﬁmgﬁk&t@heir schedul ed tines. This use of tentative
)

and firm e selection (if, then......
* iteration (exit condition)
The CABS task definition {or description) also introduces the idea of
10 “mandatory paraliel” tasks and “optional parallel” tasks. Where a task description
shows mandatory parallel activities, more than one activity has to be carried out
simultaneously. 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
15 involve a set of sub-tasks. An example of the latter is where the task is to carry
out a simple arithmetic calculation such as “ax? + dx + c.” If this task is shown
with the mandatory parallel indication, then the three values ax?, dx and ¢ will be
calculated simuitaneously, followed by the sequential step of adding the calculated
values together. For a task of this nature, a decomposition 560 will be generated
20 by the task definition editor 335 (see below under the heading “4.5 Step 5:
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
25 resources it will require and the effects it will have (inputs/outputs), how long the
task will take, logical descriptions for actually performing a task at the external
system 125 and, in the case of complex tasks, the decomposition 5660 mentioned
above which is a list of sub-tasks within the complex task.
An output of the task is a callback 555, this being the instruction which is
30 output via the execution monitor 250 to the external system 125 to perform a
relevant function. An example might be to run a facsimile activity. The logical
description comprises a variable 5650 which describes loading paper and dialling a
facsimile network number. A decomposition 560 for the task would list sub-tasks

such as detecting presence of the master sheet to be sent, or of a block of text



booki ng gives the coordination engine tine to del egate external subgoals

required to achieve a goal, and also the ability to cancel

commtnents. The

behavi our of the CABS agent planner introduces the follow ng particularly
useful concepts: 25 * the use of tentative and firm bookings gives the

pl anner tWE 938537ty to doubl e- book already tentatively bBEKEBHIZIES
(simlar in princi pI e to what airline ggservation conpanies do). This idea

i nproves the agent's chances of operating at full capacity.
for handling doubl e-booki ng operates as 30 foll ows: The

The nechani sm
pl anner

mai nt ai ns datgetiortbe copyeast buffier, cdatedtingemingt mmee dehéctingr ealbr pisk omt yanme

doubl &- nooky e and FRGED. Br BAREEHL 5] Bh' Sarhe BR8Py

Phdbgsand |,

pl anni ng wetnying aﬁaanEt fimadnfervat $Ttuatss a‘r@hlearl\y aalkta&snghtblheonﬂrrﬁmlbe
commi t nent ,t abJ e, fr(taﬂe gtgts are found on ieﬁ_gnd tabl e, then those
iyide

slots are MRISEP %@"%cﬂj amonggi Jareigpile ma H\?s

& relibagk| B8R /% e on,

when twg gipatrGctidretd® PR Imb&ans e Sh&ALGorld fdecdriy &t taeaabtda@f&%uﬁmf i rmed

gets all ocated the slots and the SUBSTI TUTE SHEET (RULE 26)

second goadCtVé¥rej ected. Qther selection policies could be

I mpl errent ed,

e.g. highest prlmk@aneqaék Qéfmht'icgﬁea?é dgeéésegwhoreeaﬁau bbios (AkSOEROSS! bl e
to control the degree of | e-booki ng by giving the planner a percentage
of its totkgadi B §te%$ot§as{rh9@fmf&nn’be doubl e- booked. 5 * bounding the

maxi mum nunber of parall el

the preconditions of a task may be ordered, e.g. a task with three

precondt i

15

20

25

30

2:8s Execution Monitor 250

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
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
execution monitor 250 decides to execute a particular task, it does so by calling
the appropriate task call-back functions and outputting them to the external
system 125,

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 250 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 simulated. In these circumstances, the execution monitor
250 will be alerted of the failure and hence appropriate corrective actions can be
designed. For instance, the agent designer may design the agent, upon failure, to
re-schedule the goals to be achieved by running alternate task call-back functions
or by delegating them to other agents through the coordination engine 210.

Furthermore, the execution monitor 250 can decide that the time required
to execute a task has exceeded its expected duration, the execution monitor 250
not having received an appropriate input signal. By the same token, the agent
designer can determine what appropriate actions should be carried out in such a

case.

branches on the basis of avail abl e processors;



A, B and C m ght inpose the constraint that A nust be achi eved before B,
then C Wile this is a feature of sonme conventional planners, in CABS such
goal SUBSTI TUTE SHEET ( RULE 26) 33 ordering leads to the interleaving of
pl anni ng wi-th coordi nation. In conventional agent-based systens the

coor di nat Y@?28%%7ne controls the planner but in CABS agen¥§Tf(ﬂ’!§8’B?zéﬁner 220
and t he coordi nati on engi ne 210 share cgntrol when handling goal ordering.
For exanple, in the A, B, C case above, A mght be 5 pl anned for by the
agent and B sub-contracted out. However, the choice of agent to achieve B
and the manner i AhBKxeqution mgnitor BE0hehitey Exlloping fumstienpfaidrerespls and t he

way in whi ghhefedh) bibensghieved will all affect C. Thus, the ultinmate
deci si on aboﬁt Wh\l(CL a?;enthgets the contract depends on the planner and is

not sinply based on a single factor such as cheapest cost. Such 10

probl ens tﬁBi:l?F’r'eLéfrw?g?e% yé/g n sub-goal s are not independent; and
i nterl eaving planning W Fi¥oor di nati on provi des a fl exible nmechani smfor

handl i ng such dependence. Reference is nmade above to "vari abl e bi ndi ngs".

These are gagﬁ@P%'ﬁeggggﬁg@]ﬂLor enforcing an equality constraint between

a variable r variable. A binding is used when a
variable i gshepd equal to a fact. For exanple, if variable "v1l" equals fact
"f1", say, "vl1" is said to be bound to "f1". CABS agents can also allow an
opti nmising scheduP&: frepesal-B dahelied PRdicHREPEPRRR!t nent table. In a sinple

i mpl enentati on, _a| ANSEEAL H is TRL JevEARIMOS ﬁh%&hé&@%@?be‘;@@ p@oea?d to

reschedul e al ready planned activities such that none t he nstraints
t hat wetr®e i nposedAdiispecifigd thenDg ths avticol @twded by hhes furetiosef ul i n handl i ng
exception or in achieving policy goals. Optimsation can be added to the

UnBook (cancels the raservation of resources)

UnBook [ PID, Level, Seq, AID ]
15 where
— PID, Proposal-lD, labels a particular proposal;
—~ Level, Seq € Zis the level number and sequence number of proposal,

— AID specifies the ID of the action returned by the function.
20 Commit (allocates resources)

Commit [ PID, Level, Seq, AID ]
where
. ‘ — PID, Proposal-ID, labels a particular proposal;
25 — Level, Seq € Z is the level number and sequence number of proposal.

— AID specifies the ID of the action returned by the function.
Uncommit (cancels the allocation of resources)

30 Free [ PID, Level, Seq, AlD ]
where
~ PID, Proposal-ID, labels a particular proposal;

- Level, Seq € Z is the ievel number and sequence number of proposal.



constraint-based rescheduler. In the case of exceptions, an exception
(unexpected failure condition) 25 mght occur when an executing task
overruns its scheduled tine. If there are free slots in the conm tnent
tabl e, then the planner could possibly reschedule its activities to give

t he execuwiorfg/06393k nore tine. For a sinple constraint sat PET&BOB/IOI23Z ype
reschedul ing, the planner tries to arriye at a new arrangenent such t hat
none of the original constraints inposed by the goals are violated. For an
optimsing 30 rescheduler, the planner mght allow constraint violation so
| ong as an opti ralAlBrspanifjesreht ID of thewator egtined lbiyttiie ifndtions case wil | be
based on criteria decided on by the devel oper). For exanple a | ow cost job
to which the planner is already commtted may be dropped in favour of

extendi ng the prqriisFuRtidn ¢an 6ily DR éxeeitedr dHly i BB ¢x@5ltidr0Bf the prdpodsl
schedul er m ght al so be used to ensure policy objectives. For exanple, an
agent mi ght'®RACLYS: pYPMEPeYhl ective to ensure that jobs are performed as
qui ckly &s possible. In such a case, in the commtnment table 245 shown in
Figure 9, it may shift sub-tasks B and C two and one cell |eftwards

respectiveldy and DERVIEW: €ABE RLATHORNem i f the agent has all their

requi red resources - such rescheduling does not violate any of the
constraints inposed by the top-level goal. 2.6 Resour ce Database 225 10
The resource dat disderdn@2® §igore 3, r teomeaas def iaqapturings datan faye tradinlg, said
"vari abl e"

A L
| ogi cal 10esarsiajt arehitedtespand éer autombticallydniiléxy saseftviraretrsodie abedrbiegeabor e
:)ﬁ?glogg EP esslﬁf I%Eﬁhﬁ]tgc&rﬁtgvisdgrog/ﬁ}eg i)y'/q tF\ee | (%ég nplgt?or?na}c th'Eis? Sporg\r/iggs fa%r aéepnetl
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
15 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
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 System 210”. One of the supporting agents 315
20 is particularly important however, and novel. This is described below, under the
heading “5. DEBUGGING AND VISUALISATION”. It could have application in
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
25 by the developer during agent creation and input via a design interface 350. In
more detall, they comprise the following:
e an agent definition editor 320 (referred to below under “4.2 Step 2: Agent
Definition 500" for providing a logical description of the agent, its abilities and
initial resources etc
30 e« an organisation editor 325 (referred to below under “4.3 Step 3: Agent
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



15 commtnent table. The Fact/Variables Editor 355 is provided so as to
allow the user to | oad the necessary data using a frane-based
object-attribute-value formalism A resource is defined as an object with
attached attribute-value pairs. For exanple, an agent in a conmunications
system mayY@ &Y% a resource in order to 20 provide a fi bFeVEBIY® et wor k
connection fromLondon to | pswi ch which4bransmts video data. The resource
need of the agent can be expressed as foll ows: Resource Exanple 1: 25
(:type network-link :is-variable fal 11001 :attributes (:from London

ol \ se :id . 8
“to | pswi ch® 39 co-ordination editere33¢ digfaripdator Palpw Wiser c4-4 4R 4:0089e0LL8: t ype

video 35 Th@idbhi Sthigy' sm;ﬁ&a%nalseloqss&c k@b&%%ataﬁaghd?uasérfan@s%e- wi |l
e

depend on how t he user decides to nodel the domain. 1t "I s-vari abl e"

flag i s fal secrdiatianisivetegiesfitte 4BBVE, then the resource 5 is indeed a

Uni cue i dorn 1§ 2r* PRy RIOH HREPES8 UREHEDNF nalid il 3T el 4G Tafls
resour ce bvar | Qefimtion 205U fore dEszca‘rbﬁgetlﬁe: tds@s that the agents in the domain can
perform
e an ontology editor 340 (referred to below under “4.1 Step 1: Domain Study
and Agent ldentification 575" for describing a suitable ontology for the domain
e a fact/variable editor 355 (referred to below under "4.2 Step 2: Agent
10 Definition 500” and under “4.5 Step 5: Tasks Definition 520" for describing
specific instances of facts and variables, using the templates provided by the
ontology editor 340
s a code generation editor 360 {referred to below under “4.6 Step 6: Domain-
specific Prablem Solving Code Production 525 for generating code according
15 to the definitions provided for each agent
s 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
or more sub-tasks which have to be performed in some order
® a constraints editor 370 (referred to below under “4.5 Step b5: Tasks
20 Definition 520" for describing the constraints between (i) the preconditions and
_effects of a task, (ii} 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

description.

25 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.

CABS embodies a system of methods plus environment to provide a muiti-
agent systems developer with the means to:

30 s configure a number of different agents of varying functionality and behaviour,

s organise them in whatever manner she chooses,
e imbue each agent with communicative and co-ordination abilities selected from

a CABS-supplied list,



(:type video-data :is-variable true :id 1 1002 :attributes (:data XXX 15
(:type video-data-transmtted :is-variable true 20 :id 11003 :attributes
(:from?locationl :to ?location2 :data ?any-data 25 Note that "?anything"
denotes a local variable. The resource database 225 al so contains the

ont ol ogy WQ W88y 260. This stores the |ogical definitionRET/EBRSA2I3ct type
- its legal”attributes, the range of 30441egal values for each attribute,
any constraints between attribute val ues, and any rel ati onshi ps between the
attributes of the fact and other facts. Agents have to use the sane

ont ol ogi cal* isupplyre@ch @gentf with&lye aecessay uedwirssatificamrobleot-$mdving 2ode,  Task
Dat abase 230 36 The task database stores task definitions that wll be
used for instance by the planner and schedul er 220. The task definition
provi des a ssleatahatically @gnerats 1hg réquirsdvexekutables HoStheaigehisses: * a sequence

of activities
5 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 allows the system developer
to concentrate on domain-specific analysis without having to expend effort on
agent-related issues.
10
4, USING CABS PLATFORM TO DESIGN AN AGENT SYSTEM

The CABS platform is based on a methodology for designing collaborative
software agents which views the agents as having five primary sets of
15 characteristics, or “layers”. Referring to Figures 4 and 5, this methodology
requires developers to provide inputs in respect of three of these, a definition layer
400, an organisation layer 405 and a coordination layer 410, as follows.
in an “agent definition” step 500, relevant to the definition layer 400, user
inputs determine the agent in terms of its reasoning (and learning) abilities, goals,
20 resources etc.
. 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,
» what other agents it is aware of, what abilities it knows those other agents
25 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.)
In an “agent co-ordination” step 510, relevant to the coordination layer
30 410, user inputs determine the coordination and negotiation techniques for the
agent.
The two other “layers” which will be present in each agent are shown in
Figure 4. They are a communication layer 415, which handles technical aspects of

inter-agent communication, and an application programming interface {APl) layer



* selection (if, then...... ) * iteration (exit condition) The CABS task
definition (or description) also introduces the idea of 10 "mandatory
paral lel” tasks and "optional parallel” tasks. Were a task description

shows atary parallel activities, nore than one activi be
carri e?‘@ﬂ}%@ﬁéﬁ taneously. This wll prevent an agent WPEC?/{”%%%@%%. ngl e
resource avail able fromcontending for42he task. A task may be a primtive
task, conprising only one activity, or may 15 involve a set of sub-tasks.
An exanpl he latter is. e the task is to carry out sinmpl e
arithmeti ?é(g;alv‘z:hd&atp f'%vr'lgessu r?] "\i@%‘é& (& pYreina) svstems. ?OI FX?'h F?dfa}és‘?{nygle?nom
With the mesulater \avpiatdd |tel thendigead.i o, thdastrichiRe t Sicken Vial Pigared, efel . dx
and ¢ will be cal cul a} ed ai gul{lJ neouslc?/, fol | owed by the sequential step of
addi ng ¢ nEOBAIPERashIaVaS 443 Wigen REvIdeRcRY e miloed 207; anchthe message
deconposi tHapkiep6£08M | Thd AFIERPEranl Wit bOYprbiiged d3K 1iflefrtBithéddn beE 335
(see bel ow under the headi ng ?fl 5 Step 5:prTas?<sq%e%i nil tti 't)%]é)% aﬁg{’%ér?]]r

i mpor t aPt sxdgeek sytemp240aand tss easopicectrtobdse 225 Bhe thatesedutvesmbaitereen
output s Ofa¥ierhaakardtherbtdrd bbih hBLS of'ins UBSHIURBLard 386 FEIdure Bl 5 A
task description further conprises pre-conditions Tor e task, sSuch as 25
resources it w [Therespaiimmitanehuired byfthe @ABS methddoldyvie thengedinitionulapert s) |

how | ong t task w Kk ogi.cal script.iqns for ually performng a
task at tt#eb%éxt?‘%r %@:&Hg?/%si e%yfgﬁéﬁa?dﬂ eﬁ?@%'éasé’”o{ay%%ﬁbeiret g@‘l{%tf”e[%e
deconposi tacoardratonhat folimeitgaboyepshi ch is a |ist of sub-tasks within the
conpl ex.task. An output of the task is a callback 555, this being the

i nst rut®ion which is 30 out put via the execution nonitor 250 to the

external system, fathaih GuRRY rf sBeht b eMaton It i ON. An exanpl e night be to
run a facsimle activi t}/ The | ogi cal description conprises a variable 550

whi ch descri bes?-|ABRIt 97MEARO0/d dialling a facsinile network nunber. A

deconposi tion SH0zddM(s) DrahRakoyBEEd | i st sub-tasks such as detecting
presence of the master sheet to be sent, or of a block of text

4. Agent coordination strategy specification 510,
15 5. Tasks definition 520, and

6. Domain-specific problem solving code production 525.

Referring to Figures 3 and 5, the CABS platform provides visual

programming editors via the user interface 305 to support and automate Steps

20 1-5. These steps should be performed iteratively until the developer is satisfied
that the final suite of agents accurately depict the problem being modelled.

Use of the CABS platform to carry out Steps 1-6 is now described in more
detail.

25 4.1 Step 1: Domain 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
that the domain expert considers best. It might be that the domain expert for

30 instance bases a decision on where control processes have to be carried out in the
domain. However, the preferred approach is to emphasise autonomous decision-
making ability as the main criterion for identifying the initial set of candidates for
agents in the domain. The level of granularity at which the domain is modelled will

be determined by the domain expert and will determine the boundaries of the



37 data in the correct buffer, detecting ring tone, detecting call pick up
and comenci ng transm ssion, or detecting busy tone, storing the required
nunber and retrying after a set tinme interval. (These are clearly sub-tasks
whi ch coul d not be done in parallel or divided anobngst facsimle nmachines.)
The cal | B¥@RY8H87 s the 5 instruction to a facsinile mcRFHEBHIRME rea
world to carry out the actual facsimileggctivity. Tasks and task
definitions are discussed in nore detail below (under the heading "4.5 Step
5. Tasks Definition"). 10 2.8  Execution Mnitor 250 The execution

noni t or 25@3ndidatendgantac s 8 starties erinér prdidaje peants2ill wsyalindeptentified and
schedul er t; =Ar di ' . i . reasoni ng system 210. 15
The execut%@ﬁ”ﬁ%ﬂﬁb%ﬁlggéﬁgg ng@@ﬁ%ﬁﬂg gﬁgﬁidgﬁgWé by causing tasks to be
performed in the Téwet esanaihpsty st éhis 1&8ge Reitl srelyy beas Kist \gfeagantt identGABS
envi r onnent

r-defi task call - bac unct Lon i s_.provided.. Wen the
exocut i on ienRedRgg8 selBliea it Baraslelst ) i ud o B bR RS el G, by
cal l'i ng sheroyige apresadeableagiodeinbd, -dnacthefafort ivoricabindortud! pattuciturg fohethet o t he
external 20, syst To_ sinp|i t he constructi on of CABS, {he actua
exeout | on IS AE SAELATBAB IR FarL0 LeuRRUTtEraa, cort P ShE Geet v
conpl et i on shbil 8obamld, the dEtRX BE BtdpON isBHM s&rof Zg@ntkHdils B®OSI gnal | ed.
Nonet hel ess, failure of task execution (e.g. there may have been a hardware

probl em i n robot afhd laser §tAge &t Epundl thebthes ix eanflictsfordastansas @ cmdidate
si mul at ed. Jdgant RAAR & bE YIRLARCESsidliGinG¥§f et bPT JhBlst B cAmBt Wrlibn&Ein
alerted of the failure and hence appropriate corrective actions can be
10 practice, then the list of agent identifiers can be amended to adjust the set of
candidate agents, for instance to introduce a new one, and the design process will
be reiterated to reflect the changes.
No specific editor is necessary for agent identification.
Another important user input is the vocabulary of the domain. This is
15 input using the ontology editor 340, An ontology or data dictionary for a domain
describes all the possible concepts or objects that can exist in the domain. In
CABS, an object-attribute-value formalism is used for describing domain objects
and concepts. The ontology editor 340 simply provides templates for describing
these objects, that is (i) the different object types, (i) the list of attributes of each
20 of these object types, (iii} the type of values of that each attribute takes, and (iv)
the defauit values (if any) for each attribute.
This editor provides a template or form so that you can describe the

vocabulary of the domain which the agents will be controlling.

25 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:

ENTITY Link
30 ATTRIBUTES type capacity
VALUE video, satellite, optical, etc 10Mbits/s

DEFAULT VALUE TMbits/s



desi gned. For instance, the agent designer nmay design the agent,

upon

failure, to re-schedule the goals to be achieved by running alternate task
cal | -back functions or by delegating themto other agents through the

coor di nat | ngi ne 210. 30 Furthernore, the execuf]
can deci d&pf???zqsg?"nhe time required to execute a task has e;}é@ggggg?(

}%gor 250

expected duration, the execution nonitor4250 not having received an
appropriate input signal. By the sanme token, the agent designer can

det erm ne 0 r'.ate cti sho be carried out in such a case.
38 The execu{a? ﬁg r ?”?ﬁ@"’f’ﬁq owi ng functions for proposals
| abel l ed by PID and Seq: Book (reserves resources) 5 Book [ PID, Level,

Seq, AID] where -_PID, Proposal-1D, |abels a particular proposal,;

- Level,

Seq [err] Zis thdor&aeh °ﬁ6%é$e'ﬁﬁdﬂe§é‘a9@ﬂb§t9ﬂjhb@ﬁ f@ﬂowmgwggpnpulq)have

- Al D speci Tthg thbge, Vb Ble Aa&t%ﬂnﬂ%n@& é@@@ by the function.

(cancel s the reservation of resour ces) ook [ PID, Level,

where - PPD, Proposal -1D, labels a partlcul ar proposal _ Level ,

UnBook
Seq, AID] 15
Seq [err]

Z the | I f - AID i fi th
IDI gf tﬁe g\étel on ?gtq%?rﬁg E’iqt%‘&%gu%?ngi t%ﬁﬁ%&ﬁﬁtﬁ%’t (aI | ocat de(r::asloﬁfces)e

* the number of tasks the agent can pefform concurrently;

¢ the time period over which the agent will normally allocate its resources

{plan its activities); and

10 s 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.

Data entry concerning task identifiers, the number of tasks and the

15 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 -

circumstances.

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

4.5 Step b: Tasks Definition”, and at 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

number of very different contexts, it is necessary to give the agent a definition of

25 the resources 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 365 which is used for describing

the resources available to an agent.

In general, a “variable” is a logical description of something while a “fact”

30 is a specific instance of that something, with retevant 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 logical

model of real physical resources. The Fact/Variables Editor 355 is provided so as



Commt [PID, Level, Seq. AID] where - PID, Proposal-ID, |abels a

particul ar proposal; 25 - Level, Seq [err] Zis the |evel nunber and
sequence numnber of proposal. - AID specifies the ID of the action returned
by the function. Uncommt (cancels the allocation of resources) 30 Free
[PID, LevewD9%8eis97 AID ] where - PID, Proposal-1D, |abels aPEHGBP#A23Y
proposal ; -~Level, Seq [err] Z is the |eyel nunber and sequence nunber of
pr oposal . 39 - AID specifies the ID of the action returned by the
function. (This function can only be executed only if the execution of the
proposal hageraiiowytte gsEmve faeidthe fec8ssary dataMidRv) BVl aniBSsdel ATjEaRMtRalfter ri ng
to Figure 3, hef nmeans for capturing data for |oading said architecture ,
for generat i é]“ea °§'§'§ 3 conprising one or multiple entities according 10

to said architect Uk gesoardk fopfactliliefinedadsd ¥n ibidcivigh atiachddatigbiediae
according to said architecture, is provided by the CABS platform This
provi des an PRJEntFor &FpMRlee 35 FIENHINCH COMPIUMGEEODS 8Y HEBNTAX F BqkiteL? ESSONERRN i n
Figure 2, sa jfpdertBLREViAE 8 f%@éo?ﬁ?ﬁ Rbtviotk RbhfERioh ¥rdin $8hdéH & [HshAd wihith
identifying a set of agents, selecting agent functionality and inputting
task and dortegnsmits| videql datet aTheargsobrcgrieetisof the agent passiblyican ke expregsass 310
and a set ofassgoﬁg\gg,rd-type, supporting agents 315. The agent shell 300 is
sinply the franework to support an agent structure

Resource Example 1:
10

(:type network-link
ris-variable false
tid 11001
:attributes {(:from London

15 :to Ipswich
:connection-type fibre-optic
1speed 1000
:data-type video

20 )

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
25 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:
30
{:type video-data

lis-variable true
@id 11002
:attributes (:data XXX



as shown in Figure 2 and described in full herein, The editors are

descri bed bel ow. The co-ordination strategies 310 are descri bed above,
under the heading "2.3 Co- ordination Engi ne and Reasoni ng System 210". One
of the supporting agents 315 20 is particularly inportant however, and
novel . Thi%0P¥0¥8%cri bed bel ow, under the heading "5. DEBURBEI/QBI§#3235

VI SUALI SATI'ON'. It coul d have applicatioggin other nulti-agent and

di stributed systens, not just those built using the CABS system The
editors of the user interface 305 support and record decisions taken 25 by
t he devel oper durilng agent creation and input via a design interface 350.
In nore detgil, they conprise the following: * an agent definition editor
320 (referred to bel ow under "4.2 Step 2: Agent Definition 500'1 for
providing a | ogical description of the agent, its abilities and initial

resources etg Le.an.organi sation editor 325 (referred to bel ow under
"4.3 Step é:’tyg%@;’gﬁf) %I%érﬁﬁ%"éﬁ‘%gn 505") for describing the relational |inks

bet ween agentis-viariatsle si@nari o and al so the beliefs that each agent has about
ot her agents .i q togte3 system 40 * a co-ordination editor 330 (referred to
bel ow under 4.4 ep 4: Agent Co- ordination Strategy Specification 510")

for selecti n%t.g,md/téy(:ﬂg,slcm,ggﬁ@gwo- ordination strategies of the agents * a
task description editor 335 (referred to bel ow under "4.5 Step 5. Tasks 5

Definition 520") f#?lgeatianZhing the tasks that the agents in the domain can
perf orm* an ont qhg@y?a%gidapg 340 (referred to bel ow under "4.1 Step 1:
Domai n St18dy

)

)

Note that “?anything” denotes a local variable.
Referring to Figure 2, the Fact/Variables Editor 355 loads the resource
16 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 635 for which definitions must be provided at Step 5, described
20 below.

4.3 Step 3: Agent Organisation 505

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

s identify the other agents in the community that it knows;
e determine the primary structural relationship it has with each of the
identified agents;
30 ¢ identify the task outputs (if any) that each of the identified agents can
produce;
e specify average cost and time {if known) for each of the identified task

outputs.



and Agent Identification 515") for describing a suitable ontology for the
domain * a fact/variable editor 355 (referred to below under "4.2 Step 2:
Agent 10 Definition 500" and under "4.5 Step 5. Tasks Definition 520")
for describing specific instances of facts and vari ables, using the

t enpl at es WO /65820 by t he ontol ogy editor 340 * a code genREHEGBBI0233R t or
360 (referred to bel ow under "4.6 Step 647 Domain- specific Problem Sol ving
Code Production 525') for generating code according 15 to the
definitions provided for each agent * a summary task editor 365 (referred
to bel ow under "4.The Satyp ifhuts Temicernidef itask | @pB20'agaihoneetk sorly beorgprisemmar y

tasks whi C.h i@én%if{‘e?ssfbi et%&{'BBf?J%gs Wcl'\ic?a.nce be W?%r;?@?bﬁx?ﬂéﬁs age g???rgaﬁég tta&sb ©

performed in SOME © a’'constrai nts édi €l ow under
"4.5 Step Hefinitibas Beep2D), descidedd bdidwon 520") for describing the constraints

between (i) the preconditjons and effects of task, (ii) one noy.e
precondi tions of zﬁ’Fa@T&anﬁﬁH""( EB'{“)' %% uses &g ga'@f 'na%ﬁ'bé'éag%? ?%@R énﬁ’ t he
precondi t songedtt ArefdtoheSigitBlle vikn ithanSHOMRBIY the NeqdSBEANCBINMOEsI 2% of
The output 100 of the CABSPS'I atformis then a |ogical description of a set

of agents arthe2988t offhe dslesonghimdakiar i§ dgserifedi sPayedeisar nthet bRAdINGer 24 t h

execut abl e cQdgialRin@Shapsie15Nd stubs for executable code for each task.
CABS enbodi es a system of methods plus environnment to provide a nulti-

agent systens devdihepatpylistofh Stere3meatherefore @get otagemit gelptonshingn®Al which
different a [ ' || | * ' min
whatover manie She TR ages WG BORkn B 8 S e docht O 285L 8
co- or di n&Pi orariabliek i54i0edessabiog tthel rdsoomea (BABScsLIpEtitbel base agent believes the

target agent can produce.
4.4 Step 4: Agent Coordination Strategy Specification 510

15 For each of the agents identified in Step 1 above, the identities 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

20 coordination graph database 255:

Master-stave (hierarchical task distribution)
Contract net (Limited contract net)
Multiple Round First Price Sealed Bid

25 Muitiple Round First Price Open Bid (similar to English Auction)
Muitiple Round Second Price Sealed Bid

Multiple Round Second Price Open Bid {similar to Vickery Auction)

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

N e RN

Single Round Derivatives of the last five strategies
30
Client-server or master-slave coordination occurs when a master assigns a
slave a job to perform. This strategy necessarily requires a superior relationship
between the slave and master. The contract-net strategy is when an agent

announces a task, requesting bids to perform the task from other agents. It then



41 * supply each agent with the necessary domai n-specific problemsolving
code, and * automatically generate the required executables for the agents.
5 In addition, the CABS platformcan provide the devel oper with a
suite of su 8ort agents 315 of known general type such as nane-servers,
facilitat (YY‘S P95%Esified directories), and visualisers. OveldYFBo8ERRE

al l ows the system devel oper to concentratsg on domai n-specific analysis

wi t hout having to expend effort on agent-related issues. 10 4. USI NG
CABS PLATFORM TO DESI GN AN AGENT SYSTEM The CABS platformis based on a

net hodol ogy &valuatResihgrividy) and RIvaRds the canteast todhe WwiRjeng soemtith Tieagateny

agents as hgjgeQ ki LAAr : ; LSty AR -1 N
Ref erri ng t(;i‘:}é'lglggl?frt er}ségiﬂgh E?y gfﬁaﬁ:oﬁét%%égﬁ%@@%%ﬁéé@?g?e '%aﬁggsﬁegts'
provi de i nputimited eardrastnedfist bimdler oo tthesegnteacttekt nittdtegy | except 4D8t the

or gani sation_J| . di nat | ayer. 41 S l.lows. In an
"agent defi nr%ntnlg%ﬁéerggg %5@%5?'0?%)%%%{%%% gg'rh‘é% déildls r?lp% F%ﬁd{:g er 400, user
i nput s deberm ne tThe eg@dination tpeotoeoldf listed abeas arnnie (simyte r@ardbngyuitiple

ol evant | o TOHEo e US| BB TossPetiiien” TRuAE R KVAMSS FES BT | n
terms of it gesdlinhisonsppovdltiforxafiple)gaidt Scceptifly ivRtheIGRAL | Aterhatives), ongs
to, what ro!tes it Pl ays, in these agencjies, what other agents it is aware
of, what abithf3988t MavkiRBIALe PRBEET Baung obgneyclodn Wids&ase agpeitipleaiougency
o’ sShe D erdgal SRS By BorRTED SChit Y RSB anee
group of 18geagest that dnitiatesthe daaction must be dneshafene 1 intgrastigniern)ingtgsan
"agent co-ordinat i%i'caﬁg,efﬁogg‘gtherr %58X@Qéplfc9ti££keh§\9e°5&'&&2@%9(‘ ol\é%?rat most
two fixed strategies. CABS agents 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
15 {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
20 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
existing nodes in one of the predefined graphs, and/or by modifying one or more of
the arcs in a predefined graph. Alternatively, a completely new graph can be
. created by following the process described earlier under “2.4.1 Coordination
25 Software Module: Defining new coordination graphs”. The key advantage of this
novel approach is that it maintains a simple core (the UCP} while facilitating
considerably more complex coordination techniques to be developed and installed.
New coordination graphs can be assembled from primitives provided, based on the
UCP and within constraints provided by the co-ordination editor 330. The editor

30 330 ensures that the designer of a new protocol does the following:

1. starts with the UCP;
2. identifies the parts of the UCP where it is necessary to add the extra

complexity to realise the new protocol; and



30 410, user inputs determ ne the coordination and negotiation techni ques
for the agent. The two other "layers" which will be present in each agent
are shown in Figure 4. They are a conmuni cation |ayer 415, which handl es
techni cal aspects of inter-agent comuni cation, and an application

progr anm wge bwesset ace (APlI) | ayer 42 420 whi ch provi despraem/aBIserdzace for
external systens to add, nodify or del et §g' €sources avail able to the-agent.
In the structure shown in Figure 2, the comrunication |ayer 415 will be

provi ded by the mail box 200 and the nessage handl er 205. The APl |ayer 420
wi Il be provided By defises abeirhplesenizetheatsw graptt éthenlbysyklingra sudyrapisl ot he
resource dat abase 225 apd the execution nonitor 235. These are therefore
both provided by th ye{ﬁﬁpﬁm?rg | SYSEN FHCHP 9 apreqefinedHpPh-nput s

required by the CABH st R ologey of erckMRedled bBidetined iy aditdf ABO $rdfides the
organi sation |layer 405 and the coordination |ayer 410 are structured

according to the foleiiemplaes fatBpse. 10 1. Domain study and agent
identificgtion 515, 2. Agent definition 500, 3. Agent(s) organisation 505,
4. Agent coordination strategy specification 510, 15 5. Tasks

defini ti on 9%0s. fcpagh abshaiagenrtsddertifiedgn Sserrh she userseltaste apdiod devélops 525.
Referring t | ! 1 vijde ' | 8 I Ng
i for s vi a £k S EEFe AeBistindoaain BBt R WA ot SR BB 1AL
These st eps tktEgtatdipetipr Edivern33D.i t eratively until the devel oper is
satisfied

10 4.5 Step 5: Tasks Definition 520

For each of the tasks identified in Step 2, the following user inputs have to be

made for each agent, via the task description editor 335:

16 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
the task is performed.

20 4. Determine and note all the constraints between the consumed items (No.
2 above) and the produced items (No. 3 above), 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
* ) of a network of other tasks (i.e. it is a summary task).

25 6. If 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
provide a description of the summary tasks in terms of its component
tasks.

30

Tasks consume certain resources to produce their products, with each executing
task lasting for a finite time interval. The CABS platform provides a Variables
Edjtor 355 using a frame-based object-attribute-value representation for defining

the consumed and produced items.



that the final suite of agents accurately depict the problem being

nodel | ed. Use of the CABS platformto carry out Steps 1-6 is now descri bed
in nmore detail. 25 4.1 Step 1: Donai n study and agent identification
515 The CABS platformis for use by a devel oper who is the domain expert
rather th¥A%0%87tware agent expert. This first step will BEVEBREY out in
a way that 'the domain expert considers bgst. It night be that the domain
expert for 30 instance bases a decision on where control processes have to
be carried out in_the domain. However, the preferred approach is to

enphasi se aut ononbifs caestraintsnbetiigien napdamithin yhesonsiemediandcpiodecéd itefrsr

I dentifyin | ALEdal fenC. | 3 S onsl The
| evel of g?%éﬁgféé iat%lhgteaé\ﬁ?acﬁ ttoh gg%&%ﬁﬁfjéﬁﬁnﬁ)de té'd #v‘\)npl'r?sq%’eccédgﬁ ggkmmnaé{d by

t he domai n estipet 8 particuldriresalzte but there haybmiadansteainnbn tthe resourk® foanbitdat e
agents. As riing poipt. candidate agents will usuyally be identified
wher ever trfgarrg&ﬁg} $o%e SUST oS- %%Fﬁﬂn%rﬁaf’?g)t‘f r?rt%é"p&’b?fgiwpg'l’hé Geastaimisut at
this stage Fditdr 350Nl aysdoproided 3b deberfi@etinst@rité bbtvedeh thetirRBRBtb Rpstifee set
of candi dat%age ts sel ected by the donuai n_exg}eﬁrt as likely tog 5 Provi de a
reasonabl e gHEPSkSrusedRalistiarasirBies and tRabpich tsk amtP & qvisuthe et to the

domai n. Then&AReage/STRR4h!de ltbRSA ® 846Ny FheduBfidI98L bkdrthie <3 ﬁPWh&f the
agent shell 300 and the output of Step 1 iS this set of agent s%e | s 300.

If at a | at@}outpyysheuld nat befie exerapletinteger/nan-indedari ct, for instance a
candi dat e agent hlﬂ"hél‘%ti&ﬂ Qesﬁr%%?)atf‘a@k?ﬁgérﬁ! gct%?or' §659r§p6r?6§/io%_ fulrpfiﬁﬁﬁss It

cannot influence In practice, then | of agent entifrers can be
amended 100 eafpraytent hasketofosumaady diasks.agdihiss editor allnwtsasemmany i askedigce a

new one, angorﬁyr?sed‘ﬁ?isgrgpl@r Q&Fons Y\l’i)l llnuRﬁ?lef eoipt(fghgﬂye%aga?lelr %fc{lgr?st (ﬁif‘em&%@ges-
(mandatory) parallel actions (iv) guarded actions (selections), and (v} iterative
actions. Furthermore, these actions can be linked as a network, with a facility to
constrain the variables at the endpoints of each link,

15 Below is an example 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
some location X (?Link-131.to) and another link frorn X (?Link-136.from) to B
{?Link-136.t0).

20 The consumed_facts of the task list the resources required in performing
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
B. The constraints specify relationships between the consumed and produced

. facts. For example, the constraint “?Link-141.from = ?Link131.from” specifies

25 the condition that the source of the produced link should be the same as the
source of one of the required links. These and similar constraints will be enforced
at runtime by the planner 220 of the agent ensuring that the variable ?Link-
141.from is bound to the same token as ?Link131.from.

The ordering specifies the order in which the preconditions should be tried.

30 In this case it states the planner should attempt to obtain a resource satisfying the
resource description ?Link-131 before attempting to obtain a resource satisfying
the description ?Link-136.

A consumed_fact resource description with the scope field set to local is a

flag to the planner 220 that it should only try to obtain the required resource



No specific editor is necessary for agent identification. Another inportant
user input is the vocabulary of the domain. This is 15 input using the
ontol ogy editor 340. An ontology or data dictionary for a donain describes
all the possible concepts or objects that can exist in the domain. In CABS,
an obj ect vab bsodzt e-val ue fornmalismis used for describi ngprdaraBssozds ect s
and concepts. The ontol ogy editor 340 si gQI y provides tenplates for °
describing these objects, that is (i) th&'different object types, (ii) the
list of attributes of each 20 of these object types, (iii) the type of

val ues of thgdal9ach. abt subaErRrabakes theaoliice) 1ot AotA& aglnk. VebnRndd facty)

for each attribute. This editor grovi des a tenplate or formso that you can
descri be t havitthgiahal aegpeciields ean BawuR-cRRtTasted aet 19 Sther agents tas RERFHGGN! i ng.

25 0 i - e &0 dentif TY,
its ATTR BU-'IEI%,g,a BoBliog ¢ trtts SEébenfici e k%%ﬁeﬁ%’%dé @yd{x)?ggf.é oy BOELT

An exanpl e iusetthis taskmwingrctivingrto avbtenertkat pattidulaoulAdidsel seppediididinsticatesT| TY
Li nk 30 T . capacity VALUE
Vi deo, saf elte EESk Sy be ured whiR Syjg o prpdusg g spsouta- e

7Moits/s 44 4. ZThe foBowingds an exdgele ofRetdskidesoniptmd® For each of the
agents identified in Step 1, the followi ng user inputs have to be nmade, via

the Agent Definition Editor 320: 5 * identities of the tasks the agent can
perform * the nunbggm@Lidka2s the agent can perform concurrently;

itime 1
10 tcost 70
:consumed_facts {(:type Link
:id 136
tvar true

:scope local

15 :attributes (:to ?var-138
:from ?var-139
no ?var-140
)
)
20 (:type Link
tid 131
’ ‘var true
:scope global

:attributes (:to ?var-133
25 :from ?var-134

:no ?var-135

)

)
30 :produced_facts ((:type Link



* the tinme period over which the agent will normally allocate its resources
(plan its activities); and 10 * the resources available to the
agent. This data will be routed to the planner and schedul er 220, descri bed
above in relation to Figure 2, for use in building a conmtnent table 245.
Dat a ent r YOB0&& ni ng task identifiers, the nunber of taskBCHGB%/ME3S 5
planning tinme frame is a fairly straightgdorward process, except that where
the tine frame is concerned, different factors will conme into play. For

i nstance, in some scenarios, an agent which can only plan ahead for shorter
durations is less able to neetiidd4doner requests but may be nore reactive
to changi ng econom c circunstances. 20 The tasks are defined at a

| ater stage, discussed bel ow uM#f™ehe heading "4.5 Step 5. Tasks
Definition", and at this stage_it ' equ necessary to input the
identifiers. However, the resodftP&9'W%iiable to the agent have to be
defined. Since the context in.pk . _ be functioning could be
any of a |arge nunber of very'gf??ﬂpéggsggﬁggx?§¥ it is necessary to give
the agent a definition of 25 the resources:fhnChdrs1a8fficient for it to
build a correct |ogical nodel of the real physical resources available to
the agent such that it could plan its acti viro 2sarpt4Perly. CABS provides a
Fact/ Vari abl es Editor 355 which is used for describing the resources

avail able to an agent. In general, a "Wariable" is a logical description of
sonething while a "fact” 30 s a specific instance of that sonething, with
rel evant data added to the | ofical description. Resources in this context
are facts which therefore reguire the user to provide data in relation to
each resource for the purposé of building the |Iogical nodel of real

physi calor esour ces condtPaiffCHtINGILMK-431 FHohO 082 Iris LIK-499 ARndS
(:lhs ?Link-136.t0 :op = :rhs ?Link-141.t0)
(:lhs ?Link-131.10 :o0p = irhs ?Link-136.from)
(:lhs ?Link-131.no :o0p = trhs ?Link-141.no)
(:lhs ?Link-136.n0 :op = :rhs ?Link-141.no )

15 )
iordering ((:ths ?Link-131 :op < :rhs ?Link-136 )
)
)
20 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
for the system user to extend or add to the resource available.

For instance, if the agent system is concerned with processing call record

25 data in a telecommunications system, the technical processes involved might be

mapped onto tasks as follows:

i) information received at call record centre;
if) information sorted by priority;
30 i} information passed to appropriate resource/people; and

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



45 to allow the user to |load the necessary data using a frane-based
object-attribute- value formalism A resource (or fact) is defined as an
object with attached attribute-value pairs. For exanple, an agent in a
comuni cations systemnmay require a resource 5 in order to provide a
fibre-optiwongbssrk connection from London to | psw ch whi clpciivéssiordss vi deo
data. The resource need of the agent possigly can be expressed as foll ows:
Resource Exanple 1: 10 (:type network-1lin is-variable false :id 11001
cattributes (:fromLondon 15 :to I pswich :connection- type
fibre-optic 'speed 1000 :data-type video 20 The particular resources and
associ at ed ai but es chosen wi | | depend on how the user decides to nodel
the domain. [ff thheexqeption hapsiiag stepgthrews abr e rasoyree tunavaiiabigll é amrw de
then the reSGﬂfrﬁﬁeﬁlmﬁcﬁtdn@%@gf@tﬁe’i‘%so&@% Wt Nallb?lecoﬁ}ﬁ S ARIGAY K3 the,

vari able. The "id" agl ves the unique 1dentifier he resadurce.
fol | owi ng t\/\ﬁawa’r‘?ﬁf&aﬁ‘eaﬁf re¢ord @sptre sepweits tavltdecatiRes olhecdealfinesioe g2tting0

(:type vidpondatérk capacity back into service may be unextendible for instance for certain
categories of customer. It would therefore be very important to the service
provider that the call record centre has the resource to process the call records

within the time constraint.
10 4.6 Step 6: Domain-specific Problem Solving Cade Production 525

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

15 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
the Mailbox 200, the code generator can simply take a dump of code associated
with the agent shell 300. For information such as task and resource information
which is agent-specific, this is all dumped as database files and linked at

20 compilation with the mailbox code etc for each agent.

That is, for all defined agents it is necessary to generate all components of
code and databases, dump in directories, together with agent relationships, co-
ordination abilities and an optional visualiser, and compile. Effectively, this is

» making an instance of the objects of each agent, then adding relationship and co-

25 ordination information and standard components.

It is also necessary however for the user to provide domain specific code
to implement task functionality. That is, the user must provide code for all of the
functions for computing costs for a primitive task, and for providing callbacks 555
to control external systems. This is done using the code generation editor 360.

30 This is the only place where the developer needs to define any executable
code. CABS can define prototypes for these functions and also provides an API
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 then be linked to the



cis-variable true :id 1 1002 :attributes (:data XXX 46 (:type

vi deo-data-transmtted 5 :is-variable true :id 11003 :attributes (:from
?l ocationl :to ?location2 :data ?any-data 10 Note that "?anything" denotes
a local variable. Referring to Figure 2, the Fact/Variables Editor 355

| oads t he¥Pa%8%8%e 15 data to the resource database 225 of PF¢HEBRRAS 1o
whi ch the planner and schedul er 220 has sgcess for the purpose of building
and running a conm tnent table. The output of Step 2 is therefore a set of
facts 530 (resources) and a list of task identifiers 535 for which

defi ni t i ons2@RNEE USIRHAPHRUA AtrampesFliass, detived bedhosysiemenyhich wraps epdyy 3:

Agent Organj o +oh kL ks p 1, the
Fol 1owi ng. ueme e o omDe Syl R BoRD] ShAEP P toibeltd BBE L or 225
* identify the other agents in the community that it knows; o determ ne the

primary StrHFt“rabzéﬁhﬁﬁkaqﬁ@bRnébAbéﬁrﬁbhh each of the identified agents;
' 5
It is difficult to create any single program, even a program which interacts
with no other programs, which has no 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

10 may not be at all what was expected. Further, the communication is often at such
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.

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

20 prevailing circumstances, from which an attempt can be made to find out what
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.

25 Such an approach may be helpful in some circumstances with distributed
software, but certainly not all. There are many classes of errors which occur in
multi-agent systems. There may be structural errors at the level of singular agents
within the multi-agent system, such as wrong or missing aquaintance relationships
between agents, missing resources, incorrectly specified (typically short) times to

30 run tasks etc. There may be functional errors, ie errors which relate to the logic of
the tasks that the agents are performing. These can be compounded by the fact
individual agents may be functionally ‘correct’, but the emergent behaviour of the

overall set up of distributed control agents may not be what was expected. This is



30 * identify the task outputs (if any) that each of the identified
agents can produce; * specify average cost and tine (if known) for each of
the identified task outputs. 47 The data inputs concerning task outputs
again need only conprise identifiers for task outputs which can be

under st oodwiybsighéy7agent fromthe tasks definition, Step 5, eescaIsmezdsbel ow.
The Organisation Editor 325 uses the data input in this step (Step 3) to 5

create a relationship table which is ther?Sstored in the Acquai nt ance Mbdel
215 of the agent. (The relationship table is described above under the

headi ng " 2. 4 AW I dUeaRCHhPRHAGRASE: ediRed to-bRfnAInPe s Of InSidthe 3asHse such

therefore a set of agent rel ationships 545 which the CABS systemstores in
t he acquai ntkehexiowpgen leatzodficahieeerd gayiti-agantdsysteras. of 10 vari abl es 540

describing the reSQULEeSakBAIENR) sbfTh SRIa BRIl s AEhLF kD o 01

agent can produce. ordinati

Speci fi cat i ocsuchldysidms include thé&dsllosdodr of the agents identified in Step 1
above, th% identities of the UCP-conpliant coordination graphs which the
agent can“execute to realise its different coordination strategies have to

be input, via bhsuésk: Aikkiraabems sl b6 ok3AdingABSsItdisd Astiolibtep) AWiagest mbe
follow ng coordination graphs in its coardination graph database 310 which
user can sel ec3ma8rR VEasPhred GesoyEsst §“Cb_)f/a‘| BadpiRgUSRet AgefRMe roRFoloBPURRAL i on
graph dat abaseparanse bf sbRsiialure lfa;/&aéﬂﬂa@%@lemeoal of tA8 kndialidlidgehd. B} tils

Contract net (Limted contract net) o k
resource is invaluable to other agents who ‘hang up” waiting for this resource to

10 be relinquished. Basically, deadlock refers to a state of affairs in which further
action between two or more agents is impossible.

s 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.

15 Here, the agents can indefinitely exchange subplans without necessarily
progressing the co-ordination effort, especially where there are no structural
checks to detect and prevent indefinite loops in the planning process.

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

20 Such behaviours, in addition to standard ‘incorrect’ behaviours or bugs on
the part of individual agents, frequently lead to uncoordinated behaviours,
Naturally, a distributed control system should normally be coordinated. A correctly
coordinated set-up fully exploits the capabilities of individual agents and minimises
cionflicts, resource contentions and redundancy between them. Clearly then, co-

25 ordination is a desirable property of agent systems.

As well as debugging, visualisation also allows the user to confirm,
understand, control and/or analyse the behaviour of the system.

Visualisers of the type described below can provide means to analyse and
debug such distributed control software so that the behaviours obtained are as

30 intended by the designers. The visualiser provides a generic, customisable and
scaleable visualisation system for use with a domain-independent toolkit for
constructing multi-agent applications. The visualiser particularly described is
generic in the sense that it could be used with any application developed using the

toolkit, and customisable in the sense that it provides building blocks for



3. Multiple Round First Price Sealed Bid 25 4. Multiple Round First
Price Open Bid (simlar to English Auction) 5. Miultiple Round Second Price
Sealed Bid 6. Multiple Round Second Price Open Bid (simlar to Vickery

Auct i on) L4-pl e Round Reverse Price Open Bid (simlar % 5

Auct i on) é/ %HJ 7e Round Derivatives of the last five stratPegl[('?? @%hs
Cient-server mast er - sl ave coordi nati®® occurs when a naster assigns a
slave a job to perform Thi s strategy necessarily requires a superior

rel ati onshi V, MBs net s t 1S
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use a first at pesie AiffaBntPvievpodits ¢S ale BRAlysis 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
15 combination of one tool with another can. Different tools provide or suggest
diagnoses. Where the evidence of one tool corroborates that from another tool, the
trustworthiness in that diagnosis is increased. There is therefore a greater
likelihood that the diagnosis may lead to a successful debugging of the problem.
Where the evidence is conflicting, the combination of one tool with another may

20 eliminate a hypothesis or be suggestive of other possible diagnoses.

The tools in the current CABS Visualiser/Debugging tools suite include:

e A Society Tool: which shows the interactions (messages passed) between
. different agents in the whole society. This includes a video type tool which is
25 capable of recording the messages passed between different agents for later
“post mortem” analysis. These messages are stored in a database from which
relational queries can be made for more in-depth study of the interactions. This
tool can be used to analyse either a single agent or a society of agents.
* A Statistics Tool: which captures various statistics on individual agents {e.g. the
30 types and the numbers of messages being exchanged by agents). For example,
it answers questions like ‘How many messages were sent from agent A to
agent B during some particular time frame?’ or ‘Plot me the number of messages
that Agent A has been receiving over time’, etc. The statistics tool provides pie

and bar chart type visualisation of individual agent activities in addition to
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156 the different sub-tasks are (e.g. running, failed, suspended or waiting).

* Control Monitor Tool: this is a very important administrative tool which is used
for kiling all agents, suspending some agents, suspending or failing some of the
tasks they are performing in order to study the emerging exception behaviour,
etc. This is also an important testing and debugging tool in the sense that

20 certain agents may be suspending, killed from the society, etc. so that specific

.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
25 capability of pulling data off other agents in the system. It is passive in the sense
that it does not negotiate with other agents but it registers itself with the name
server 135 and also visualises itself,
Referring to Figure 10, the overall architecture of the
Debugging/Visualisation Software Module 140 comprises a central hub made up of
30 a mailbox 1000, a message handler 1005, a message context database 1010, and
a tool launcher 1015. The hub has available to it a set of too! outlines 1020.
The mailbox 1000 provides facilities for messaging between the
Debugger/Visualiser 140 and other agents, using the common agent

communication language which in this case is KQML,
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been found most useful in visualising, controlling and debugging multi-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

15 then uses those addresses. The message handler 205 of the receiving agent
routes the received request message appropriately, depending where the data of
interest will be located. Data received by the visualiser 140 from all the other
agents is stored, retrieved and processed for appropriate display.

The visualiser 140 can also install data in an agent. It can therefore be

20 used to modify an agent’s behaviour. This is further described below.

The message handler 10056 of the visualiser 140 handles incoming
m;assages 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

25 database 1010 which is consulted by the message handler 1005 during its
processing. Thus, each tool instance interested in receiving report messages of a
particular type from a set of agents will first, using the mailbox 1000, send a
request to those agents that they should send report messages to the
Debugger/Visualiser 140 whenever events of that type occur {using an ”if, then”

30 type of control instruction), and second, register in the message context database
1010 an interest in receiving copies of all incoming report messages of the desired
type. This arrangement allows a user of the Debugger/Visualiser to dynamically
decide at runtime the set of events he/she is interested in monitoring, and also to

change at any time this set,
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included in the Society Tool. The time frame for which the visualiser 140 wilt hold

data will be affected by the size, activity and complexity of the CABS agent
15 system and, if there are for instance too many agents, the visualiser 140 may need
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
20 limited buffer 1025 which re-organises messages in their correct time sequence.
(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
25 which could be produced by the society tool. In the example, we have five
principal agents. C, a computer manufacturer, has two subordinates, M and U. M
produces monitors, and knows C as its superior and U as its co-worker. U
produces central processing units (CPUs), and similarly knows C as its superior and
M as its co-worker. Both M and U share two subordinates {X and Y). C knows of
30 another agent P as a peer who produces printer ink and toner cartridges. P has a
subordinate T that produces printer ink and toner cartridges.
Co-workers are agents in the same organisation who have no authority

relation between them while peers are agents belonging to different organisations.
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databases on demand from visualisers. These agents also communicate in the
common agent communication language (ACL). Finally, there is the visualiser
10 agent itself {Visual).

Use of any of the tools in the suite requires that once the tool is launched
users connect to one or more nameservers. In a multi-agent system environment,
nameservers contain the names and addresses of all “live" agents in the
environment, Thus, connecting to a nameserver involves sending a request to the

15 nameserver to list all agents in the environment and any agents which later come
online. In an envircnment with many nameservers, the user can select which to
connect to, effectively filtering the visualisation effort to a subset of agents of

interest,

20
5.1 The Saciety Tool

The society tool of the visualiser sends out three types of request

. messages.
25
Society Tool Messages
Message Type To WHOM Purpose What is returned
Request Agent name server | return addresses Addresses
of all agents
Request All agents return relationships | Relationships
Request None, some or all cc all messages cc’ed messages
agents
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131.to :o0p = :rhs ?Link-136.Trom) (:lhs ?Link-131.no :op =
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((: I hs Rétdriikg IS Figuee 12, ‘thBSsolletykodi3flolvs a user to select a set of

agents and view (a) the structural organisational relationships, and (b} the
messaging between them. It therefore accesses the acquaintance models 215
stored 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
knowledge 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 superior,
subordinate, co-worker or peer. Knowing these relationships is important during
debugging because they affect how the agents might coordinate their activities.
For example, the agents may be configured 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
according to role relationships. Current layouts include a vertical layout (as shown
in Figure 12) emphasising the vertical superior-subordinate relationship, a horizontal
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
are 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 too!, because they allow the user to readily see the organisational structure of
the agents and how coordination proceeds within that structure. This allows him
or her to identify bugs either in the way in which the agents are organised, or in
the manner in which coordination proceeds within the organisation.

It should be noted that no single agent necessarily possesses a full picture
of the organisational structure. It is the responsibility of the society tool to
integrate local information returned by the agents into a global picture of the
organisation.

Messages between agents can be colour-coded (for easy visualisation) by

type, e.g. all request messages in one colour, or by content, e.g. all messages



20

An interesting aspect of task definition in this way is that

can enforce optinmality. For instance, by including deadline constraints
together with resource definitions, inadequate resources becone apparent.

It may actually be necessary for the system user to extend or add to the

resource AVAPYRASPE. For instance, if the agent systemis cEKIERRA23R h
processing call record 25 data in a telggommunications system the

t echni cal

processes invol ved m ght be mapped onto tasks as follows: i)

i nformation received at call record centre; ii) information sorted by

priority;
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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 relational} database type queries on the
stored messages, e.g. “how many messages did Agent A send out regarding Job
21". The video replay facilities with message filters and the database query
support significantly enhance the debugging effort of a user, by allowing him or her
to focus-in or out and dynamically change 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
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.

The actual storage of messages in a database is performed by opening a
link to a database proxy agent, and sending to it copies of the messages to be
stored. Retrieval proceeds in a similar manner, albeit in reverse. This arrangement
provides a flexible approach since any proprietary database system can be used
simply by interfacing it with a standard proxy which understand and communicates

in the agent communication janguage.

5.2 The Reports Tool
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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

15 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
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
toner cartridge as requested by P.

20 The Reports Tool is able to request the relevant data from each of the
agents, collate it and depict it. The Reports Tool applies the algorithm set out
below to collate the data and generate a full picture, which can then be
represented in a GANTT chart of the type shown in Figure 7.

i ‘ Referring to Figure 8, for this tool, note that a job J given to an agent A

25 may be split up into subjobs J1 and J2 which are allocated to agents B and C
respectively. Subjob J2 may further be split into J21, J22, J23 and allocated to
other agents E, F and G. Subjob J1 may also be split, agent B retaining
responsibility for a subjob J11 but allocating a subjob J12 to agent D.

The important thing is to ensure each top level job, such as job J, has a

30 unique identifier which is maintained even if subjobs (and subsubjobs, etc) of this
top-level job get generated. This is recorded in each agent by means of the
commitment table of Figure 9 and as a result of decisions by the co-ordination
engine and reasoning system 210. So when Agent A splits a job having identifier

“J" into subjobs J1 and J2 and allocates them to other agents, these other agents
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occur in m¥EPhagefobal dpgdecemepaitingy agass thEcFRT'aTY: er Fbrfacht theSaMéyel
of singul ar magkaHism\ié LEdINtthE sBikly tRYUEANECIBYEESTD mEskied By WY Or M Ssi ng
aquai nt ance rel ati onshi ps between agents, mi ssing resources, incorrectly
speci fi d® (typi calpgces e elgofithm of the Bepority toal {akerosessinarHes datad{etrieved
functional gbi04ifhel fefts) N 8s Mho@; rel ate to the logic of the tasks that
the agents are performng. These can be conpounded by the fact individual
agents may be funtarisone Agentdéy'r egect a mipfoqahoweed bycthet Besmivi our of the

overal | setyup of  ghse B UiniheCBBRr rAORR'SHalYr BRlmiig gt was expect ed.

o

i) do a search to retrieve all other jobs/goals with that identifier
15 and return both the jobs/goals and their relationships (with respect to the
selected goal “J”);

iv) Graph the relationships {and states), as shown in Figure 7.

Referring again to Figure 7, consider the scenario with three agents A, B,

20 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.
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

25 E. 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, Agent A
reports a failure to perform J1, the user will be unable to immediately determine,
by looking at Agent A, that the root cause of the failure was because Agent E
failed to achieve J111.

30 The reports too! provides a global view of problem solving in a society of
agents and is useful both as a debugging and an administrative tool. It allows a
user to select a set of agents and request that they report the status of all their
jobs to it. Next, the user can select an agent of interest and a job owned by that

agent. (An agent owns a job if it is scheduled to perform the job or subpart at a



55 typically due to what mi ght be called co-ordination errors. In sone
cases, such behaviour can lead to incoherent nulti-agent systens. Sone

exanpl es of the sort of undesired behaviours which energe from such systens

include the following: 5 * Deadl ock: where agents may be contending for

shared r e®su99%05897 An agent nmay grab a vital shared resour CBECHGB3/62285 t o

relinquish™t for some reason, perhaps l%%cause of sone failure for exanple

at the level of the individual agent. But this resource is invaluable t
ot her agents who 'hang up' waiting for this resource to 10 be

rel i nqui shedot Bade inad task dbeadiposikion dfeearshy dorathstjc.p Fob thé talector of ¥dEnth

(0]

further action between two of nore agents, is_inpossible. * _Livel ock: where
agent s contq'}‘?ﬂ)é’gs! be é‘?ﬂmisetpﬁ[ gf”?ﬁréﬁeagge&SA'@-EWQHG&VH@S%%@?&#;P Hukians 7/
progress i sshoiRg i theSabddmsbsiti BBODbEhatjoBanRfe dilkicatid® FORFDELrsRitEeR €S
where the agents co-ordinate their activities via decentralised planning.

15 Her e, SHOREaJR I ereRh 2pFta D Ahe EPPMUlENaAne tBRFRPIPAY HiRtesRfi the job
necessar il Yarlf Qp8s!| rt%hteh&tﬁ&n@g di i 1088 rghChiko gs%ﬂswng&} Yhe'BRIrE squﬁr

are no structural checks to detect and prevent 1 ndefinit oops 1 n the

e

pl anni ng prasceden eacthggent ishaahedoledeteapeorm iits abmaybeipatosts, i thel prigsgsi bl e

in a distri | C Laur lh addition to
standard ién?slclzéF rrgg§§%%@%gvt|%gl?9§m3f art‘)duggé %ﬁgfﬂgyt)%&tégﬁ’"@ndi vi dual agent
frequently | ead tRefemingordi Righeed t8ehan oetwsninglatairthel YMakeGomputdotit tadk

S,

trol t em. shoul I dipat ed. .rect | di nat
Cot- up 1ol 1 ORI PRoThelBa AN EREE” 400; i ol igka &% antoBy MY ses

conflictle, getsmiohCBoxsBNf@Nidledfthgatik bgentndadausioabwesr athems Ghewn| hehen,

co- 25 ordinatjon is a desirable progerty of agent sysfens. As wel|

debuggi ng, SARGHRN RAEF o1 S 1A PR Peegit uprE to SBleeb S
control andigahtagahees, t NehdEBANTIUEhSE D6 SHSLEMheVidedambs&itien Obf tthe

descri bed bel ow can provi de neans to anal yse and .
“MakeComputer” task into MakeTonerCartridge {Agent T) 1315, MakeMonitor
(Agent M) 1325, MakeCPU (Agent U) 1320 and MakePrinter (Agent P} 1316. The

15 Task Status Key 1335 shows by colour coding {not visible in Figure 13) that the
MakeTonerCartridge and MakeMonitor tasks 1315, 1325 are running, the
MakeCPU task 1320 is completed and the MakePrinter and MakeComputer tasks
1316, 1300 are waiting. A dialogue box 1330 has been brought up to show
details of the MakeTonerCartridge task 1315.

20 The reports tool therefore needs access for instance to the task
decompositions 560 and to the commitment database 245 in each agent.

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
* failed. Thus from the graph a user is immediately able to determine the overall

25 status of a job, and if the job fails where exactly it did so — which obviously aids
the debugging effort. For easy visualisation, the different states of a job can be
colour-coded in the graph.

Figure 7 as a whole shows a task report 700 for job J1 owned by Agent
A. The subpart J111 (Agent E) has failed, while J12 {(Agent C) is running and J13

30 (Agent D) is completed. J11 (Agent B} and J1 (Agent A) are waiting, but because
of the failure to achieve J111 will both fail unless action is taken to achieve J111
in some other way.

The tool also provides the user with facilities for collapsing/expanding

sections of the graph and hiding/showing nodes on the graph — this is important in

S asS
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type



debug such distributed control software so that the behavi ours obtained are
as 30 intended by the designers. The visualiser provides a generic,

cust om sabl e and scal eabl e visualisation systemfor use with a
domai n-i ndependent tool kit for constructing nulti-agent applications. The
vi sual i seV@8¥9358Tl arly described is generic in the sense tHCBBRYY d be
used wi th any application devel oped usinggthe toolkit, and customni sable in
the sense that it provides building blocks for 56 constructing
application specific visualisers. The scaleability requirement inplies it
shoul d suppdiedling withl @ yenyi largecdraply sineenit altavys pgisagtafgcusdniser thefreaigomtod
with limte I | forn : WIEIAA L re of

mul 11 - agent A caApaRR 1 REh BHTAAER migttRpRboile BHLEIAIUAE O o) g e
abl e to visualise The algorshm fagensigingcthe serzchindegratienm ofiéastodéscripFong ingo ,

for adm ni strative.and b I n ur,poses, it is.important. that the
U sual T sor  EARls BHSE e HRBARteE et B Bt cnwhicy ERisal RuinltiReg Eifans =
vi sual i sef agsentivide tuniduee identifiemto | theegbalothatt e propapafed\dothafl the task
arrangenent for analésin and Iocating uni nt ended behavi ours in 10

a

di st ri but ed 4EEHNPBFIIRY IYLARENY o the 998 afgERRHht WEERRYET SBs298NE (HECBMBPSESB s

which all prag #o HubtksNk drbREPUNHUS iHeNTifies FBAkYS s8b@kkd RAd Fesdral RHE ed
control software system All the different tools store different state

data. Al t hddrsmifiers withl the Parendpsle (this harpens vipthercmptatbenaganys psrigimt he
di stribut ed tﬁ%’ $h6EskdNFhds ushyNeNakt gaal%e:ﬂﬂ rtaﬁa'paY\%]&tt‘ttﬂBgfnﬁéirth‘éaerort
D fferent tools provide or-suggest di agnoses. ere the evidence of one
t ool cort@bdpelt ean harth theogiohalbtdskrdeasoipositive ecrass woe tsocietys iIm fadtatthe

G aonosts | SohRCRRER R JSa8e DU SRR T ] EORE o BLFRHAY 67 Bbat e
The same mechanism 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 one goal decomposition graph are utilised in another.

15 Similarly to the society tool, the report tool also supports online logging of

report messages to a database, and then subsequent off-line replay.
5.3 The Micro Tool

20 Referring to Figure 14, the micro tool allows a user to select a single
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
agent. 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

25 construction to go out, or messages recently received. It can request to see;

1. “Message in queue” 1400: most recent messages received and still to be deait
with;
2. “Message out queue” 1405: messages to be sent out;

30 3. “Message handler summary” 1410: a summary of the actions taken in
response to incoming messages, for example, to what module of the
agent has the message been dispatched for detailed processing;

4. “Co-ordination graph” 1415: visually depicts the dynamic state of execution of

the co-ordination engine so as to visualise the progress of the realisation



VWhere the evidence is conflicting, the conbination of one tool w th another
may 20 elimnate a hypothesis or be suggestive of other possible diagnoses.
The tools in the current CABS Visualiser/Debugging tools suite include: * A
Soci ety Tool: which shows the interactions (nessages passed) between

di f ferent V¥QeMes97n t he whol e society. This includes a vi decTicyenixs!

which is 257 capabl e of recording the éissages passed between different
agents for later "post nortem' anal ysis. These nessages are stored in a

dat abase from which relational queries can be made for nore in-depth study
of the interactionbsorfbigealt d¥herahetzeary sedltiple goar! s @geht ieFyiry & N9l € agent
or a society of a whi ch captures vari ous

Q&qts.t;AStatis}ics Tool : : es var|
statistics on indfvi A MR YRH @ (S8 'EGT aRREtastar one;ip geder 3p yisupbsenitarber s of
messages being expfogrged AyeRAGCAbE 14206 AFRPR is HinnBRS HEHSWIUSEERPNS | i ke
' How many rressageé)tg?etrrsﬁgse?fgt fromagent A to agent B during sone particular
I

time frane?' or ' Bs.iLsys BEDhessages that Agent A has been
recei ving o§er“Exed®ion %ﬁimfrgﬁnﬁ\taa}”i $458:S; LR .dQ{a(ﬂW'Hdtﬁg O;Q%l?s ﬂwré?%gbe% h%gart
i1 addi

type visualisation of individual agent activities I'on
various graphs. VE¥IRAMB&hitseibta peréerming ansethet curiesit istatus @b ltsoseytasks dire.

sel ect the agent syg@ftingNt&4$ d Ly recorded agents' states nore
closely. This t ool c'grq be u@éédé%}ﬂp'g%gl %rsréggéfj{ &t tg’es'inﬁa]?% DUt indicate a
soci ety of agent stask whighc hes Thadéd tohbtint Heowsset be inBdeyjuatd Jesfuréds agent to

sonme degree of 5 t | on. lkn ed, frequently just by watching the
mcro tool, the desi n%’rrrelg‘g&sa TREG %éjﬁ'gg‘e?rf%ﬁ% pgent W@g'étg%‘?ﬁe){iaé’ VegRragfTive
' deadl odRed' or 'taoi laee), cal itemightifiel ¥n Hecoting haskByhians (st Bidh kfopgpaat s of
the agent's intergl%l Ssdke fail i.nsg for sorraﬁ reason. * A Reports Tool: this
provides a GANTT thart: tyP& I eLerieH A APCan QfRIPEASSOR W whi ch an agent
for exanpl eb.nResrrirc@htabhsd HGnmanDi LAID: buniard @ Me RIBbURES the agent
manages. It also shows which are free, which have been allocated, and to
whom; and
18 7. “Commitment table” 1435; visual depiction of how tasks have been scheduled.
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 of inadequate resources or it might flag an
executing task which has been stopped because it overran its scheduled
20 allocation of processor time. As shown, Agent C is firmly committed to

the task MakeComputer at time 4.

The micro tool provides a user with a finer look at the internal processing
. of an agent and has obvious debugging potential. For example, the flagging of

25 executing tasks which have been stopped because they over-ran their allocated
processor time might indicate to a user that he or she underestimated the amount
of time required to run those tasks. (It is assumed that users/developers provide a
conservative estimate of the processor time needed to run each task, which is
used by the agent in scheduling its activities.) - '

30 As another example, by looking at the current state of the coordination
process for a job (from the graphical depiction of the coordination process), a user
might be able to infer, for instance, why the job was rejected by the agent. Since
each node of the coordination graph indicates a particular state of the process, the

trace of a job on the graph informs the user of most of all there is to know about



10 the hel p and services of many other agents, and this tool allows the
desi gner to choose sone particul ar agent and one task (of possible many
tasks) that the agent is controlling. This shows up a GANTT chart of how it
has deconposed the task (i.e. what sub-tasks there are), which task % have
been al | tAPMHHL whom where the execution of the task hdaSHEBNA® and
what the statuses of 15 the differenggsub-tasks are (e.g. running,
failed, suspended or waiting). e Control Mnitor Tool: this is a very
important admi nistrative tool which is used for killing all agents,

suspendi ngtfofeordiatirs ofsthahiatdi fgr sistange) ifiagh Sotfacefa User F&@T@smf%eﬁhahr e
per f o m NOJLAOTAGT ifkdShdidiisd HErBIRED cBAaf*(:8Bl/BY WRBR R Hgenf iy ndbil s 1S
al so an inportant testing a buggi ng tool 1 n the sense hagfe 0

certain agoaves fmshebeﬂmgmdmgq niot | fireld afy cmh@rhegtmtcﬂ“@twowi provide theat
specific 0 O conprises a
sof twar e age%p F%a\ﬂ/'lhﬁms&ﬁ%@egn Ugﬁﬁeéya?%ey rrg/]\g o%gﬁalﬁﬁ/&é 'ﬁé of the

col | abor&ati ve agents in a CABS system It has the 25 <capability of pulling
data of f of.her agent e.s is passive in the sense that it
does not ngg‘gti a&ge\ﬁs"f' b@'ﬂ&?m\/ﬁ%ﬁts but it registers itself with the nanme
server 135 and al so vi sual ises itself. Referring to Fi gure 10, the
overall architecture t he Debuggi ng/ Vi sual i sati on Software Mdul e 140
conprises a cent ta@! °M‘£§bf°ﬁ§?fefq.lﬁwmg BOCUANSR| | box 1000, a message handl er
1005, a nessage context database 1010, and a tool |auncher 1015. The hub
has available to it a set of tool outlines 1020. The nail box 1000 provi des
facilit1@sBrovsetiyeugit ng bet ween the Debugger/ Vi sualiser 140 and ot her
agents, usiyyg the common agent communication |anguage which in this case is

KQWL. 5

Modify

Delete

15 These functions act on current goals, jobs, resources, tasks, organisational

relations and knowledge, and co-ordination strategies. Other functions include:

Suspend {jobs or agents)
resume (jobs or agents)
20 Kill {agents)

These latter three are done by sending request messages 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
25 provides an online version of the original CABS agent-building capabilities.

The control monitor tool allows a user to select an agent of interest and
browse-through, add, modify or delete its current jobs, resources, tasks,
organisational relations and knowledge, and coordination strategies. Further, the
user can suspend or resume jobs, and also suspend, resume or even kill agents. A

30 facility is also provided for the user to tune various parameters of an agent such as
how long it waits for replies from other agents before assuming a null response, or
how the agent should split its time between performing tasks it has already
committed to and coordinating new tasks. Because different multi-agent systems

or applications may use different ontologies or data dictionaries to specify data



The tool l|auncher 1015 | aunches (on demand by the user) instances of the
different tools in the tool set, nanely instances of the Society,
Statistics, Mcro, Reports, and Control Tools. There are a | arge nunber of
di rensi ons al ong which a nulti-agent system can be visualised. Devel oping a
singl e copP8¥0I8BHI 5 which supports all the different vis&QTEFPPBAES nodes
coul d nake the visualiser difficult to uge, inflexible and difficult to

mai ntai n: hence the use of a suite of tools, the tool set, with each tool
sharing a conmon | ook and feel and bei dedi cated to a S|ngle

vi sual i sati Bﬁm§a§h‘5 reql allowyss ugers tcadmdg@d priviegy devebesd 260 dafiving hthee a

comon I nt eg;, {p‘e}], egﬂglsgg'tlg]ﬂi r"‘%%uhcgﬁ visualiser is easier to 10
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mai ntai n an ext nsi ool s selected are those which
have been found nﬂbe crefalll mpnitari sardl issuseful dordeboabding garatior dehivggg n'gne

mul ti - agent S o Primarily. the visualiser 140 ends requ $ages
To ot or - agReHaror A FaIRyi offpaehfi oy altiving: = et 0B ~ARB Y A tpli: thpge
for agents adﬁbleﬁ/se&daaﬁbl\l{ze itshenbdsgaent: bersviaghlr eBsesis qunwg@ed‘tﬁh@m er
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received byagdrtsVicoHadidugigh, bffanfsatiohal Jelétfb@xsoklaedrdlﬂgﬁ‘éﬂ Pehyviglioefd: For
retrieved and processed for appropriate dlspiay The vi sualiser 140 can

al so i nst al PX¥8P8 iaf %ﬂ?”&g@ﬂbt ganti@a o HRxPef@tiend eCcaBisterdlyidrejest bRt Joran
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mai | box MDOthesackreedthercmgenthem the sanidtyi thet anaoesrotihert thewvequiredi reseyrges.an
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recei vi ng ness ges ot ar 't pe Ssage context Z5
dat abase 10&@emthiaciser smgnmmmm Wselhehma@enhaasﬂeGSeslﬂ&Skrww hog buts
pr ocessi ng. each t ool gén tan i nt ers ste ecei vi
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messages, % Oout the production of the required resources to other agents in the set-up. Since
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
after sending out job 'request messages to other agents might be less than the time
20 needed by those agents to determine whether or not to accept a job. Using the
centrol 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
25 with the control monitor tool to investigate these hypotheses. Using the society
tool, for instance, the user might observe the agent sending out job request
messages — refuting hypothesis (A); and using the micro tool the user might
observe that in the coordination trace for the job, the agent progresses past the
wait-acceptance node before replies to its job reguest messages are received -
30 confirming hypothesis (B).
A browser window for the control tool might for instance allow a user to
remotely browse, add, delete and/or modify the task specifications of agents in a
society. Such a window might show list boxes for the agents in the society, the

set of tasks of the current selected agent, and the status of the selected task. A



Debugger/ Vi sual i ser 140 whenever events of that type occur (using an "if,
then" 30 type of control instruction), and second, register in the nessage
cont ext database 1 010 an interest in receiving copies of all incomng

report S of the desired type. This arrangenent all of the
Debugge%gﬁﬁ‘%?ger to dynamcally decide at runtine the 2"315”‘3?9%3%&5
he/she is interested in nonitoring, and7@lso to change at any tine this
set. 59 In particular, the KQW replyw th (outgoing nessage) and

in_reply_t i ncom. ssage) files are used to associate ap.identifier to
each rressageé(, Rl Eﬂgr}%ssr%’r‘f‘( aﬂeegﬁeﬁ'ffc(%?“ i°g§?%ﬁ5'§§”t %%ms?‘t yg\ﬂgg?"rhmd vay,

t he nmessageabandlLaons esighnRUNSILARabo spedficdtitR sdidr @RtoughfwRicHBRSSUStIAP
determ ne which tgol instance 5 requires it. This arrangenent allows users

of the vi stﬁélki %oéPi_f'lcéﬁa‘éHP%ebeaﬂwF’ﬁﬁ iR PeY task d%ﬁﬂﬁéve?h%sﬁawfaﬁ@ tasks
i nt er est edajdsd¥RBIGIOIHD, a8 Pst A!RE thA athgJa\%e thb?asieaefﬁﬁdlmgﬁgi; 8ol is the

Furthernore, extension of the tools sui th a new too or nonitoring
of a ne® esane asyihet irethd releyand agent! tasktdasabase. thstdbmsyalue op pPHNOWN

i nfrastr uc*nl&fc%teslguat tthe use T\gg &dﬁH itl?eelia 1(49 eicﬁicggan %UE,ULA f%r?QRgia%ﬁ\r\y of
data for an agent system |t only stores TatZroroa it ed trme f ane, for
I nstance t has dayget returhéa acigmwledgensertt of sé¢cript qfehs ingtvesdecifatation t needs to

be stored, for instance,, in, the yide e tool included in the.Society
Tool . The time {1 aREoRGP! (Rl Grisefid W Abdeing Ahaia S07 116 S0 DERRASTG 312 be
af f ect ed byoditg 6t agentachy wWitdwing gl e @xhdnfically rénEGhbe aaehdcidrySariy/ st em
and, if there are for instance too many agents, the visualiser 140 may need

to be e cARRI¥Se TiseSypsegyeRts BehaMgyronThahisyit WS Mg BRPE SHECAMAP PR it

| ags t he rgRfefihbdBt Asitinyd.ty of the system It is possible for the
visualiser 140 to receive nessages in
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

15 it is the agent's function to interpret the specification into the relevant
functionality. If one were to use object-level messaging such dynamism is
immediately lost. An analogy is the relationship between interpreted languages
such as Prolog and Lisp that provide dynamic redefinition of program behaviour and
compiled languages such as C+ + and Fortran that do not.

20 Because different multi-agent system applications may use different
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
25
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 community basis.

The statistics collected might include for instance, but are not limited to:

30 (a) the number of messages and their types sent by the agents over a time period;
{b) the number of messages sent by the agents in coordinating different jobs;
{c) the average loading of the agents, i.e. the proportion of time agents spend

actually executing tasks; and



the wong order. To avoid msinterpretation, the visualiser 140 is provided
wth a 20 limted buffer 1025 which re-organi ses nessages in their correct
time sequence. (It should be noted that the nessages consequently are
necessarily. tine stanped.) Referring to Figure 12, in a sinple inplenented
scenari o, WOh¥WA$E¥ai n i s supply chain provisioning in whi chPElERs%02235

col | aborate to manufacture and/or provisjijon goods neking up a service.
Figure 12 shows a view of the domain 25 which could be produced by the
society tool. In the exanple, we have five principal agents. C, a conputer
manuf act ur dd} theiscoorginatidso veispat executivrarting).rativ,pi.edbews mushi timesis  spedt knows

Cas its s 0L, ' - kel . roduces central processing
units (CPUs ?F%ﬁéttﬁ‘%skg??ybé%sg@gog%é%ﬁ&trgné{agé? Or and Mas its co-worker.
Both Mand U share two subordinates (X and Y). C knows of 30 another agent

P as a peer who pgoduces printer ink and toner cartridges.. P has a .
subordinate T tha taﬂ?%?fui"g@ iﬁ'ﬁ}?ﬁgrar? Rﬁrt%‘fg’”tyo‘ff@?”ldﬁrdteﬁﬁ‘%'é% or %B?'M'Q%r s
are agenss th gdiforaalte OF Gaddcietl i cFNagiin®s. NaPee examplél RRTHgt the €drttol @ibHtet ween
them while peers are agents belonging to different organisations. , 60 In
the exanpl &oot #d Hieoxatitticstonk aalsebwgmt@r aplegiel ey el |qEesfions SYRD @s (‘wbat and

noni tor)  asoryRhikatishal BraRfiRE! drdfl BstPblLOSE bf tdsk dridecRAYhARINEIYw-Rb® Beit ee
addi ti onal support agents: an agent nanmeserver (ANS) which provides a

whi t e- pagesmirgmises t thef gimedent aenpréisating drbsipands maximisesr theydime spent
(PC_Broker) e I fles; | L . aHgh | it S
find ot her %’égglﬁ?gg grz\i%ﬁb( 'g' 0 r%gilrn gﬁ%p’ﬂgﬁ%bpgg l?lf tg%cfkggeﬁgt'agggé&g?%ggqggent
(DB) whd®e thel soclem dearmfirons exmeriehoe.etharmtatistiosi tovkbemssagaenimonm ysedrin et ar y

Catbases R AL s R o i O St (e
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.

16 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
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 correspond to negotiation and post-negotiation (task

20 management) dialogues.

The tool can support different display formats, such as histogram, pie,
line, or xy-scatter graph formats for the display of statistics. The choice of format
is user-determinable, using toolbar buttons 1505, although there are pre-specified

- defaults formats for the various statistics.

25 Similarly to the society and report tools, the statistics tool supports
database saving and video-styie replay of agent statistics. For generality, only raw
(as opposed to processed) agent data is saved onto database, thus, on playback,

any relevant statistic can be recreated.
30 5.6 An Extended Example
Returning to Figure 8, while each tool described above is useful as a

debugging aid when used in isolation, when used in combination with the other

tools they provide even greater debugging and analysis support by giving the user



10 agent itself (Visual). Use of any of the tools in the suite requires
that once the tool is launched users connect to one or nore naneservers, In
a nulti-agent systen1environnent, nameservers contain the names and

addresse I% "l'ive" agents in the environnent, Thus %%F 0 a
naneserver r%%o Nes sendi ng a request to the 15 narne*serve?@éJ gﬁ"éﬂl

agents in the envi ronment and any agent §2which | ater cone online. In an
environnment with many nameservers, the user can sel ect which to connect to,
effectively fi

t he .vi suall tion effort to a subset .of agents of
i nt er est . g‘t"‘iers" Sy agepany o ?rgla‘? a%’étssg‘é'?aé’f%}“ 0%1 WEY 9 ”57'?‘?'881 Pler
sends out tdxmmeaymmé dfﬁﬁmbsﬂsff@éi&a@@% to?BsseRs i diffarehPabpdhs A GRRNIESSage

Type 0 WHOM What is returned Request
Agent name bae@P\’/'éP’ 'W%FE‘PW%P’@?@&'S despribpcolalew. of al | agents Request

Al'l agents Corsfed ranmhﬁi Adne ks Rielp coﬁshghg QBFEY BerREMEShs shown in

None, sone or all _cc all nessages cc' ed nessages agents 61 Referring
to Figur® fZQU"?We Sbeiuserybelisups Matahe agentsehavedesel aanfiguregesuchfthayeives and

vi ew (a) tg& §| by H{ Al o gany itf?:‘ﬂ  the! @Jé«% ?{r%ssoc g\r&&%&%e@@%ag' ng

bet ween them eref ore acc the ‘ad qual n ance no
ilustrated; i.e. J1 to agent B, J2 to agent C, J12 to agent D etc. However, when

job J is given to agent A, it reports a failure in planning out the job.

To debug this problem, the user might for example use the society tool,

10 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
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 request to agent D

15 to achieve J12. Agent C however sends out no requests, although it had been
expected to send out three,

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
successfully decomposed into J21, J22 and J23, but the coordination process

20 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
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’.

25 The problem is again rerun and, this time, agent A reports success in
distributing th;a task across the society but later reports failure due to inadequate
resources when it tried to actually perform its subpart of the job.

Using the reports tool, in a rerun, the user notes that following successful
problem decomposition across the society, agents E, F, G and C successfully

30 started and ran to completion their respective subparts of the job. However, agent
D failed to achieve J12, which in turn caused the failure of agent B to achieve J1
and in turn that of agent A to achieve J.

The user reruns the scenario and uses the micro tool to monitor agent D,

She notices that D successfully starts J12 but later stops it because J12 ran out



stored in the individual agents. It can also set a flag that causes the
nmessage 5 handlers 205 of the agents to copy all nessages to the

visual i ser 140. To view (a) or (b), users use nmenu itens to send requests
to desi gnated subsets of agent requesting they update the tool instance
with thei W@B9%% know edge of the organisational relati oRSTVEMP3end
copi es of all their outgoing nessages toyghe tool instance respectively. 10
The organi sational relationships describe role relations such as superi or,
subordi nate, co-worker or peer. Know ng these rel ationships is inportant
duri ng debug§itsclioeatedsuocessyr tifnecindidaied bieanagpasttiomimynitos owmsdegrit elhehei r
activities. e ) . fl t; r ] al |
fasks 11t conforfects 15 fOmhay Y AEshaR 012 % iRakhte PEer it
subcontr act raretioe: wor kers, and only if all 15 fail subcontract to peers.
The t ool supportsTﬂraphi cal, Iag.out of tgg .agents according.to ro

rel ati onships. CufP&REeNEPIERIINTEMHN1E"d & M ayerydy “?é% CERBRN ™
Figure 12 enphasiatefshthBly, Y85k UC2ImSHPaTE Mad Stihe 16 dx@tEtel BiitaprodBE the a
hori zontal circular |ayout enphasising co-wirkers, with groups of co-worker
arranged i nYWPP@|autputs ligothe @ak Rodywasmapngly paaeiedinh s this ARSSydBE NICER ¢ h

groups of Pe&dISwitlOnot2G&@BY8tht! It LHL bEE of UKL BndithEEsKABEN} VAR MNaledo | sry Out
in which all the ot%er agents are centred about a user-designated central

agent. |n theviewgdand geuperedt he | i nks between the agents are col our-coded

according to theif, raohﬁferrgrkta%dfu‘f’t?ﬁpérﬂrio!:@s%é iehl S{]ag?er %ﬁgﬁ%ﬁg dof Qg&Rk! Apse,

expand, hi de and show nodes 0 e vari ous gra erent [ ayouts
are i npot® ashowespedigireé B, Westatistics wiol Inayhiesteed shgivrthaf egenir@ irofacesendshe

tool, because, they allow the user to readily see e ni Sat.l I
Seruct ur o ofUF oAgRP S (EARASR hetRariar tnteioat S Y5 Rk, BHGUBR! three
3\;} r Uﬁt UL e. Teauestd had be rexpectber It as indﬁnbbésy'blbugsoen;/\;]themy'pnthtegi_e that then
ich the agents organi sed, or int npner_in ich. c tj.on
proceeds wi ?Zﬁl"ﬁe Pﬂé%{i?eg'gﬁ??&?‘?j@nggel"f r&s ﬁéfhag%b‘é“%& Xf ?rh%ch" r‘i’g?é? t?g'?‘é‘}ma%ent
necessarily possesses a full picture 30 of the organisational structure.

It is the_responsibility of the sgciety tool to i ntec+rate ocal.f.i nf or pati on
returned?By Whe agene@or it &y speeification et GPe s tasgke 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
20 Propose message for J28, 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;
{ii) an error in a specification in the aquaintance database of agent C.
. ' Assuming the task is properly specified, then the most likely reason why
25 the third propose message was not sent out would be (once more) that no
agent is listed in agent C’s aquaintance database capable of performing
the third job.
The overall hypothesis that the failure lies in agent C can be verified by,
for example, using the micro tool for viewing the internals of agent C. For
30 instance, it might be noted from the trace of its co-ordination graph that agent C
could not plan or co-ordinate the activities the activities involved in J2, thus
confirming the hypothesis.
Regarding the hypotheses (i} and {ii), the control tool can be used to

remotely review the task specification database of agent C. If that is correct, (i} is



or gani sati on. Messages between agents can be col our-coded (for easy
vi sual i sation) by type, e.g. all request nessages in one colour, or by
content, e.g. all nessages 62 pertaining to a particular job in one

col our. %@E@ﬂgg}]l on, the tool supports the filtering of npssR@ss.sd ore

di spl ay. ssages may be filtered by sender, receiver, type or content. For
exanple, a filter option might state "SMow only counter- propose nessages
[type filter] fromthe set of agents ... [sender filter] to the set 5 of

P+ tat SEHEs oS s spe cgRRat R idahobe e et " °°
messages abviewt greesduairftandeheatabasendl systht \@, tdhetkiag aflfspecifieaticere| rajatihgeo | i ti es

with forward a back vi deo nodes i scussed next), the rovi de_ a
power f il dagi haMEoDeS Tl HEEHe B ke el i POU BNGD LfaLtEpsb S, S8Ae o
provi des fiafid hkhfSbroWset Windbv of tHY &diftrdl Rod).dat abase for later playback of
t he messages sent and received by the agents. Again, nessage filters can be

used duPing st orAlEmaiwherf tprarintgnee databagmist latag HisAossihigas use the
interest. sJReRl aYoll @CleVieW B% g%@%ek de€ ot ﬂg%g'gﬁ{ 2PNRTmight bOWMdrBvéelser to
revi ew t he nessages 1 n f or war or reverse node, 1 n Single step fashi on or
ani mat ed. that egent, Clreptgut meseagasstoagmetaFearst Grtodperforen jobkatZ2oend J235

dat abase, . or.pal r el at.i .dat i on
the stor ed HEEERL MBNG: A0 ERnabfibariut iR dRe kaflRl &5 BoFortlRE LHBE WBE. 00 g
Job 21". Tibea ypabificatiepleanor frathd dduatrtanidd Hatabsseasfeadenk 02 regaadidg U2 dheabase

a1 ovi G A A gt 1 B SR Forfled iy UgHBMTE SPPYP CRhr BEvBBEY  ves
whi | e tryimgdifpihekquaiaasse détabafe dfhdgenhicer acti ons between the agents. In
the graphi cal usl(t?rshicnrjlltclel:gejc 2g‘gdstrt]1%mhcia r;uilfie %l?l rt%or]ézdesiclt'ibeiadsa g\;ses i:z?rln%t td%tesc%e the
every possible cause of failure in a multiagent system it is used to monitor but it
makes the debugging task immeasurably easier.
15 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. It would simply be necessary that the agents of the debugging
tool(s) and of the multiagent system being debugged were able to undqrstanti
20 messages and other information, such as task specifications, in the same way so
that the debugging tool(s) could understand what the messages concerned and

could review and amend the other information.

Embodiments of the present invention can be used in relation to a wide
25 range of multi-agent systems. For instance, it has been evaluated in particular in
the following applications:

e a travel management application involving 17 agents, in which a travel manager
agent negotiates with hotel, air-line, car, train and taxi reservation agents to
generate an itinerary for a transatlantic trip for a user;

30 e a telecommunications network management application with 27 agents. Here
agents controliing network links negotiate to provision virtual private networks
for users. For this application the report tool was very easily customised to

support a different display format for task decomposition graphs; and



| ayout of agents 1200 in the supply chain provisioning scenario described
above. On the left of the window are | ayout and view controls 1210. Tool bar
buttons 1220 on the right control video-style replay of nmessages while
those on the left 25 1230 and a pop-up nenu 1240 control ffﬁ‘;ﬁﬁﬁéﬁi on and
vi si bi |'i tYOKPHE agent icons. The actual storage of ness dat abase
is perfornmed by opening a link to a dat@Base proxy agent, and sending to it
copies of the nessages to be stored. Retrieval proceeds in a simlar
manner, albeit in reverse. This arrangenment 30 provides a f]exible
approach sihc® SRFIONSHCPBIMATGE FRPUEAIOR Wefe AIERts BUY LKy s&ll gaags pgnd
interfacing iderWkéd) udingt diffdaint MapeXtioNseategiBECT Bhig PpACHicROMVBIDEE BVES 1 N

t he agent conmunication | anguage. 5.2  The Reports %ool 63 In a

col | abor at i velfRilagentsgeimultaaeously, pgeaeniag| pany diféerenie tasknaand the ofolause

society as a whpl i oph i : ke IS
i nportant and notgetoﬁlaTgsosfabggﬁ loig’n I \}{kggsalegg%ﬂém % ﬁ?}%ﬁ?%ﬁ"@)%%& I HSHS
debuggi n§ nul hetwagerbe sgaritens ari ses 5 fromthe fact that each agent

rovides only a | | vi of . t.he prabl solving . effaort .of the society.
II%ach agent o%l y %ﬁ%@%ugi‘bcgﬁ%rerﬁ oY ssaﬁ‘gm%‘gwe\ﬁ?i i Wg\ﬁé’ebfg%& g?erSE%thdyto
and/ or ]?y :ir.vaaieusbinghﬁstageéﬁ, efbbdignehas af fr&lrprtekwtm\/\&mad ibh cbﬁ(bakgown and the
state of al, e jobs. .10 | For exanple, in order to produce a
computer, d m%f{tﬁgﬁﬁf"egﬁﬁ‘tﬁhﬁc'tavﬁﬁf°%%ﬁ‘f“% 'af‘ﬁ'i’a@etaé’éﬁ{“f’(?"ﬁ?'%f %F ovi de a

| aser printigstanBe isBidrid] Bnd WigdbwsIRIragakstapans. of its contract to T to
provide a toner cartridge. Because of the autonony of the individual
agents, 18is 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

del egated by P 15 to T. Thus, a user viewi ng any one of the agents in

i solation gets an inconplete picture of the problem solving effort of the
soci ety. we oolghsdyOr exanple C reports a failure to perfor ”}é'P/%Blm?cr‘zEss t he
user will be unable to imediately determ ne, for instance, that e root
cause of t—he—~fan—1~ure——ms—4seeause T fail ed6to provide the toner cartridge as

request ed The Reports Tool is able to request the rel evant
data fromegens Re ?ﬂts collate it and depict it. The Reports Tool
applies thef I | out below to collate the data and generate a full
picture, whl he represent edCLAIMSGANTT chart of the type shown

in Figure 7. Referrlng to Figure 8, for this tool, note that a job J given
to an agent A 25 nmay be split up into subjobs J1 and J2 which are

al | ocat ed t a.agenisviBuslRdtiéh bESHRABhENtEbY useSinbs @&M’a’rerwstérﬁrf&Mntm.ngpl it
into J21,_ J22, J23 and allocated to other agents E and G Subjob J1 may

al so be spl MONREHBAECT B'3BEROA HgCrEsPorEangemeny: saist sefteatsi Dstem 1 but
al l ocating %oﬁib%ﬁﬁ aJﬂJarEIhf—V @Qgcmwge JH@ulbgBﬂf\ﬁc@?ﬂtwﬁh' nk %o tcgmm‘i’c{a?e each

top level job, suc , has a uni que identifier which s
mai nt ai ned aighesgh @ﬁbsf.ob@e(eahﬁﬂeswmgp@m arrangement cpmpslscs)p\ebewm stotsh get

gener at ed. Thiprbial SR bamBAAN SRR MarbieaIoaN doidabliy SO TeNt L Al e

of Figure 9 and as a res 0- or ma?lon ehgi ne and
reasoni ng sysecening 10 rel@ionteen siaglenselactedl SOIfBNﬂIe jroduiutm\andgneéabertbistererandJ”

into sub b |l oca themto other these ot her
agents 16 irdr]?&a?eﬁfoal n ' eg?rﬁ@np ’lcf#%n ln.sjancegvgr 5%éﬁ‘aﬁ?\%¢?%é’hﬁg‘f‘{%@further
split the sbbiwben §tlbastIRvo et £3id softwayemddulesher subj obs and al |l ocate them
to yet other agents. Note that a subjob "J1" has added its own identifier
"1" in addition to "J" to trace

2. An arrangement according to Claim 1 which is further provided with
means for obtaining organisational data in relation to the software modules, said
15 organisational data determining the collaborative relationship between two or more
software moduies, the arrangement also being provided with means for processing
the communications instances or data prior to display, such that said
communications instances, or data relating thereto, can be displayed in a manner
determined by the organisational data.
20
3, An arrangement according to either preceding Claim which is further
provided with means to access data or executable 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.
25
4. An arrangement according to any one of the preceding claims comprising a
set of selection means, at least two selection means from the set of selection
means providing visualisation of communication instances related to different
activities of the software modules in use of the system, such that use of said two
30 selection means provides visualisation by means of two partial views of the history

of activity of the software modules.

5. An arrangement according to Claim 4 wherein the set of selection means

provide partial views based on any two or more of the following:

T

(L

e




where it originates fromif it gets further deconposed, and this applies
when a 5 subjob such as "J1" gets further deconposed into "J11 and "J12".
In this case, both identifiers "J" and "1" have been retai ned. Thus, using
a root goal identifier and parent-child links, the report tool can graph a
gl obal t a¥R %88Yposition across the society. In fact, tﬁg@?&"mghani sm
is used inthe society tool to col our-cggde nmessages by goals. 10

Hence, the algorithmof the Reports tool for processing the data (retrieved
fromall the agents) is as follows: i) for some Agent "A', select a

j ob/ goal ohned bipterRglidasyand eventy in a spliwareqedulge uni que identifier for the
goal , for gxanpl gk hlinndtinh) r .retrieve all other jobs/goals
with that i?dentiﬁs‘éruﬁc%io'n betwegrg%‘gt\ﬁggu'ﬁﬁdﬂgst'h the jobs/goals and their
rel ati onshiiips (wiask aflecgtiootandachbdulivgIvétiied siaped sofiwpre mudule; G aph t he

77" Gonsi et ne- SRR B3ty solReRMBLShal Bl b€ oy o por By 7"

performba gmb, J1 say, Agent A might delegate a subpart (J11) ot this job

to A t B, who in t del t b J111 f J11 tgo A t E.
Bgcaggg of Yk heoail’,l‘fnrﬁ'ﬁ’léjfh?‘?aﬁg“s‘te %‘M%EB?’\ﬁ%gﬁgg‘r’é&%Fﬁ Qo 'ﬂg%ﬁ?'e%efjg’ydﬁf%?e'}ﬁﬁare of

t he subparto égadibatidndl daeCh@deinidg the dREBREINe MBGirdHIG SalBRaIshipsJ11) it

del egated to Agent B; it renmmins unaware of the subpart (J111) del egated by
Agent B t oPgty¢aep the softweremodulgsyser vi ewi ng any one of the agents in

i solation gets an inconplete picture of the problemsolving effort of the
society. So if, for exanple, Agent A reports a failure to performJl, the
user will be unable to imedi ately determ ne, by |ooking at Agent A, that
the root cause of the failure was because Agent E failed to achieve J1l 1.
30 The reports tool provides a global view of problemsolving in a
society of 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 all their
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]ObS to |t hbxt, the user can select an agent of interest and a job owned
by that agent. (An agent owns a job if it is scheduled to performthe job
or subpart at a 65 root node in a task deconposition hierarchy for the
job.) For égﬁ ection of agent andl &b, the reports toolpcgaiiRkaiAs the
GANTT char graph 700 of Figure 7 showi ng the deconposition 560 of the
j ob, the aIIocatlon of its constituent subparts to different agents in the
comunity, and the relevant states of the job 5 and subparts. O her
attributes of the jobs m ght also be shown on the chart, such as when each
agent is scheduled to performits _part, their costs, the priority assigned
to themby the agents, and the re é1 they require. Referring to Figure
13 and r et 06 g to the "MakeConput e task nentioned above, the GANTT
chart 700 ™ ghAt D& ar Sprayed onm screéen with 10 selection boxes for

sel ectilng the agent and tq to ook at. Aslshown, the selection boxes
1305, 1310 have been use sel ect task "Nhﬂernputer" for agent C 1300.
The GANTT chart 700 sho t he deconpo (%%on of the "MakeConputer™ task into
NhkeToﬁerCartrldge (Agentt T) 1315 Vekelvbni t dr (Agent M 1325, MakeCPU
(Agent lU) 1320 and MakeRi nt d. The 15 Task Status Key 1335
shows Hy col our i§g|n {lhot jvi g 13) that %gg

MakeTorerCartri g d M ‘ 1325 ar nnlng 125e

MakeCPU fask 1 conpl etled Jl“" , : wdut er tasks
1316, 130 %PE%IV?f 0. A difs i jht up tO\show
detail § ¢ nercartrldgbsmﬁak 1315. The reports N oo
t her ef dre needs440ess flr~—Hnst AGENTO t h 2§§5|% and to
the conmitnent dat abse 245 (Autaentmmen) , mg
created by Yissalisgior fs—+pool o™ 165 Y

| NETWORK

: Ao

idt
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current status of each subpart of the job, i.e. either waiting, running,
conpleted or failed. Thus fromthe graph a user is imediately able to
determ ne the overall 25 status of a job, and if the job fails where
exactly it did so - which obviously ai t he debugging effort. For_ easy
vi sual i saWP3A05PRe di fferent states %flqg job can be col ouFPCUGHERYOH t he
graph. Figlre 7 as a wholé shows a task report 700 for job J1 owned by
Agent A. The subpart J111 (Agent El has failed, while J12 (Agent C) is
runni ng anfi@gg ArrETTt——T"s ——d—t—frrre B—=nd JI (Agent A)
are waiting, 1™ Yegausg e [ to—achteve—3t¥t— I || both fai
unl ess action is talfen I n sonme other wayf The tool also

] ol | apPostmanxpandi ions gf the
graph and hi di ng/ sh¢wi ng ngdek on the graph - this is in r@utgoing 66
dealing with a veryllarge graph dince it_allows a user b fofmessages the
regi ons of interest*

debugging effort. The 3 gration of

task descriptions ingto agent on
which the goal is initijated_gassi 10i ipgentifier to
the goal that is prd oy dece 4 of] hj erprchy of the
goal . Seconghcoptsgeyer : [ , It creates
uni que i demhgddadas for s with the

subt asks). Thus, usijng the r pnd parent-child links, the
report 10 tool can dgrapn tneggl ona 2 Te JOFI LI ON acr oss the society.
(In fact, the sanme nechani gmTs tre—society 28| to col our-code

sedTm—t
messages by goals.) The sane necﬂgﬁﬁﬁﬁﬁdﬁ%%ﬂﬁfloms*fﬁe di spl ay of joint

graphs, wherein two task
Q /210
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deconposition graphs are |inked by one or nore tasks. This happens when

si de effects of a task in one goal deconposition graph are utilised in
anot her. Simlarly to the society tool, the report tool also
supports ogging of report neggages to a database €g£
subsequenYQ' &gﬁ I'ne replay. 5.3 The M cro Tool Pa&g @E?Lng to
Figure 14, the mcro tool allows a user to sel ect a S|ngle agent, Agent C
as shown, and review its processing by looking at its current data and at
t he nessages being sent and received by different conponents of the agent.
For instance, it mght |look at the |ast ten nessages for a selected
conponent. Looking at threads in the mailbox, it mght review nessages
under 25 constructlon to go out, Fr]ge ages recently received, It can
request to_se e -ae in queue 120D: nost recent nmessages received
2, "Message out queue 1405: nessages to be
ary of the actions

0 |messages, flor exanple

agent '--.éfhed f orj| detdesigo prhc3§@ing; 4,
" Co-or i na il <3, |y depldszyﬁﬁmWn- #C state of execution
of the om]ag@ngmpemgtaﬁe : as to visua |pgr ess of the
real i sat iion. 6Z-0f soue g Were thgre are nultiule goal s the agent is
trying i e camgfel ect g/particular ong in order to
vi sual iJs¢ @bajﬂfﬁgw@ﬁghaﬁﬁsr-:‘ node 1420 0 VS running, it shoms
GREEN. | fithat node fails.  dt|shows RED; 5 5. "Exekution nonitor sunmary"
1425: o diary detailing the ta%ﬁﬁ)the agent has
Agent Shell (305
320
s - .
. 380 Agent Definition Editor
AP1 Library
385 355
r [ T Fact/Variable Editor
- 370
Standard . Code \N C ints Edit
Agents Generator 1 onstraints Editor
\\“-=_‘ 4___,4/) 325
“~11 Organisation Editor
330
<l Co-ordination Editor
335
v ~~1- Task Description Editor
. 340
. Scripts “~-  Ontology Editor
360 X )
Code Generation Editor
365
1 Summary Task Editor
100

Distributed
Mutti-Agent
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commtted itself to performng, and the current status of those tasks (i.e
wai ting, running, conpleted or failed) e.g. the nonitor mght indicate a
task which has failed to start because of inadequate resources (for

exanpl e, results expected from anot hgpiagent m ght never rrive
10 WOPYBSP%te), or it night flag an executing task %*@%g%&&sieen

st opped because it over-ran its schedul ed allocation of processor tine; 6.
"Resource dat abase sunmmary" 143(7 sunmary of .t he rego 1®es the agent
manages. It also shows which arq f em%.smmv@ bgerr al | ocated, and to
whom and 15 7. "Conmitnent tablle" @ml Qmﬁlﬁéi'OQjepl ction of how tasks have

been schedul ed. }ur IR a SUNTAr Sy—egdfm : e noni t ori ng executing
tasks or tasks s h4§L+ to start execut|on

~eg the nonitor night indicate
a task which has failed to start because dequat e resources or it
m ght flag an executing task which had ¢d because it overran its
schedul ed 20 al l ocati on @Qoprocessor tiffgf As shown, Agent Cis
firmy commtted to the task NhkeCDTputgge@g tijlfg]4. The mcro too
provides a user with a finer |ook at] the™interr

processi ng of an agent
and has obvious debuggi ng potenti al . e, the flagging of 25

al | ocated processor tinme mght i at50@ or she
underesti mated the amount of ti tasks. (It is
assumed that users/devel opers priovid Qénkgﬁg@ﬂQﬁul\/ estimate of the
processor tinme needed to run eadh_task, which is usgd by the agent in
scheduling its activities.) 30 As| another exanple, by | 8 ing at
the current stat83@ coordlnatlon procless for a job (fr- g graphical
depiction of the process), a juser mght be gr, for

i nstance, why t cted by the jJagent. Since

coordi nati on graph indicat particul ar Wtate of the brocess t trace
of a job on thelgrdpACEnfof flt He user of nost of alll [t hef@sks td {fhow
about Agent Organisation
l \-505
355 l L ]
z g 1 545
Fact/ —
Variable J ) Relations
Editor _/ Variables 7
5407/ ¢
o 510
Agent co-ordination }—
strategy specification
» ‘ 520 }
“~~— Task Definition }e—

i y = !

I : Decompositions
Variables Callbacks
| \-560
J J ¢
550 595 Summary Task
525 Editor

<_| Domain-specific problem
solving code production

365
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68 the coordination of that job. For instance, froma trace, a user m ght
infer that Job-O say, failed because it required certain resources which
the agent did not have; further, the agent could not find any other agent
t hat coq#%€§;%¥bde t he resource W t l§i/i2t he required quantddyigedsjopids COSt
and ot he 12/ ai nt s. The Control Mnitor Tool It allows foer the
follow ng functions: 1 0 Bromse-through Add Modify Delete 15 These
functions act on current goals, jobs, resources, tasks, organisational
rel ati ons and know edge, and co-ordination strategies. Oher functions
i ncl ude: Suspend (jobs or agents) resune (jobs or agents) 20 Kill
(agents) These latter three are done by sending request nessages to these
agents with the contents being trE: (e.g. a suspension notice). The
control nonitor tool _again works Aiae tion to single agents. It 25
provi des an onli ne 0ﬁr'ion of the original CABS age %
capabilities. The 0O {joT TonTtor Tool alTows a user‘%
i nterest and browseftrough, add, nodify or delete
resources, tasks, ¢rgaNisational relations and kno
, e user can suspend or resung job
| agents. A 30 facility is alsqg
anet ers &f an agent such as

i 1ding

sel ect an agent of
current jobs,

, and coordi nation
and al so suspend,
provi ded for the user to

strategies. Furthg
resume or even Ki
tune various par

Fig.7.

K—?OO
Agent. E Agent: B
Job: Ji1d p————>1 Job: J11
State: Failed State: Waiting
Agent: C Agent: A
Job: J12 Job: 1 .
State: Running State: Waiting
Agent: D
Job:  J13

State: Completed
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how long it waits for replies fromother agents before assum ng a nul
response, or how the agent should split its time between perform ng tasks
it has already cormitted to and coordi nati ng new tasks. Because different
mul ti -agent. systens or applications yiause different ontoIo dat a

di cti onar WE9%(0§5%peci fy data 69 i tazms this tool allowd 8’&’:@"’?‘85 | oad an
ont ol ogy dat abase 260 defining the ontology of their specific systemor
application. The control nonitor tool is useful in debugging and/or

anal ysing the behaviour of a society of agents by allowing a user to

dynami cally reconfigure the 5 society and anal yse its subsequent

behaviour. This is useful when testing hypotheses. The user can use it to -
study the effects of various changes on agents' constitution,

organi sational relations, co-ordlﬁgﬂggn ehaviour etc. For exanple, an
agent mght, contrary to expegfatio ohsi stently reject a job for which
it has adequate know how (task) but lacks the required resources although
10 there are other agent (¥ the society that can produce the required
resources. Using the contfol noniftor tool to browse through the tasks and
resources of the agent, al uséx nijght convince herself that the agent
possesses the know how but | acks Jthe resources. Checking the agent's |i st

of coordination stryftegies may, row.exi@mple, indicate that the agent does
have t he coordi natien ability to subcoO act 1 5 out the production of the
required resosrtes to other agents in the setwup. Since the agent rejects

the job {hough, jhe user mght posit two hQypothes¢s, that either (A the
agent isfun re{dfflother agents in the sqcie t pat can produce the

requi rediresource, or (B) the tine-out perligd.thal the agent waits for
acceptance after sending out job request neSsgges\to ot her agents m ght be
| ess than the time 20 needed by those ggents |to deserm ne whet her or not
to accept a jgh2 Using the J21 Jo22 J23

905 905
245
kd l e (‘
processor 0 - 900
processor 1 - 900
processor 2
processor 3
processor 4

0 1 2 3 4 5 6 7 8 9

T !

current-time current-time

+
plan-ahead
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control tool to browse through the organisational rel ations and know edge
of the agent m ght confirmor refute hypothesis (A), and again using this
tool to increase the agent's wait-acceptance tine-out might confirmor
refute hypwidwmisse7(B). Qther tools sughrias the mcro or society tool m ght
al so be used in tandem 25 with the control nonitor tool t@GTHERISORLAEL €
t hese hypot heses. Using the society tool, for instance, the user m ght
observe the agent sending out job request messages - refuting hypothesis
(A); and using the mcro tool the user m ght observe that in the
coordination trace for the job, the agent progresses past the
wai t - accept ance node before replies to its job request nessages are
received - 30 confirm ng hypothesis (B). A browser w ndow for the control
tool mght for instance allow a user to renotely browse, add, delete and/or
nodi fy the task specifications of agents in a society. Such a w ndow m ght
show | i st boxes for the agents in the society, the set of tasks of the
current sel ected agent, and the st .us f the selected task. A 70 text
area m ght show the specification a rrent sel ected task. "Modify"
and "Add" buttons m ght |launch a tas speC|f| caiifgp edi tor through which an
exi sting task specification nmay be nodified or®a new task defined. The
status of the tasks are set to O?amﬂn as far as the tool is aware, the

t

task definition |nthet1®s e 5 sane as that 1n thqg rel evant agent's
value of PNKNOWN indicates that tfhe user has

3 at i on puf, so Tar, the—ageny Has not yet returned

recei ptjof thp pew specification. Th¢{ppptrol tool is

t ask dat abase. ¢
nodified the ta
acknow edgement | of

useful in debugpi SHager analy;i ng the REiiBgkour of Fafsoti ety of agents
by allowing a user‘“@oatexyna y Feconfigure the socjefy and 10 anal yse
its subsequent dpatabase | That sf it allows the agefpt jsystemto be
1005
Message
< Handler
Limited 1015
Buffer Tool
Launcher
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redefined at runtine. The strength in the control tool lies in the use of
hi gh | evel nmessages in comruni cation, perhaps KQW and its rel ated

| anguages. Wth high-level nmessages, new specifications of whatever

behavi ourvf Doy ent to an agent angAfp it is the agent's function to

i nt erpret fﬁ eC|f|cat|on into the relevant functionali tRCT/GBISIBRE were
to use object-level nmessaging such dynanmism is imediately lost. An
analogy is the relationship between interpreted | anguages such as Prol og
and Lisp that provide dynam c redefinition of program behavi our and
conpi | ed | anguages such as C+ + and Fortran that do not. 20 Because
different nmulti-agent system applications nmay use different ontol ogi es or
date dictionaries to specify date itens, this tool allows user to | oad an
ont ol ogy dat abase defining the onrgl o) thelr specific application. 5.5
The Statistics Tool 25 Referring %ﬁd& this tool allows a user to
collate varig statistics about a s C|ety of agents on a per agent basis
as well ag”on a &qmunityAasi s.\Jhe statl. |cs .oIIected » ol clude for

instance{ butSmre ot Lifitedg{o: B0 (3 ?g r of .ry s and their
types se Jgent s LATE perlod (d) e numn mespages
sent by thé~sgerfs in coorth g di fferey ob# Ic) th € | oadi ng

|y executing

atio, i.e
runnlng

debugg| g or

S4

of the agents), i.e. the proportion of ting
tasks; and ¢ 7 1 (d) the coordination ve
how much S
them St ¢
fine-tun
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5 the performance of a society of agents. For exanple, using the control
nonitor tool and the statistics tool, a user is better able to answer
guestions such as "what organisational structuring, and distribution of

task and Gaqrdingtion know how best #VA2m ses the tine speplyRghAsHati ng
jobs and maxinmises the tinme spent executing them (i.e. increasing the

profitability of the society)”. If the agents in 10 the society learn from
experience, the statistics tool becones even nore useful in assessing the
per f or man = 'ilfmqt ear Ty brlmﬂﬂtlé rrrStarTSt) cs such
as the ay nunberp=of TeESssSages Sett Jﬁy +Hre- aucnt pct‘j and/ or] t he
coor di natli 1 d ntime ratio can serve as perf=4rmance fmetrics
for neasuri N ss. 15 The particul arf 4creen ghown in
Fi gure 15 E f traffic generated 1500 by tlhg pri ncigpal
agents U, gl ileving the goal MakeConputer. |AY expectfed from
the task —-Hd h in Figure 13, Agent C sgnds out tfree
achi eve- 5 ﬁile Agent Pgonly throws out one. The rlegly nessages
correspond tp negatildti ) d Post-negotiation (task 20 (mdnagenerg )
di al ogu The [loA can! sgpqor.ﬂ different display formatg, {such a
hi st ogr pj e, tling,| ot -iscatter graph formats for thq displ ay pof
statistiss. [ThelchRijde of format is user-determ nable, udirg tool bar
butt ons 1505 t AbUdh Therg are pre-specified defaults floqmats f t he
various sftat) st]iCSe 145 x Simlarly t% Y he society gnd report]tools,
the statilstigs [ qupjpogs sf dat abase_savinglan L - stiylle repl of
agent statisticsh rt generality, c)nlx,[caw as hpposed td grocessed) agent
data is sjavef opit 8/ddt ap .1 thus, gr&l:“aya)_k‘ Ahy{eel eMant statiptic can
be recreated} 3p—5-6 B@ended | B &f %Lﬁ% B¢y td Higure whil e
each tool| depcr|b&# |[dbove is udef ul é@ ai [delotidB B @8 whHer used ih
i sol ati on, ©when| jused |i n| c i pation Wi tih [l bthel 100l s ltHey provf de even
greater e%uggi L gdd anaF’yS| S support by giving the user
=
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72 a multi-perspective viewdoint of the agents'
an extended exanple of using different tools to assess
i n a debuggi ng problemis described

illustration,

di fferent aspects of agents'

bel ow. Consider a nulti-agent sociefy,;gpnprising seven ag
in 5 FigWPPE559The user believes that the agents have be

behavi our

behavi our .

By way

e

of

shown
d such

that given job J to agent A, the deconposition of the job across the

society would proceed as illustrated; i

J12 to agent D etc.

However,

when job J i®@given to agent A

it

.e_J1l to agent B, J2 to agent C
reports a

failure in_planning out the job. To debug=} N s probl em the user night for

exanpl e pse|th¢ socigety tool, 10 particularly the nessage storagg,
video-styl e)@aybackli and filter facilities t¢ review thg coordination
activitips ¢ffab E when job J : ] t The usef notes,
for exarrgle thip 2 dg quit st (Propoke
nmessage) {tofag 1? O ) hgr lir §gye ropose negsage) to
agent C to achig y \ De) afjeqit (1Bis dgq lout a reguest to
agent D L5 |to|fCAMEVeYIR2. iy Elisdnds Jlo nd requests} although -
it had bgenjex ecéed tq pid 8 § efju tjle scenarip, using
the mcrp t¢ol | ro—v) ew|t ReSi 52 ©)|~llvjt s Mot ed fronjthe trace
of its cpordin LiAn rap £ J2 was sucgegs|fful | y decpnposed
into J21) J22 ape—3pB, |b ©f n préess 20| ffailed Wth no
candi dat ¢ agent >ﬁo d b%’-g ‘rnastil;'\] 0. i ng the gontrol
moni tor tool tolreviewt fwes wekaly g and (know edge| of agent
C, it is{nofed % no {entT i Py ng @gonisul ka uld achi epe J22
were listed]in]adeni| C s oa ati1onal know edge- base -jthus, an gntry is
added to agéFnt :'& D gani sat i ow edge-base to fix fthis 'bug].
©o| . .
o L]l 2 2 5
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o Qe o Q=
2 Vil 3E 32 35
,,, Sda SO>o ===
15 5 oo i i o B
a R 95 %80
2 282 | | 882 | | 832
g o0 T o] mj
0 I Ol
> © o
00 ol
& 2
> €
) ©
oD r_Q
21| Do oS 2
g 5
5(18€)] | =5 )
. Y=T v~—
’ x a80 || ™
S FO< A
8119
el
o 1% ] —\ >0000
2! 2] X
4
5 § AR 2 ©
SR ol \ =1 le © >
c{{kd|| o N\ £ 13 hloEq L
o|[%F|| g|l2=-of| £ [N H|55ES
LiX¥%|< ! 3 & ] FILEOS
o o) To]
3 8/ 8/
- - -~

Fig.13.

SUBSTITUTE SHEET (RULE 26)



25

The problemis again rerun and,
success in distributing the task across the society but

| at er

this tinme, agent A reports

reports

failure due to inadequate resources when it tried to actually performits

subpart

3éy 30

u

However,

: Lob. Using the reporis/idol,
fol | ow n?gggﬁséé'gf
G and C successfu
subparts of the |j
caused the fallura-o

in

a rerun,

etion their
g%échieve J1 2,

t Per/dssinns es that
probl em deconpositi on across the society,

started and ran to co
agent D failed t
agent B to achi eve J1 and ¥

agents E, F,
respective
which in turn

turn that of agent Ato

achi eve T TEruns the scenario and uges tfie mcro tool tq nonitor
agent D. hat D successfully starfs J |2 but later stqps it
because J & al fegatedprocyssor—tTe (Tmgagaged by an
execut i on cddlirdl nonitorflis used to nodf Ry}t he
definitid s £ptijmated runjitg e, Thnb_scerpaiq i s again
rerun, ar rup QIG- FWethp. 5 _2
Al ternati 19 exgaite b ;proodtb d jt he wrong
out puts ({i 0 %llaimlnwﬂgﬁgs tde micro
tool will ng ggl auﬁt@@tgg« Iy |wifl | have
to be reyi as rpnd falll$ scgrag o ug) pg |t he same
arrangensg JWO gare 8, tl'ne—s?a'll‘%tlmvocl may
I nstead S >t s regtrests—(Pro e |nmessages)
I n respea ugh three requests woul d be expectled. It is
NOW pPOSSi sEﬁ‘qnaI The CTHplse Prifailure is ljocated in
agent C, bq%n of—tte—Totjmn ng:l 15 (i) an error
in the sp as The task s”gsifidation S
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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 exanple
{J29,322,J23}={J2} instead, then there would arise two Propose nessages

sent out for jobs J22 and J23, but np/egui val ent 20 Pr nmessage
for J29. WEMSL7wi || not send out a Propose nessage for f83K§§§&§%%ceit
doesn't know of any other agent that can produce J29; (i) an error in a
specification in the aguai ntance database of agent C. Assunming the task is
properlyﬁspEC|T|ed, Rhen the nost Ti1kely reason why 25 thle third
propose 1ess was hog=—rseqt—e AOH-e—Be—{(-enca—HBre t no agdnt is
listed i adgefit) C s aoﬁl ace-—dat-abase—caps : . Biring tHe third
j ob. Thejovgraljl hypptlhesis that the failure lies in ageH!! can jbe
verifiedlby,] fqr exa using the mcro tool for viemﬁny j he irjternal s of
agent C. |For} 3 Lns It mght be noted fromthe tragejof it]s
co-ordi nati dn ggg at agent C could not plan or co-ordjjnate tHe
activities tjhe yl tiies involved in J2, thus confirm ngjthe hygot hesis.
Regardi ng the hypsshesies (i) and ii), the control tool be usdqd to
gt . .
renotely renle%Vt If that is
correct, IM)| iS 1 , thg control
tool can|be Jusgd A0 as¢ of dgent C,
checki ngjal I] sggerftations relating to J21, J22 and J23 by browsing
t hr ough tthe |agy4i &t hhcleSdat abase of agept—C-Using a task pr owser fwi ndow of
t he contnol |t odl—b < Alternati¥%y, I f the aquai nfampce dgtabase is
large, it ig pcqs{;b e |t g use the 25| o, @
) Sle| 8.2 S
5 C|lod 3 X
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2EHH O 18Tk
‘society tool to review t he nessages sent out by agent C. It m ghtsshe,
di*rscovered-that agent C sent out nessages to agents F and Gto performjobs
J22 and J23 respectively. Now it is reasonably certain that the failure to
performjob J was due to a specification error in the aquai ntance dat abase
of agent C, regarding J21 (the 10 goal) ahd agent E. This can be confirmed
by using the control tool to review and nodify the aquai ntance database of
agent C. It shoul dAseordingtb embodintentsof the presensinventionctheris rip¥ided @nnot
detect every possible cause of failure in a nmultiagent systemit is used to
moni tor but i tigeliesidapptehnagondsd insksoftwareystemh Soremstrelling L&onitoring

Al t hough described in relation to the particular CABS nultiagent system

w th ot ner mutl MR g ESched o srEnOBeRN AR GGl Sompliing® oo
of  the debuggPelaH cervarmmeru iR hiRel Rt el C R iink R w2l ¢

abl e to understand 20 nessages and other information, such as task

speci f i cat Sonstherawheeeig he:vighglisaop pRpataies eBREASHg t ool (s) coul d

under st and what the nessages concerned and could review and anend t he ot her
i nformati on. Enbodi meahs tmétordang effeetrdisplay eomnumicationdestasees, iof datd at i on
to a wde 25 range of nmulti-agent systens. For instance, it has been

eval uated in par {disHgthetdlo dubild iBveRgion i bishaglé softwale motiulevarid/or
managenment application involving 17 agents, in ich a travel manager agent

negotiates with pofdlen Aidast g of AR solthBrd mpRildsax! reservation agents to

generate an itinerary for a transatlantic trip fof a user; 30 a

t el econmruni cat i ons net wor k nagenent . appl i i ' 7, Her e
agents control ling "ﬁ%ﬁqﬁofbkogfwgg RW%@@Q#@%%#@C&%JP?% (ég(f'@{ﬁi vat e
networks for users. For this application the report topl, was very.easily
cust oni sed0t o supwdriesasafiargarinationas ﬁﬁwqtﬁmﬁﬁ‘gftb? CPE%QP@@Y%F%%@'P?’%
graphs; and

between two or more software modules, and

means for processing the communications instances or data prior to
display, such that said communications instances, or data relating thereto,
can be displayed in a manner determined by the organisational data,

15 wherein the means to effect display of communication instances provides
dynamic redefinition of at least one of organisational data, and/or
communication data in respect of one or more software modules in response to
an input representative of changes to at least oné of organisational data, and/or
communication data in respect of one or more software modules.

20 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.
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75 * an el ectronic commerce application where agents buy and sell goods and
services using different negotiation strategies. This application involved
over 100 agents sinultaneously perform ng many different tasks, and the

col our- codi ng of messages by goal was egﬁgntlal in understandlng t he
interactions 5 bet ween the agents. 8agh di fferent |anguages and

embodt ment s of -t he P AnO R PARRUGT BeVioeRbaEat et RN PR o Wit
Wndows NI worREAT OUHiGEss gata or exsoLtaBexpibvare caok el r§’r§3e' Btfmosp BhinA us

for use in a software systemfor controlling, nonitori ng managi ng a
process or ar isfty@remodules, to downinad saBi data or code, to prpvide saidodateiasicagea
plurality of software nodul es provided with neans to comuni cate wi th each

ot her, wher ei ot fedificatie andita loadangdified datacorngodede therseifivateometvies T
ef fect display conmunication instances, or data relating thereto, occurring

inrelati o t‘aa?a étagq@rr@s}faevx%su @lejet%ltﬁgjr‘r]@énslgrOVJdedWﬂMﬁ% Hsubfgtiont Wo

of said so tware nod nmeans ng organi sational data in

ol Lo, e YRR St gl el deta determ ning e

In the following description, it should 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

10 above. They may instead simply have access to them, for instance for loading
at the relevant run-time.

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

15 drawings, in which:
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bet ween two or .nore software nodul es, and nmeans for processing the
communi cations instances or data prior to 15 di splay, such that said
comuni cations instances, or data relating thereto, can be displayed in a
manner determ ned by the organi sational data, wherein the neans to effect
di spl ay of conmunication instances provi desf6ynanm c redefinition of at

| east one of organisational data, and/or communication data in respect of

one or nore software nodules in 20 response to an input representative
of changes to £&LABESt one of organisational data, and/or conmunication
data in respect of one or nore software nodul es. -77 - 2. Apparatus

according to claiml1l, wherein the inputs include signals representative of
at | east one of browse-through, add, nodify or delete aspects of the

organi sational daga. |i§ualéﬁﬂéﬁ éFHéra%@éCfUr%Bgn h&ofWahe sy éﬁ”&i‘r%oﬁfrolﬁh@,: m 2,

wherein the inputs include signals representative of at’least one o
& rppar at us. accar di nyoP R efshatng a ke AL oL RIS by RRarS: 1O
CCOaThons B noutecch i S SRy P 303 P 0BRA A "
allocated to a nodule. 15 5. Appar atus according to any one of the
precedi ng cl ai s wher ei Measp treematuniaate withaschathemwhersin the visualkiaationc| ude
a tinme-out period for acceptance of a job allocated to a software nodul e.
apparatus comprises
means to store and effect display communication instances, or data
relating thereto, occurring in relation to a single software module and/or
10 between at least two of said software modules,
means for obtaining organisational data in relation fo the software
modules, said organisational data determining the collaborative relationship
between two or more software modules, and
means for processing the communications instances or data prior to
16 display, such that said communications instances, or data relating thereto,
can be displayed in a manner determined by the organisational data,
wherein the means to effect display of communication instances
provides dynamic redefinition of at least one of organisational data, and/or
communication data in respect of one or more software modules in
20 response to an input representative of changes to at least one of

organisational data, andfor communication data in respect of one or more

software modules.
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6. ~An arrangenent according to any one of the preceding clains 20
conprising a set of selection neans, at |east tw selection neans fromthe
set of selection nmeans providing visualisation of comrunication instances
related to different activities of the software nodul es in use of the
system such that use of said two sel ecti on/fmeans provides visualisation by
neans of two partial views of the history of activity of the software

nodul es. - 78 - 7. An arrangenent according to Claim®6 wherein the
set of selection nmeans provide partial views based on any two or nore of
the follow ng: i) I nternal data and events in a software nodule; 5 i)
task all ocati on b2t whppasatus agecerdingdtol alaim 1, wherein theknputs declude gighals
scheduling within a single software nodule; iv) statistical data

concerning activities ofeprésentativeadfiat Yeast onefdf bedvesartitoligls adal) ¢hodify or
communi cations between a set of software nodul es selected by 10 reference

to organi sational data Qf‘e"é ot dMA A& Hal ¥8tahi er ar chi cal
rel ati onshi ps bet ween tﬁée] o) é’[yvvare ﬂogg)?%és
5
3. Apparatus according to either claim 1 or claim 2, wherein the inputs
include signals representative of at least one of kill, suspend action

of and/or resume action of one or more software modules.

10 4. Apparatus according to claim 3, wherein the aspects of the
organisational data include current jobs, resources, tasks, organisational
relations and knowledge, and collaborative relationships previously

allocated to a module.

15 5. Apparatus according to any one of the preceding claims wherein aspects
of the organisational data further include a time-out period for

acceptance of a job allocated to a software module.

6. An arrangement according to any one of the preceding claims

20 comprising é set of selection means, at least two selection means from the set
of selection means providing visualisation of communication instances related
to different activities of the software modules in use of the system, such that

use of said two selection means provides visualisation by means of two partial

views of the history of activity of the software modules. | wen) prprcne Srh”"ﬁ
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7. An arrangement according to Claim 6 wherein the set of selection

means provide partial views based on any two or more of the following:

)] _ internal data and events in a software module;

i) task allocation between software modules;

iif) task allocation and scheduling within a single software module;

iv) statistical data concerning activities of the plurality of software modules;
and

V) communications between a set of software modules selected by

reference to organisational data concerning the collaborative hierarchical

relationships between the software modules.
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(57) Abstract

A community of collaborative software agents works together in a domain to provide functionality such as provision of communications
setvices or control of a chemical process. A system is provided for building such communities of collaborative software agents. Each
software agent has data conceming its relationship(s) with other agents of the community. A visualiser is provided for debugging the
community which offers several partial views of the communications between and within agents, organised according to the relationships
between agents. By using multiple partial views, such as messages between selected agents and job status reports within single agents, the
visualiser is capable of particularly effective debugging.




