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services or control of a chemical process. A scheduler is built into each collaborative agent which schedules tasks allocated to that particular

agent and tasks sub-allocated by that agent. The scheduler has a mechanism for over—booking tasks for any one agent. It can also make
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SCHEDULER FOR A SOFTWARE SYSTEM

The present invention relates to scheduling in software systems and finds
an application for instance in scheduling collaborative tasks in a community of
software agents.

Software agent technoiogy has developed over the past few years in
several different fields. A software agent is a computer program which acts as an
agent for an entity such as a user, a piece of equipment or a business. The
software agent usually holds data in relation to the entity it represents, has a set
of constraints or conditions to determine its behaviour and, most importantly, is
provided with decision making software for making decisions on behalf of the
entity within or as a result of the constraints and conditions. Agents are generally
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
system so that it can operate in context.

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

An agent-based 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,
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
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Agents: An Overview” in the Knowledge Engineering Review journal, Vol. 11, No.
3, pages 205-244.
There are ways aiready known for building software agents. For instance,

the following publications describe agent building arrangements:

1. IBM'’s Agent Building Environment (ABE) which is essentially a C + + class
library [http://www.networking.ibm.com/iag/iagwatsn.htm]. ABE is a tool-kit
that facilitates the construction of agent-based applications or helps add an
agent to existing applications. This tool-kit applies to relatively trivial

10 “interface” agents, or agents that work alone. For example, an agent here
could be one that which monitors the value of stock in the financial markets
and alerts its user (e.g. via paging) when the value falls below a certain
threshold. ABE does not describe means for building multiple agent systems,
nor do they describe means for building more than one type of agent.

15

2. MiT’s SODABOT [http://www.ai.mit.edu/people/sodabot/sodabot.html],
General Magic’s Telescript and Odyssey [http://www.genmagic.com], and
IBM’s Aglets [http://www.trl.ibm.co.jp/aglets]. These all provide other
environments which facilitate the construction of “mobile” agents-based

20 applications. However, they are aiso not much more than languages,
comparable to the “Java” language deveioped by Sun Microsystems Inc., and

do not provide specific advanced agent-building arrangements.

Perhaps more relevant to embodiments of the present invention is the

25 agent building shell work done at the University of Toronto. This is described by
Mihai Barbuceanu & Mark S. Fox in the paper “The Architecture of an Agent
Building Shell”, published in 1996 in Intelligent Agents I/, Berlin by Springer-
Verlag, 1037, 235-250 and edited by Wooldridge, M., Muller, J. & Tambe, M.
This work describes an agent building shell “that provides severai reusable layers

30 of languages and services for building agent systems: coordination and
communtcation languages, description logic based knowledge management,
cooperative information distribution, organisation modelling and conflict
management” {page 235). This work is still very much in progress and has not yet

resulted in a practical embodiment with much effort having been expended on
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theoretical issues such as description logics, non-monotonic logics and extending
KQML to derive the Ianguagé “COOL". The work of the present invention differs
markedly from this in that it provides a tool-kit for defining and generating real
agent-based control software for real applications, and goes well beyond the
general academic nature of the Toronto work.

A particular problem arises with “collaborative” agents. Collaborative
agents are a group of agents which co-operate with one another to co-ordinate
their activities in performing a particular task. Such co-operation may be
necessary because know-how, resources or processing power may be distributed
across the environment or across the agents in the system. The problem with
collaborative agent systems is the need to co-ordinate their activities in a problem-
and context-dependent manner.

An example of a collaborative agent system, used in this case in
communications network management, is described in international patent
application number W095/15635, in the name of the present applicant.

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

Each loaded software module preferably comprises a collaborative
software agent. It will therefore comprise or have access to at least one
collaboration or co-ordination strategy, expressed for instance as a rule or
algorithm. Said at least two loaded modules together can then provide a muitiple
agent community for controlling, monitoring and/or managing the process.

Embodiments of the present invention can provide collaborative agent
building environments with which system developers can define a set of agents to
work together in a system, organise them in relation to one another in whatever
manner they choose, imbue them with co-ordination abilities suitable for the
problems the agents are being designated to tackle, support links from the agents

to said process or apparatus they need to communicate with, to control or update

for instance, and generate the software code for the agents.
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It is not necessary that all the loaded software modules are the same.
Indeed, usually at least some of them will hold different data sets because they
represent different entities. Preferably, the software building environment
provides, or provides access to, more than one collaboration or co-ordination
strategy. In use of the environment, the developer can then load a different
collaboration or co-ordination strategy to at least one module for use in the
system.

More preferably, the software module is capable of having loaded therein
more than one collaboration or co-ordination strategy such that its collaboration or
co-ordination behaviour in the system is flexible. That is, it can operate according
to one coilaboration or co-ordination strategy at one time and another collaboration
or co-ordination strategy at another time.

The software module may also or instead be capabie of operating
according to more than one coilaboration or co-ordination strategy at once.

According to a second aspect of the present invention, there is provided a
software system for use in control, monitoring and/or management of a process or
apparatus, wherein said system comprises at least two software modules, each

module comprising data and/or process information which comprises:

(1) organisation data concerning an inter-module relationship; and

(i) executable software providing a collaboration or co-ordination strategy,
expressed for instance as a rule or algorithm;

wherein, in use, a module selects said executable software for use in negotiating

with another software module in relation to task allocation, said selection being

determined at least in part by said organisation data.

According to a third aspect of the present invention, there is provided a
software module for use in a software system for distributed control, monitoring

and/or management of a process or apparatus, the module comprising:

(1) communication means for communicating with other software modules:
(1) executable software for use in co-ordinating with other software modules
in the selection of tasks to be allocated to respective software modules for

controlling or carrying out; and




10

15

20

25

30

CA 02297935 2000-01-24

WO 99/05594 PCT/GB98/02237

(iii) a data store, or access to a data store, for storing task definitions
including time data .indicating task execution times,
saild module further comprising scheduling means for storing data selected from at

least one of said task definitions, including said time data for the respective task

definition or definitions.

This scheduling means can be used by the software system for atlocating
tasks amongst a plurality of software modules during control, monitoring and/or
management of a process or apparatus.

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

Advantageously, the scheduling means may store the task data together
with an indicator of status selected from at least two alternative statuses such as
“tentative” and “firm”. The indicator of status may be used by the scheduler to
determine modes of managing such data. For instance, the scheduler may operate
a time-out in relation to task data having the status “tentative”, after which the
data is deleted or can be overwritten by subsequent incoming data.

Particularly advantageously, the scheduling means may overbook
resources by storing data from more than one task definition, said data storing
overiapping time contraints.

According to a fourth aspect of the present invention, there is provided a
visualisation arrangement for use in a software system for controlling, monitoring
or managing a process or arrangement, said software system comprising a plurality
of software modules provided with means to communicate with each other,
wherein the visualisation arrangement comprises means to store and provide for
display communication instances, or data relating thereto, occurring in relation to a
single, selected software module, and means to store and provide for display
communication instances, or data relating thereto, occurring between at least two
of said software modules.

A debugging arrangement which allows the user to choose to review
communications relevant either to a single software module, or to a community of

communicating software modules, or to both, can offer a very effective debugging

mechanism to the user.

"——W‘
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Preferably, the visualisation arrangement is provided with means for
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
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.

It should be noted that there are several novel and innovative features of
the embodiments of the present invention described below, not all of which are
necessarily referred to above, and at least some of which have applicability
independently of other aspects of said embodiments.

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

An agent building system tool-kit known as the Collaborative Agent
Building System (“CABS") will now be described, by way of example only, as an
embodiment of the present invention, with reference to the accompanying
drawings, in which:

Figure 1 shows an agent-based control system, buiit using CABS, as it
interfaces with external hardware and/or software:

Figure 2 shows a schematic a'rchitecture for a software module
constituting an agent for distributed control, monitoring and management of a
system;

Figure 3 shows a CABS platform for building an agent as shown in Figure
2,

Figure 4 shows a layered model of an agent in terms of primary

characterisation;
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Figure 5 shows a flow chart of steps involved in designing an agent using
the platform of Figure 3; |

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

Figure 7 shows data obtained using a debugging tool for debugging an
agent-based control system buiit using CABS:

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

Figure 9 shows a commitment table for an agent according to Figure 2:

Figure 10 shows a debugging and visualisation system for use with the
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 exampie of the screen-based output of
a “society tool” of the visualisation system in use:

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
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 planning and scheduling aspects, which
are the particular subject matter of the present application, are described for

instance at section 2.5 below, “Planner and Scheduler 220"”.

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

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

a communications system. The output could alternatively be data generation or
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control of a production process for instance and other examples are used
elsewhere in this specificatibn.

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 piatforms. Java is a good choice of language for developing
muiti-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
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
communications, reasoning, inter-agent co-operation and the ability to participate
In goal-driven interactions between agents, the system provides:

* A performative-based inter-agent communication language

* Knowledge representation and storage using ontologies

* An asynchronous socket-based message passing system

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

* A library of predefined co-ordination protocols

e A library of predefined organisatiohal relationships

It further provides support agents of known general type such as name-
servers, facilitators (classified directories), and visualisers.

Preterably, components of the system use standard technologies wherever
possible, such as communicating through TCP/IP sockets using a language based
on the Knowledge Query Management Language (KQML).

Further descriptions of these aspects can be found below.
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In the following, the terms “goal”, “task” and “job” are used. These are

defined as follows:

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

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
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.

External to the agent system 100, there is a communications system 125
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
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.

In an example, in the system shown, If the user wants data downloaded to
the terminal 155, the user agent 110 will have the task of providing an
authentication resource 160, the terminal agent 105 will have the task of providing
sufficient storage for the data at the terminal 155 and the network agents 115,
120 will have the task of providing network bandwidth to carry the data to the
terminal 155. The network agents 115, 120 will also need to collaborate with
each other, for instance by bidding against one another in terms of cost, time and

quality of service to provide the network bandwidth.
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After an inter-agent collaboration stage, the agents 105, 110, 115, 120
will carry out 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
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

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 e\)ent that bandwidth is not available through network links
directly controlled by the CABS buiit agents 115, 120. It will be clear in that
circumstance that the CABS agents 105, 110, 115, 120 will need to share a
common communication language with the separate agent X 180, together with
some sort of co-ordination protocol. Communication with the external agent 180,

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.

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

management of external systems 240, comprises:

() a mail box 200 or communicating device which handles
communications between the software module and other internal or external
software or hardware systems;

(i) a message handler 205 which processes messages incoming from the

mail box 200, dispatching them to other components in the architecture:
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(it} a co-ordination engine and reasoning system 210 which takes
decisions concerning the go'als the agent should be pursuing, how said goals
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
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-
ordination engine and reasoning system 210 and the resources and tasks available
to be controiled, monitored and/or managed by the agent;

(vi) a resource database 225 containing logical descriptions of the
resources currently available to the agent; and providing an interface between the
database and externai systems such that the database can query external systems
about the availability or resources and inform external systems when resources are
no longer needed by the agent, and external systems can on their own initiative
add, delete or modify resource items in the database, thus initiating changes in the
agent’s behaviour;

(vil) a task database 230 which provides logical descriptibns of tasks
available for control, monitoring and/or management by the agent; and

(vill} an execution monitor 235 which starts, stops, and monitors externai
systems tasks scheduled for execution or termination by the planner and
scheduler, and which informs the co-ordination engine and reasoning system 210

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

When the agent is built, the developer uses various CABS-provided editors
to provide descriptions required for various modules of the agent architecture
including the coordination and reasoning engine 210, the acquaintance model 215,
the resource database 225 and the task database 230.

In use, the agent is driven by events which cause the agent’s state to
change. The agent will run an event model! provided by the component library of
the system to monitor these internal changes, making them visible to a

programmer via an APl. There are three possible external event sources (see
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Figure 2): external messages from other agents into the Mailbox 200 (e.g requests
for a service), external events initiated from the Execution 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
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
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
agent. In both cases, the Coordination Engine and Reasoning System 210 will
request the Mailbox 200 via the Message Handler 210 to construct a message and
despatch it to selected other agents. In this way, coordination of activities with
other agents is realised.

Further details of the components of the agent structure which support

the above mechanism are given below.

2.1 Mailbox 200

The mailbox 200 is impiemented as a muiti-threaded module with inter-
agent communication via TCP/IP sockets. One thread of execution, the server
thread, continuously listens for and accepts incoming TCP connection requests
from other agents, receives any incoming messages from those agents and puts
the received messages into an in-tray (a queue). A second thread, the client
thread, opens TCP connections with other agents to deliver messages. Messages
to be delivered are retrieved from an out-tray (queue). When other modules of the
agent request a message to be delivered to another agent, those messages are

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

The message language used in the current implementation is the KQML agent
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communication language [Tim Finin, Yannis Labrou & James Mayfield (1997),
KQML 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

5 implemented using alternative communication protocol other than TCP/IP such as

electronic mail and HyperText Transfer Protocol (HTTP).

2.2 Message Handler 205

10 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 polls the mailbox 200, and has

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

15 messages to them.

In CABS, the tormat of KQOML messages is as follows:

KQML [:sender :receivers :content]

20 Agent messages, including inter-agent communications as usually used in

co-ordination in CABS, use KQML performatives, and the details of the
communications are usually contained in the 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
25 the KQML performative “achieve”. Recipient agents reply by using the KQML

performative “reply” when they counter-propose and “accept” when they accept a

proposal.

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

describing use of the CABS platform to design an agent system, under the
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headings “Step 4: Agent Coordination Strategy Specification” and “Step 2: Agent
Definition” 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
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
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
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
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 node to
node. The agent is also provided with access to a repository of the executable
form of the nodes and arcs identified by the labels. This repository may be held
internally in the agent or externally from it. The co-ordination engine 210 uses
graph descriptions to dynamically build and run co-ordination processes by putting
together the process steps identified by the node and arc labels of the graphs.

At agent build time, the user selects from a co-ordination graphs database

310 the specific coordination graphs for the agent, which are loaded into the

30 agent’s local coordination graph database 255. (The CABS unique visualiser agent

140 is provided with a control tool which allows users to modify agents’ co-
ordination graphs at runtime. This is further described below, under the heading
“5. DEBUGGING AND VISUALISATION".)
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A particularly important feature of the CABS agent is that its co-ordination
engine 210 can implement more than one co-ordination process, and therefore
more than one coordination protocol, simuitaneously. This is done effectively by
muitiplexing 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-
ordination graph 255 it has been loaded 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 parallel.

CABS thus provides in the agent shell 300 a co-ordination engine and
reasoning system 210 for which the functionality is determined by selection from a
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 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
accordance with its co-ordination graph(s).

(In the following, the co-ordination engine and reasoning system 210 is
also referred to as thé 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,
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:

Y

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

A 00|
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This UCP is a 3-phase sequence of activities “proposal”, “counter-
proposal” and “acceptance/confirmation”, with possible iterations as shown. Each
activity is represented by a “node” (represented here by a high level process
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

Coordination Software Module 210 for each agent must be capable of supporting
that agent’s role in the UCP.

2.3.17 Co-ordination Software Module 210

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
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
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.

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

If a node’s exec() method returns WAIT, then the node is placed on a wait
queue until one of two conditions become true: either a new external event is
received by the engine (e.g. a reply message is received from another agent) or a
timeout specified by the node is exceeded. In either case, the node is scheduled
for execution again. In summary, the engine performs a depth-first execution of

the graph with backtracking allowed.
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Other attributes of the engine include:

() 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

(ii) the ability to create multiple instances of the same arc and execute them in
parallel with management of failure of the parallel branches. l.e. when one branch
ot 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:

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

Vector messageWaitQueue // queue of nodes awaiting messages

public void run() {

Node node;

while(running) {
node = (Node)dequeue():;

node.run(this);

void enqueue(Node node) {
add node to the executionQueue
wake up the engine if it is sleeping
}
Node dequeue() {
Node node;

Time t;



10

15

20

25

CA 02297935 2000-01-24

WO 99/05594 PCT/GB98/02237

18

while ( executionQueue.isEmpty() ) {
// compute timeout & wait
compute the minimum timeout (1) of all the nodes in

the messageWaitQueue
t=1-current_time

// now wait by putting the engine to sleep
if (1>0)wait(?);

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

}

delete and return the first element of the executionQueue

void add(Node node) {

enqueue(node);

void add(Goal goal) {
select graph (g) from the graph library and run it

void add(Message message) {

i message is a proposal




CA 02297935 2000-01-24

WO 99/05594 PCT/GB98/02237

19

create a new goal from the contents of the message and
run a new graph with the goal as input

otherwise

add message to the messageQueue

5 wakeup():

void wakeup() {

10 remove all nodes from the messageWaitQueue and add

to the executionQueue

void waitForMsg(Node node) {

15 add node to messageWaitQueue

Vector replyReceived(String key) {
find the set S of all messages in the messageQueue
20 with key field = key
message(Queue = messageQueue — S

return S

25 The following code fragments describe the basic behaviour of a node.

Note that in defining a new node only the exec() and backtrack() functions need to

be defined. The other functions below descri<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>