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Abstract

This chapteraddressesnanagementf conflictsin an agentby meansof reflective reasoning.A

structurefor reflective agentsis proposedwithin which reasoningaboutobservationassumption
making and communication;an agent'sown information state and reasoningprocessespther
agentsinformation statesand reasoningprocessesand combinationsof thesetypes of reflective
reasoningare explicitly modelled.The typesof knowledgeneededto detect,analyseand resolve
conflicts that arise by meta-reasoningvithin the agent are discussed. The knowledge and
interaction betweenagentsrequiredto model the wise men's puzzleis usedto illustrate the

approach.

1. Introduction

Although not all distributed intelligersystemsare designedas multi-agentsystemsmany are.
The metaphorof autonomousagentsin interactionwith eachother and the external world,
providesa conceptuabasisfor the designof distributedsystemsfor which interactionis of
primary importance. The intelligent systemsthemselvescan often be describedin terms of
characteristicassociatedvith the notion of weak agency(Wooldridge and Jennings,1995).
The characteristicof this notion of agency:autonomy, pro-activenesssocial ability and
reactivenessprovide a meansto characterisehe behaviourof an intelligent system. Pro-
activenessand autonomyarerelatedto a system’sability to reasonaboutits own processes,
goals and plans, artd control theseprocesses.Reactivityand social ability arerelatedto the
ability to be ableto communicateand co-operatewith other systemsand to interactwith the
external world. In this chapter such distributed intelligent systemsesedto be multi-agent
systems. Each individual system is viewed to be an autonomous agent.

Autonomousagentsare often reflective agents:agentscapableof reasoning,for example,not
only about thebehaviourof the externalworld, but alsoabouttheir own behaviour,and other
agents' behaviour. More specifically, reflective agents are able to reason about:

* their own information states

« their own assumptions

 the control of their own reasoning processes (e.g., which strategy to follow and when)
 their observations (e.g., which observations to perform and when)

« their actions (e.g., which actions to perform and when)



 their communicatiowith others(e.g., which communicatiorto perform,with which
other agents)

» otheragents’processegtheir information states,assumptionsreasoningprocesses,
observations, communication and actions in the external world)

 interaction between agents (e.g., the extent to which co-operation is successful)
 their own tasks

Reasoningaboutreasoningmeta-reasoningis essentiato most problem solving behaviour.
Reasoning aboutasoningncludesreasoningaboutconflicts. Conflicts occurcontinually, at

all levels within a reasoning process, not only due to unexpected events, baisaitegxplicit
part of a reasoning solvingrocesson purpose to learnfrom the managemendénd evaluation
of the conflict. When monitoring and guiding a reasoning process, for example, aneggsnt
to decidewhich choicesto makeand when (given conflicting options), which choicesto re-
consider, which to accept. Which diagnostic strategy to employ is, for example, a quéstion
which human doctorare confronted,but also automateddiagnosticsystems.Often the choice
of strategydependson the availability, quality and cost of relevantinformation. For medical
diagnosis the benefit and cost of the acquisition of additional informattrdesconsideration
of a patient’scomfort, risk, estimatedinformation value, and financial implications - often
conflicting factors. Which choices are made depends on the strategy deployed, but often need
be adaptedcontinually, dependingon the information acquiredand the state of an agent’s
knowledge.

Another examplef a situationin which an agentneedsto be ableto continuallyreasonabout
conflicts:

Centralised air traffic control has resulted in limited use of the total avaiphte:a

limited number of “highways” have been defined within which all aircraft are

scheduled. Currently the conceptfide flight is being explored:aircraft are free to

fly the route they themselvesdeterminewith very limited interaction with other
aircraft. New traffic rules are being devised to this purpose. One aidhreaspects
involved is that to be abl® determinehis/herown course,a pilot needsto be able

to reasonaboutthe expectedoehaviourof otheraircraft: a pilot needsto be ableto

reason aboua specific situationfrom the perspectiveof anotherpilot given limited

information such as the characteristics of the aircraft, its positiatestsnation.On

the basisof this informationthe pilot can determinehis/herown strategyto adapt
his/her own course, if and when conflicts occur.

Reasoning about conflicts necessitates reasoning about
 uncertainty of facts and/or inferences
* inconsistency of facts and/or inferences
« availability and adequacy of information in a given situation
* types of interaction needed
* (default) assumptions and the current information state



Often such meta-reasoning is needed at different levels. Thefpilexample needsto decide
whetherhis/herown pastexperiencewith specific airlines should influence his/her decision

with respectto the bestcourseto take, given the analysisof the other aircraft's expected
behaviour. If the other airlinkas,in the past,shownto be reliable,a pilot may decideto rely

on his/herown initial analysis. If not, the pilot may decideto adjusthis/herown courseto
minimise the chanceof conflicting courses. The pilot’'s analysisis basedon the pilot's own
observations but may also be influenced by additional information acquired from other
sources. Modelling this type of reasoning requires non-trivial nesting of reasoniagbifkary
number of meta-levels may be needed, depending on the intricacy of the reasoning process.

In the literatureon reflectionsuchas (Weyhrauch,1980; Maes and Nardi, 1988; Attardi and
Simi, 1994) a restrictednumberof the types of reflective reasoningdistinguishedabove, are
modelled.Non-trivial combinationsof different types of reflective reasoning,however, have
not been studied extensively.In the literature on modelling in the context of multi-agent
systems,most often the types of reflective reasoningagentsare capableof performing is
limited.

In this chapteran agentmodelis introducedthat modelsnon-trivial combinationsof reflective
reasoning, to model management of conflicts. This model has been used to model distributed a
traffic control, as discussed above. A generic agent model is introduced in Sectiorefred

in Section 4 fora reflective agentcapableof performingthe typesof reasoningaboutconflicts

listed above, illustrated for the specification of the wise men's p(inzieducedin Section3).

An analysis of conflict management within tesampledomainis presentedn Section5. The

role of meta-reasoningnd reflectionin the contextof conflict managements discussedin
Section 6.

2. Reflective reasoning in a generic agent model

To design agenericstructurefor autonomousgentscapableof reflective reasoningthe types
of reasoning agents can be expected to perform, must be distinguisrhzier, Jonkerand
Treur, 1997) a compositionalgenericagentmodel was introducedwhich distinguishesseven
main processesmodelledby componentgseeFigure 1). The typesof reflective reasoning
performed in each of these components are briefly discussed in this section.

Reasoningaboutthe externalworld (MWI) is a basictype of reasoningreflective agentsare
assumedo be capableof performing.A reflective agentneedsto be able to reasonabouta
specific situation, extendingits own knowledge, by, for example,confirming or rejecting
assumptions about the world made in previous reasoning processes.

As autonomous agents capable of interacting with the external world, reflective agents must als
be capableof reasoningaboutinteractionwith the externalworld (WIM): about,for example,

the types of information that can be observed in the external material world, whieovaniolit

also which actions are to be performed, when and how.



Autonomoustreflective agentsneedto be capableof reasoningabout their own processes
(OPC) Reflective agentseedto be ableto reasonabouttheir own characteristicsgapabilities
and goals, of their success or failure in achieving these goals, about assumbpiobnseedto
be or have been made and whangutinformationwhich hasbeensoughtand not yet found,
about information which hasot yet beenexplored,aboutstrategicpreferencesaboutcontrol,
and about all other aspects of their own reasoning and acting.

Reflectiveagentsalsoneedto be capableof reasoningabout other agents'processegMAI).
Reflective agents need to be able to reason about the information available to othealgeints,
their (reasoning) capabilities, their goals and success(or lack thereof), their strategic
preferences, their assumptions, et cetera.

To interactwith otheragentsreflective agentsmustbe capableof reasoningaboutinteraction
between agents(AIMAgentsnot only needto be ableto reasonaboutwhich informationcan
be obtainedby communicationwith which other agents,but also abouthow and when this
communication has to be initiated.

[ (

) )

agent task control

NO—= 1O
|

Figure 1. A generic agent model

In situations in whiclto-operation between ager(tSM) is requireda reflective agentneedsto
be able to reason about the type of co-operation required, its sutc&skire and appropriate
actions to take.



Last, but not least,a reflective agent'sagentspecifictasks(AST) require reasoning,but also
often include reasoning about the tasks the agent is to perform: about thewteghia taskis
to be approached, about assumptions which can be made, for example.

The seven types of reasoning distinguished alooveespondo the sevengenericcomponents
depicted in the generic agent mogetsentedn Figure 1. Thesetasksare genericin the sense
that all autonomousagentsare assumedto be capableof performing these tasks. The
correspondingcomponentsare most often composed.The number of levels of reasoning
involved depend on the complexity of the tasks for which they are designed.

Within eachof thesecomponentsan agentmustbe ableto reasonabout conflicts. Conflicts
within own processcontrol, may be explicity modelledas conflicts in beliefs, desiresand
intentions. A generic model feeasoningaboutbeliefs, desiresandintentions,in which such
conflicts are explicitly modelledis proposedin (Brazier, Dunin-Keplicz, Treur, Verbrugge,
1998). The concepts applied in this model are strongly refatiéseg conceptdistinguishedoy
Castelfranchi(1998). Conflicts within co-operationmanagementre addressedn the co-
operationmodelappliedin (Brazier,Jonker,Treur, 1996);for a more detailedspecification,
see (Brazier, Jonker, Treur, 199Tpnflicts in the agentspecifictask designare discussedn
(Brazier, Langen, Treur, 1995). This chapterfocuseson a refinementof the generic agent
model for a reflective agent, and how spediipesof conflicts are deliberatelyintroducedand
managed in this model. Notieat this chapterfocuseson conflicts within an agentandnot on
the managemenbf conflicts betweenagents(which is addressedn, for example,Brown
(1998)).

3. An examplereflective reasoning process

To illustrate the different levels involved in an example of reflective reasaiiogtconflicts, a
simple version of the wise men's puzzle is used. This pueglerestwo wise men(A andB)
and two hats. Each wise man is wearing a hat, of which the colour is unknownviBethen
know that:

» hats can be white or black

» there is at least one white hat

» they can observe the colour of each other’s hat
 they both reason fully logically.

Assume, for example, that both men have a white hat andibatnan A is askedwhetherhe
knows the colour of his hat. Wise man A must answerthat he is incapableof drawing a
conclusionaboutthe colour of his own hat. On the basisof this knowledgewise man B can
then reason that its own hat is white. This reasoning process is depicted bEigur@s2 and
3.



if his hat is black,
then my hat is white !

if his hat is white,
then my hat is ???

I do not know the
colour of my hat !

1 do not know the
colour of my hat!
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Figure 2 A reflective reasoning process. part 1

Wise manB not only reasonsaboutits own statebut also aboutA's reasoningprocessesB
reasons about the observations A could have made and the conclusions A wodlichivanan
the basis of these observations.



if his hat is black,
then my hat is white
.
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if his hat is black
then my hat is white

do not know the’
colour of my hat !

if his hat is black
then my hat is whise
do not know the'
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suppose my hat is black

then he would conclude that
his hat is white

but he does not conclude thg
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Figure 3 A reflective reasoning process. part 2

The generic agent model briefly presente®ection?2, is refined (specialisecandinstantiated)
to model an agent that is able to perform the reflective reasoninga@iolitts neededo solve
this puzzle. The resulting model can be usedhodelboth wise men: wise manA asAgentA

and wise man B as Agent Bor the purposeof explanationhowever,the modelis described
from the perspectiveof AgentB: the conceptsand specificationanvolved are illustrated from

Agent B'’s point of view. Reflective elements in B's reasoning include reasoning about:



» observations (e.g., the decision to observe the colour of A's hat),

* A's reasoning(which conclusionsshould A have reachedon the basis of specific
information),

» B's own information state and B's assumptions (e.g., about the colour of B's own hat),
» control of B's reasoning and actions, and

» communication of B with A (which information can and should A provide and when).
Note that for conveniencesakequotesto denotean object-metanaming relation have been
omitted.

4. A Specific Model of a Reflective Agent

In this sectionthe genericagentmodelis refined. For three of the genericagentcomponents
more specific compositionsare introduced (see Figure 4). The most illustrative generic
componenbf anautonomousgentin this exampleis the componentdevisedto perform the

agent's specific task of determining the colour of its own hat.

—— Own process control

det_method_of_info_acquisition

—— agent specific tasks evaluate_process_state
generate_assumptions

determine_assumptions

validate_assumptions
—— manage agent interaction

update_agent_info
—— maintain agent information

interpret_agent_info

—— manage world interaction

maintain world information

Figure 4 Process abstraction levels for the reflective agent

update_world_info

interpret_world_info

4.1 Processes at different levels of abstraction

The processes modelledthin the agentmodelfor a reflective agentare depictedin Figure4.
All but one of theprocesseslistinguishedor the genericagent,are applicableto the reflective
agent inthis example.Due to the simplicity of the example,co-operatiormanagementasnot
included.As in the genericagentmodelthe processesvolved in controlling an agent(e.g.,
determining, monitoring and evaluating its own goals, plansiharesk of the componenbwn
process control.



Maintainingknowledgeof other agents’abilities and knowledge(the task of the component
maintain agent information) iNvolves two processesinterpreting available information on other
agents (the task of the componieftpret agent info), and keeping this information up tate(the
task of the componentipdate agent info). Comparably,the processesnvolved in maintaining
information on the external (materialorld (the task of the componeninaintain world information)

are two-fold: interpreting available information on the external world (the tale gbmponent
interpret world info), and keeping this information up to date (the tasketomponentipdate world

info).

The reflective agent’s specific task in this exampledomain (the processperformedby the
componentdetermine hat colour) IS to determinethe colour of the other agent'shat. This task
involves three subtasksfor which three componentsare distinguished: determine method of

information acquisition, evaluate process state anddetermine assumptions.

The componentetermine method of information acquisition IS responsible for the choicé one of the
three options: (1pbservethe colour of agentA's hat hopingthis will providethe information
required, (2) communicate with agent A on A's conclusions concettmeraplour of agentA's
own hat and (3) make assumptionson the colour of his own hat and reasonabout the
conclusions A should have drawn.

The componendvaluate process state determineghe resultsof havingtried one of the methods:
whether the method provided the colour of agent B's hat. To béoaf@lasonaboutthe results
of the analysisprocesgthe task of the componentnalyse process state) a separatecomponent
CWaanalyse process state iS heeded

The componentetermine assumptions determinesvhich assumptiongo makeduring reasoning.
To this purposeetermine assumptions first generates possibleassumptior(the task of determine
assumption'S COMpoNenigenerate assumptions). It then evaluatesthis assumptiorby reasoning
aboutthe consequencesf the assumptior(derivedby the componentnterpret agent info in the
componenimaintain agent info): the task of determine assumptions’ secondcomponent,validate

assumptions.

4.2 The processes at a lower level of abstraction

In this sectionthe interfaceknowledgestructuredor eachof the refinementsof the top-level
processeslistinguishedabove, are presentedogetherwith the applicable(meta-)levelof the
knowledge structures with respect to the encompassing component (note that this is not the lew
within each of the component’s themselves), and task control knowledge.

Refinement of the agent specific task: determine hat colour

The componendvaluate process state receives three types of information:

1. information on the agent's own observations (from the compewepicess control),

2. informationon conclusionsagentA has reachedand communicatedfrom the component
manage agent interaction), and



3. information on the best assumption(if the componentdetermine assumption’s component
generate assumptions has been able to make a best assumption).

On thebasisof this informationthe componentnalyse process state determineghe stateof the
problem solving process(e.g., whether observationshave been made, whethera definite
conclusion on the colour d@he hat canbe drawn). The knowledgewith which the stateof the
processs determinedncludesboth knowledgeon which positive conclusionscan be based,
and knowledge on whichegativeconclusionscanbe based.Positiveconclusionson the state
of the processcan be drawn, given that information has been acquiredfrom observation,
communication and/or assumption determination. Negative conclusions are baselhdndhe
positive conclusions;they are drawn by a closed world assumptionon the output atoms,
explicitly specified at a higher (third) meta-level in the compoaerinalyse process state.

The information on the state of the reasoning process is transferretheomponentvaluate
process state t0 the componentetermine method of information acquisition. The specificationdor the
knowledge structures used withime componentvaluate process state are shownbelow for the
componentanalyse process state aNdcwa analyse process state . The knowledgestructuredor the
componenkvaluate process state, are comparable.

component analyse_process_state

input atoms:

known_to_me_based_on_obs(hat_colour(A, C:Colour)) (** meta-level 1 **)
communicated(A, concludes(A, hat_colour(A, C:Colour))) (** meta-level 2 **)
communicated(A, cannot_reach_a_conclusion(A))) (** meta-level 2 **)
best_assumption(observed(A, hat_colour(l,C:Colour))) (** meta-level 2 **)

output atoms:

performed(observation) (** meta-level 2 **)
performed(communication) (** meta-level 2 **)
performed(assumption) (** meta-level 2 **)
colour_known (** meta-level 2 **)

knowledge base:

if known_to_me_based_on_own_obs(hat_colour(A, C:Colour))
then performed(observation) ;

if communicated(A, X:Comms)

then performed(communication) ;

if best_assumption(observed(A,hat_colour(l, C:Colour))
then performed(assumption) ;

if best_assumption(observed(A,hat_colour(l, C:Colour))
then known_to_me_based_on_comm(hat_colour(l, C:Colour)) ;
if known_to_me_based_on_own_obs(hat_colour(l, C:Colour))
then colour_known ;

if known_to_me_based_on_comm(hat_colour(l, C:Colour))

1C



then colour_known

compon ent cwa_analyse_process_state

input atoms:
true(X:0A) (** meta-level 3 **)

output atoms:
to_assume(X:OA, false) (** meta-level 3 **)

knowledge base:
if not true(X:0A)
then to_assume(X:0A, false) ;

Based on the status information provideckyuate process state the componertetermine method
of information acquisition determineswhich methodto follow: observation,communicationor
assumption.The conclusionsof this componentare transferredto the output interface of
determine hat colour.

component determine_method_of_information_acquisition

input atoms:

performed(observation) (** meta-level 2 **)
performed(communication) (** meta-level 2 **)
performed(assumption) (** meta-level 2 **)

output atoms:

method of acquisition(observation) (** meta-level 2 **)
method of acquisition(communication) (** meta-level 2 **)
method of acquisition(assumption) (** meta-level 2 **)

knowledge base:

possible_method_of_acquisition(observation);
possible_method_of_acquisition(communication);
possible_method_of_acquisition(assumption);

prior_to(observation, communication)
prior_to(communication, assumption)

if not performed(obs)
then selected_method_of_acquisition(obs) ;
if possible_method_of_acquisition(X)

and possible_method_of_acquisition(Y)
and  performed(X)
and  not performed(Y)
and prior_to(X, Y)
then selected_method_of_acquisition(Y) ;

11



The componentdetermine assumptions receivesexplicit information on the agent'slack of

knowledge ofA's observationgthe truth value falsefor the input atomknown to me(observed(A,

hat colour(l, C:Colour)) from the input interfaceof the componentagent specific task: determine hat

colour (Which it, in turn, hasreceivedfrom the componentown process control). In addition,
determine assumptions receivesinformationon A's conclusionson its own hat colour (received
from the componentanage agent interaction), andinformationthat the assumedbservationof

A on the agentB's own hat colour, are contradictory.Basedon this input information the
componengenerate assumptions, generate®oth possibleassumptiongwhich aretransferredo

the componentalidate assumptions @Ndmaintain agent information) and bestassumptiongwhich are
transferred to the output interfaok the componentietermine assumptions, andfrom thereto the
componentvaluate process state).

component generate_assumptions

input atoms:

communicated(A, concludes(A, hat_colour(A, C: Colour))) (** meta-level 2 **)
known_to_me(observed(A, hat_colour(l, C:Colour))) (** meta-level 2 **)
contradictory(observed(A, hat_colour(l, C:Colour)) (** meta-level 2 **)

output atoms:
possible_assumption(observed(A, hat_colour(l, C:Colour))) (** meta-level 2 **)
best_assumption(observed(A, hat_colour(l, C:Colour))) (** meta-level 2 **)

knowledge base:

if communicated(A, concludes(A, hat_colour(A, white)))
and not known_to_me(observed(A, hat_colour(l, white)))
then possible_assumption(observed(A, hat_colour(l, white))) ;
if communicated(A, cannot_reach_a_conclusion(A))
and not known_to_me(observed(A, hat_colour(l, black)))
then possible_assumption(observed(A, hat_colour(l, black))) ;
if contradictory(observed(A, hat_colour(l, black)))
then best_assumption(observed(A, hat_colour(l, white))) ;
if contradictory(observed(A, hat_colour(l, white)))
then best_assumption(observed(A, hat_colour(l, black))) ;

Within the component maintain agent information a possible assumptionwith respect to
observation®n A’s hatcolouris transferredo the componeninterpret agent info, in which the
conclusionsA would draw on the basisof this assumptionare derived. This information is
transferred to the input interface of the compomgsiit specific task: determine hat colour, Which in
turn, transfers this information to the input interface ofdbeponentietermine assumptions. The
componentietermine assumptions also receives information on A's communication with resfgect
its own conclusionswith respectto its own hat colour from the componentmanage agent
interaction. Both the information on the conclusionsA would havedrawn if A had observed
specific assumedacts (the possibleassumption)and the information on A’s communicated

12



conclusionswith respectto its own hat colour are transferredto the componentvalidate
assumptions The componentvalidate assumptions also receivesinformation about the possible
assumption directly from the compone#ierate assumptions. The componentalidate assumptions
determineswhether these conclusionson the expectedconclusionsof A contradict the
conclusionsA actually has drawn (and communicatedpn the colour of A's own hat. This
information on the existenceof a contradictionis transferredto the componentgenerate
assumptions.

component validate_assumptions

input atoms:

communicated(cannot_reach_a_conclusion(A)) (** meta-level 2 **)
communicated(A, concludes(A, hat_colour(A, C; colour))) (** meta-level 2 **)
expected(concludes(A, hat_colour(A, C: colour))) (** meta-level 2 **)
expected(cannot_reach_a_conclusion(A)) (** meta-level 2 **)
possible_assumption(observed(A, hat_colour(l, C:Colour))) (** meta-level 2 **)

output atom:
contradictory(observed(A, hat_colour(l, C: colour))) (** meta-level 2 **)

knowledge base:
if communicated(cannot_reach_a_conclusion(A))
and  expected(concludes(A, hat_colour(A, white)))
and possible_assumption(observed(A, hat_colour(l, black)))
then contradictory(observed(A, hat_colour(l, black))) ;

if communicated(A, concludes(A, hat_colour(A, white)))
and  expected(cannot_reach_a_conclusion(A)))
and possible_assumption(observed(A, hat_colour(l, white)))
then contradictory(observed(A, hat_colour(l, white))) ;

Task control of determine hat colour

Activation ofdetermine hat colour, in combinationwith activationof the links which canprovide

the information requiredby determine hat colour, iS specifiedby agentB's task control. Task
control of determine hat colour determineswhich internal componentsand links to activate.
Activation of evaluate process state iS done incombinationwith activationof the incominglinks.

If the final evaluationcriterion depicting successof determinationof colour of the hat, is
reached then the task defermine hat colour is fulfilled. If, however,the evaluationcriterion that
specifiesthat one or more conclusionsconcerningprevious performancehave beenreached,
succeeds, tasgontrol specifiesthat the componentietermine method of information acquisition iS t0

be activated togetherwith the relatedlinks. Basedon the succesr failure of the evaluation
criteria, task control determines which component and links to activate next. If, for example, the
evaluation criteriombservations required, IS successful, thefetermine hat colour Sendsa requestto
manage world interaction t0 make observations in the external world. If, for example, the evaluation
criterionassumptions required IS successful, then another componenie@fmine hat colour, namely
determine assumptions, IS activated. The componefatermine assumptions, in turn, activatesone of

its components, based on its own task control knowledge.

13



Refinement of the component: maintain agent information

The componentmaintain agent information has two componentSupdate current agent information,
which storesinformation on otheragents andinterpret agent info, Which interpretsthe available
agent information. The first component only stores and updates information, iiaeeason.
To interpret agent information the componietatpret agent info has knowledge witlvhich it can
reason about thetheragent.In the wise menexamplethe knowledgespecifieshow the other
agent can reason;it gives an explicit representatiorof A's deduction system and A's
knowledge. For example, part of the knowledge on A is the explicit meta-statemeantitfzeat
X is derivable byA and A hasknowledgethat X impliesY, thenY is derivableby A (modus
ponens).Agent B usesthis knowledgeof A to reasonaboutA's reasoning,as shownin the
knowledge base of B's componeitdrpret agent info Specified below. In this knowledge base the
meta-statemeniile(a, X, Y) denotes that A has the knowledge thainglies Y. The notatiofx,y]
is interpretedasthe conjunctionof the statementx andy, andderivable(A, X) denoteshatA is
ableto derive statemenk. The (meta-)factobserved(A, X) statesthat fact x is observedin the
external world by. Note that thein this knowledgéaserefersto A, becauset refersto A's
own knowledge.

component interpret_agent_info

input atoms:
observed(A, hat_colour(B,C:Colour)) (** meta-level 2 **)

output atoms:
derivable(A, X) (** meta-level 2 **)

knowledge base:
rule(A, hat_colour(B,black), hat_colour(l,white)) ;

if observed(A, X)
then derivable(A, X) ;

if derivable(A, X)
and rule(A, X,Y)
then derivable(A, Y) ;

if derivable(A, X)
and derivable(A, Y)
then derivable(A, [X,Y]) ;

Refinement of the component maintain world information

The componentaintain world information has two componentspdate current world information, Which
storesinformation on the world, and interpret world info, Which interpretsthe available world
information. Comparableto the composition describedin the previous section, the first
componentonly storesand updatesinformation and does not reason. To interpret world
information the componenterpret world info hasknowledgewith which it canreasonaboutthe
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world. This knowledgeis usedby B to draw conclusionsfrom information he has obtained
from observation of A's hat colour: if B observes a black hat, then his own hat is white.

component interpret world info

input atoms:
hat_colour(A, C:Colour) (** object level **)

output atoms:
hat_colour(l, C:Colour) (**object level **)

knowledge base:
if hat_colour(A,black)
then hat_colour(l,white) ;

Note that bothA and B canobservepart of the externalworld, but that they observedifferent
parts. This differenceis expressedn the specificationsby the different information links
defined between the external world ghd agents.The differenceis alsomirroredin the input
information types of the two agents.

5. Analysisof an example reasoning processin the model

First the agent B generates a number of possible information acquisition strategesagent
is assumedo only performone of thesestrategiesat a time this entailsa conflict betweenthe
strategiesThis conflict is resolvedby explicit knowledgethat aslong as observationhas not
been performed, it should be selected;otherwiseif observationhas been performed and
communicatiorhas not, then (becausehe strategicknowledgespecifiesthat observationis
performed prior to communication), communication is selected, and so on.

Next, the agent deliberately aims at introducamgtherconflict, by makingan assumptiorthat
may quite well turn out to be false:it assumeghat its own hat is black (componentigenerate
assumptions). The subsequent process aims at falsificatioth@fssumptionAs a first stepthe
deductiveconsequencesf the assumptionare derived, taking into accounta model of the
reasoning process of the otlagyent:the consequencesf agentB’s own hatbeingblack, are
that this would be observed by agent A and that agent A would draw the conclusionoivat its
hatis white, and communicatehis. Conflict detectionoccurswhenB compareshe deductive
consequences of B’'s assumptiorobservatiorresults;the resultscontradicteachother. After
detectionof the conflict (within the componentvalidate assumptions), and determinationof the
assumptiorfrom which the conflict originates,the conflict is resolvedwithin B’'s component
generate assumptions (by blaming the assumptionfor the conflict, and making the opposite
assumption).
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6. Discussion

This chapter has addressed meta-reasoning and reflection in the context of roamiigement,
in particularwith respecto agentabilities and architecture An exampleof a reflective agent,
basedon a generic agent model, has been presentedwithin which reasoningabout (1)
observation and agent interaction (2) an agemtis information stateand reasoningprocesses
(3) otheragents'information statesand reasoningorocessesand combinationsof thesetypes
of reflectivereasoningare explicitly modelled.To illustrate the transparencyf the structure,
partial specifications of the wise men's puzzle have been presentedwitbincomponentst
different meta-levelsof knowledge and reasoning)are distinguished.The agentis able to
deliberatelyintroducea conflict, by making an assumptionthat is expectedto turn out to be
false. Conflict managemerg performedin a processaimedat falsification of the assumption.
Conflict detection occurs when the the deductive consequentiesagsumptiorare compared
to observationresults. After detectionof the conflict the conflict is resolvedby assigninga
higher priority to observation results than to assumptions.

In the model presentedn this chapterthe dynamicsof the combined pattern of reasoning,
observatiorand communications modelled:the specificationexplicitly expressegshe strategy

with which the problemis approachedSpecificationof the problem, abstractingfrom the
dynamics, would also have been possible. However, irctss, either strategicknowledgeto

guide the problem solvingasto be addedat the implementatiorevel, or a theoremproveror

other program would need to search for the solutiahe spaceof all possiblealternativesin

the former case an implementation independent description of the dynamics of the system wouli
be lacking. In the latter casethe searchprocessmay be inefficient. Moreover, the system
behaviourdiffers significantly from the way in which human agentsmost often approach
problems such as this: human agents use strategic knowledge to guide the search.

The modellingapproachadoptedn this paperdistinguishescomponentseasoningat different
levelsin all casesvheresemanticallydistinct meta-levelscanbe found. An advantageof this

approachis that the model has a rich structurewith different constructsfor entitiesthat are
semantically different. As a resulinaore complexproblemmay requireadditionalmeta-levels.
This may be considered to be the price that has to be paid factibestructure.An alternative
approachs thatall meta-levelsare encodedn the highestmeta-level. The price thatis paidin

this caseis that the finer semanticaldistinctionsbetweenthe different meta-levelsfound in

practice are not explicitly represented.
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