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1. Introduction Figure 1. Role of cognition and reflection in

o . L . the reflective agent.
Similarly to the classical notation in computer science

[7], [12], we will understand the termeflection as a qual-

ity of a computational system. A reflective system is capa- . . .
ble of acquiring knowledge about its computational state, tially the |mplgmentat|on strgcture_ of the agents are altered,
data, and execution processes. Such data can be used by %9 that reflective behaviour is achieved. _
reflective system in order to build a model of its own com- _ The paperis organised as follows. State of the artin tech-

putation on basis of which the computational process can behiques of computational reflection is reviewed in the next
suitably modified. section. Section 3 puts the concept of computational re-

flection into the context of an autonomous agent commu-
nity, outlining three major categories of reflection in such
an environment and proposing the generic architecture and
in Section 4 we conclude the paper.

Reflective computation consists of three non-trivial rea-
soning processes: (i) acquiring the relevant data about
computation (ii) building the symbolic model (self-
representation) of the computational process (iii) revis-
ing the computational process. Classically in the literature,
(i) is referred to as introspective integrity, (iii) as introspec- 2, State of the Art
tive force, and (ii) is referred to as meta-reasoning. Simi-
larly to [12], we understand reflection not only in the sense  In computer science, we distinguish two types of re-
of agents’ self-awareness and collective mutual aware-flection: structural [1], [2] and behavioural [8] reflection.
ness, but also as a capability to perform actions determinedn the recent contribution [9], the authors define reflection
by the awareness. types as followsStructural ReflectioriThe system structure

For clarity of explanation, we will adhere to terminology can be dynamically modifie€omputational (Behavioural)
simpler than that of [12]. Besides speaking of reflection as aReflection The system semantics (behaviour) can be mod-
quality, we will also speak of it as processwith two fun- ified. Examples provided by the authors are data structure
damental parts shown in Fig. 1: @pgnition: where agents  modification and algorithm modification.
can build models of self-awareness and mutual-awareness In multi-agent reflection, we usstructural reflection
within the collective of agents, and (ifgflection: where in order to change agent’s private data, such as its computa-
the operation, knowledge, inter-agent interaction and poten-tional state or its acquaintance mod@éhavioural reflec-



tion is used to change the agent’s reasoning algorithms —group, as a result of their interaction. Collective reflection
the agent’s component that interprets its data. can be achieved either by a §ingle reflective agenie.g.

A reflective system is usually described as a system with a meta-agent) that is busy with monitoring the community
a two-level architecture, where the object-level implements behaviour and updating agents’ behaviour, or éiper-
the basic functionality and behaviour, and the meta-level gently, by a collective of agents, each carrying out its spe-
observes and modifies the behaviour of the object-level.cific cognitive/reflective reasoning. In collective reflection,
Principles of the computational reflection are described e.g.the agents update not only their social knowledge containers
in [7]. The most common approach to reflection is the meta- and reasoning processes but also they make attemgs to
object approach [5]. Here each object from the object-level vise other agents’ acquaintance models and, possibly, their
can be associated with a meta-level object that monitorsreasoning(unlike in the mutual reflection case).
its state and behaviour. Reflection in object oriented pro-
gramming (OOP) is usually achieved by implementing the
metaobject protocol as a part of the language interpreter.
This approach however has some restrictions [9] — metaob-
ject protocol restricts the amount of customizable features.

In the multi-agent research context, we use reflection for
agent adaptation in mobile environment [6], to observe and
adapt the whole multi-agent community [3] or even for user
interaction customization [13].

In principle we can have two classes of collective re-
flection methods: (iModule sharing, where agents share
parts of their source code so that their potential functionality
range is wide and their operation is lightweight and efficient
at the same time, and (i§ollective programming, where
agents collaboratively construct the program with the inten-
tion to improve their collective behaviour. Module sharing
and collective programming capability needs to be avail-
able also for agents with different types of reflective mech-
anisms. A feature created by one type of the agents must be
3. Reflective Agent Concept described in a manner making it possible to share within the

whole community.

To introduce the specific types of reflection considered, ) . ]
we need to explain the fundamental architecture of a re-  USing the reflection processes for agent adaptation pro-
flective agent [7] consisting of two layeragent reason- foundly modifies the way the agent is implemented. There-.
ing core containing the set of agent reasoning algorithms fore, we present_the technical issues that are related to this
and agent’s permanent and non-permanent knowledge, priconcept and design transformation:
marily regarding agent's problem solving skills, aagent  gyreamiined reasoning code- Currently, the efficiency,

interaction wrapper a built-in interface between the agents  5qantation, scalability and robustness issues are handled in
reasoning core and the rest of the multi-agent community. In ¢ yeasoning module, producing code that is both more ex-
the architectures of the socially aware agents, an 'nsertabl$ensive to execute and difficult to maintain. Using reflec-
part of the wrapper tends to be an ageriizjuaintance  {jon the adaptation issues that are managed by the dedicated

model[10] that collects the information about the other refective process modifying the reasoning code, making it
members of the community. We will distinguish three dif- giaamilined and goal-oriented.

ferent types of reflection in multi-agent systems.
Individual reflection — Revision of the agent's isolated Reasoning code/knowledge modificatior- Modification
behaviour, that does not necessarily need to result fromof the reasoning code and knowledge structure is often a
agents’ mutual interaction. Individual reflection is an op- necessary prerequisite to implement reflection. However,
eration that works with agent’s awareness of its own knowl- reflective programming is far from being easy and many
edge, resources, and computational capaaityis case the ~ new problems must be addressed in this approach.

agent’s reasoning core needs to be updated

. - . . . Modular reasoning code — Parts of modular reasonin
Mutual reflection — Revision of agent’s interaction with an- g g

ther nt. This kind of revision is based on nt's knowl code are not always used but only available to be included
otheragent. 1his ofrevision Is based on agent s kno by the reflection process. Modular reasoning code can be

edge about the other z,igent,_trust and reputation, k_nOWIEdgeeasily loaded to ubiquitous devices, as algorithm storage
about the other agent’s available resources, possibly oppo-

; o 4 is inexpensive. Independent modules, for example logical
f?e”ts (or coIIab_orator) longer term motivations and _mten- clauses or executable classes can be used within reflection.
tions. All these kinds of knowledge are refereed teasial
knowledgeand are stored in agentatquaintance models  Autonomy — Autonomy of reflective devices is a crucial
— computational models of agent’'s mutual awarendsse question, as their behaviour in various situations is diffi-
the agent’s acquaintance models need to be updated cult to predict in advance. Therefore, in most situations,
Collective reflection— Revision of agents’ collective inter- we must restrict agent’'s behaviour using the normaar
action. This is the most complex kind of reflection. Here we justable policies [11], to both prevent the undesired be-
address the revision of the collective behaviour of an agenthaviour and maintain adaptability.



3.1. Abstract Architecture of a Reflective Agent state, and it is represented in a form suitable for the meta-
reasoning process.

In a layered structure of the R/C agent, the classical agent
architecture forms the lower half of the new structure - the
reasoning(object) layer. On top of this layer, we add the re-
flective layer that includes cognition, meta-reasoning and
the reflective capability (see Fig. 2).

One of the principal tasks of the cognitive module is to
maintain the model up-to-date. This is the task ofrtiwel
updateprocess. This process not only handles new obser-
vations of the reasoning layer, but can also perform off-line
processing on the model — such as preparing lemmas or ex-
tracting trends from the historical data.

Refioctive Themeta-reasoningrocess uses the data from all model
Cosniton Reflecton Layer  components to identify the features and types of behaviour
—nesweasenawor— that the agent can modify to better fit the current environ-
Collective . . . .
— “reecin > ment. When the meta-reasoning process is finished, it may
Upame New Algoritm negraton <-Gemo > either conclude that the agent state corresponds well to the
-nviron -Soc\a . . . . . . .
: = ' —— current situation, or it may identify possible improvements.
i T NN The specification of such improvements is then used as an
) . input that initializes the reflection process.
Knowledge Individeat Reasoning . . . .
The reflection modules also divided into two subcom-
— ~Communi ponents. The first componeriighaviour-algorithm trans-
lation, handles the behaviour change specification resulting
Reasoning]  from the cognitive process. The exact form of this specifi-
Laver]  cation is not prescribed - the method used for the algorithm

generation is typically the same as, or compatible with the
meta-reasoning method.

Figure 2. Reflective Agent Architecture Counter-intuitively, this module’s output is not always an

explicit algorithm. In many reflective operations, more sub-
tle changes are possible, as many types of behaviour can be
The Reasoning layehandles regular agent operation - tuned by parameter modification only. On the other hand,
it performs agent-specific actions (interaction with agent- some types of behaviour require changes even more abrupt
specific technical resources, environment sensing), sociathan simple code change - we may need to completely re-
interactions and, finally, planning and resource manage-Structure both the knowledge structure to be able to store
ment. new type of information, and the code to use the new knowl-
We distinguish three functional sub-layers - the activ- edge. New para_metervalues, data structures ar_1d algorithms
ity layer, the social layer and the planning layer. These lay- 9enerated by this module are processed bytgerithm in-
ers will typically consist of adapted data structures contain- tegrationmodule. It handles issues like class loading, con-
ing the knowledge and corresponding algorithms process-CUITency, agent responsiveness and syntactic and semantic
ing the knowledge. Both the algorithms and knowledge in compatibility.

these sub-layers are subject to the reflection process. When the new code is integrated into the baseline, agent

On top of this activity, the reflective layer is responsi- resumes its normal operation (interrupted only during new
ble for system reflective behaviour. For this sake, it usescode integration). Performance of the modified reasoning
two main modules - theognitive modul¢hat maintains the  |ayer is still being observed by the cognition and if the need
model of the agent in its environment and identifies the pos-arises, new reflection iteration can be started. Concerning
sible improvements, and theflective moduléhat performs  the amount of resources and computing time dedicated to
the modifications in the reasoning layer's data, data struc-reflection, the approaches can differ. In some situations, we
tures and code to implement these improvements. will want to conserve valuable system resources and we will

The cognitive modulehas two principal components - accept a slow pace of adaptation. In other situations, a rapid
the model and the meta-reasoning working on the moduleadaptation and near-optimum performance are crucial and
data. Themodelcontains knowledge about the agent’s en- we may dedicate more resources to achieve this goal. How-
vironment, social neighborhood and the agent itself. Com- ever, the most interesting approach is to use the reflection it-
pared with the object level, the knowledge it includes is less self to manage reflection - reflective layer has all the knowl-
specific (contains classifications rather than actual values)edge about the last iterations, their success, importance of
contains historical experience rather than the mere currenthe changes in the environment and other factors.




4. Conclusion gramming) for Cognition and Reflection modules, and
multi-agent interaction for collective programming and

The main ambition of this contribution has been to intro- module-sharing.
duce the concept of reflection in multi-agent systems and
suggest an abstract, application-neutral architecture SuloAcknowIedgment
porting agents’ individual and collective reflection.
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