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Abstract. We discuss basic notions of Perception Based Computing
(PBC). Perception is characterized by sensory measurements and ability
to apply them to reason about satisfiability of complex vague concepts
used, e.g., as guards for actions or invariants to be preserved by agents.
Such reasoning is often referred as adaptive judgment. Vague concepts
can be approximated on the basis of sensory attributes rather than de-
fined exactly. Approximations usually need to be induced by using hierar-
chical modeling. Computations require interactions between granules of
different complexity, such as elementary sensory granules, granules rep-
resenting components of agent states, or complex granules representing
classifiers that approximate concepts. We base our approach to interac-
tive computations on generalized information systems and rough sets.
We show that such systems can be used for modeling advanced forms of
interactions in hierarchical modeling. Unfortunately, discovery of struc-
tures for hierarchical modeling is still a challenge. On the other hand, it
is often possible to acquire or approximate them from domain knowledge.
Given appropriate hierarchical structures, it becomes feasible to perform
adaptive judgment, starting from sensory measurements and ending with
conclusions about satisfiability degrees of vague target guards. Thus, our
main claim is that PBC should enable users (experts, researchers, stu-
dents) to submit domain knowledge, by means of a dialog. It should
be also possible to submit hypotheses about domain knowledge to be
checked semi-automatically. PBC should be designed more like labora-
tories helping users in their research rather than fully automatic data
mining or knowledge discovery toolkit. In particular, further progress in
understanding visual perception – as a special area of PBC – will be
possible, if it becomes more open for cooperation with experts from neu-
roscience, psychology or cognitive science. In general, we believe that
PBC will soon become necessity in many research areas.
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1 Introduction

In this paper, we discuss some basic issues of Perception Based Computing
(PBC). The issue of perception was studied by many famous researchers fol-
lowing approaches such as structuralism, Gestaltism, ecological optics, or con-
structivism. Our approach is closer to the one proposed by Professor Lotfi A.
Zadeh in Computational Intelligence (see, e.g., [28,29,30,31,32,11]). However,
because at the moment we do not see a possibility to define fully semantics of
the precisiated language proposed by Lotfi Zadeh we propose another approach.
Our approach is more application oriented and is using concept ontologies ex-
pressed in natural language or small fragments of natural language (which are a
bit beyond of ontologies) specific and relevant for considered application prob-
lem. In our approach, rules for reasoning under uncertainty should be adaptively
discovered from data and domain knowledge. We consider action-oriented per-
ception [1] driven by actions. Goals of initiated action help with selection of an
appropriate perceptual interpretation among many ones attached to given in-
formation provided by senses/sensors. We also emphasize the role of interactive
computations in PBC. Perception is a specific form of interaction of an agent
with its environment (see e.g. [1,23]). Perceiving results of conducted actions is
an essential part of feedback mechanism and makes adaptive change of a course
of actions possible. The considered approach is wider than studied in the visual
perception domain [10]. For example, by analogy to visual perception one can
attempt to construct softbots acting in Web on the basis of perception character-
ized by their sensory measurements together with ability to perform reasoning
leading from these measurements to conclusions about satisfiability of complex
vague concepts used as guards for actions. The guards can be approximated
on the basis of measurements performed by sensory attributes only rather than
defined exactly. Satisfiability degrees for guards are results of reasoning called
as the adaptive judgment. The approximations are induced using hierarchical
modeling. Note that, e.g., injecting domain knowledge into a relational database
engine [24] will also require approximate modeling of situation perception by
domain experts or system users.

Our approach to PBC is primarily based on generalized information systems,
rough sets, and granular computing [13,14,16]. Information systems are treated
as dynamic granules used for representing results of interaction of attributes with
the environment. Two kinds of attributes are distinguished, namely the percep-
tion attributes (including sensory attributes) and the action attributes. Sensory
attributes are the basic perception attributes, other perception attributes are
constructed on the basis of sensory ones. Actions are activated when their guards
(being often complex and vague concepts) hold to a satisfactory degree. We show
that information systems can be used for modeling more advanced forms of dy-
namic interactions in hierarchical modeling. The role of hierarchical interactions
is emphasized in modeling of interactive computations. Discovery of structure for
hierarchical modeling is still a challenge for visual perception, brain informatics
or PBC [17]. However, in some applications it is possible to interactively acquire
domain knowledge, e.g., in the form of ontology or a simplified description of the
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structure (see, e.g., [4,24]). Then, by developing approximation methods, the
ontology becomes understandable by the system to a satisfactory degree [4,18].
This means that it becomes feasible to use approximated ontology in order to
perform the adaptive judgment reasoning described above.

The idea of interactive computing stems from many fields in computer science
such as concurrent processes, non-terminating reactive processes (e.g. operating
systems), distributed systems, distributed nets and object-oriented program-
ming. It is still in a developing stage and its foundations are not clarified yet.
There are at least two main schools of thought, one pioneered by Peter Wegner
and another by Yuri Gurevich [7]. Both schools use the notion of an algorithm
but with a different approach. Wegner’s school uses it in the classical Turing’s
sense, excluding interactive systems from the scope of algorithms and intro-
ducing persistent Turing machines (PTMs) for formal description of interactive
systems. Gurevich’s school expands meaning of algorithms, covering interactive
systems and classical algorithms. However, Gurevich claims that the difference is
based solely on terminology. For formal descriptions of algorithms, Gurevich in-
troduced abstract state machines (ASMs). ASMs are more powerful than PTMs
as they are capable of simulating PTMs, while the opposite does not hold. In
addition to strings or matrices, ASMs compute with non-constructive inputs as
relational structures (finite graphs). PTMs can only compute with constructive
inputs as strings (or matrices written as strings). There is still no consensus be-
tween theoreticians on the statement that interactive systems are more powerful
than classical algorithms and cannot be simulated by Turing machines. However,
the idea of interactive computing seems to be appealing from a practical point
of view: interaction with or harnessing the external environment is inevitable to
capture (and steer) behavior of systems acting in the real world. For unpredictive
and uncontrolled environments it is impossible to specify the exact set of input
states. In data mining or machine learning, the most common case is when we
start searching for patterns or constructing concepts on the basis of sample of
objects since the whole universe of objects (data) is not known or it would be
impractical to begin with the basis of the whole object universe.

Interactive systems have huge learning potential and are highly adaptive. In-
teractive agents adapt dynamically and harness their environment in achiev-
ing goals. Interacting algorithms can not only learn knowledge from experience
(which is also done by classical non-interacting learning algorithms), they can
change themselves during the learning process in response to experience. This
property creates an open space for a new technology called Wisdom technol-
ogy (Wistech) [8]. It becomes inevitable for the case of intelligent agents, which
make decisions during dynamic interactions within their environment. To meet
this challenge they need to use complex vague concepts. In Wistech, wisdom is a
property of algorithms, it is an adaptive ability of making correct judgments to
a satisfactory degree in the face of real-life constraints (e.g. time constraints) [8].
These decisions are made on the basis of knowledge possessed by an agent. In
Wistech, wisdom is expressed metaphorically by so called wisdom equation:

wisdom = knowledge + adaptive judgment + interactions.
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Adaptive ability means the ability to improve the judgment process quality tak-
ing into account agent experience. Adaptation to the environment on the basis
of perceived results of interactions and agent knowledge is needed since, e.g.,
agents make decisions using concepts which are approximated by classification
algorithms (classifiers) and these approximations are changed over time as a re-
sult of acting on evolving data and knowledge. The wisdom equation suggests
also another interaction of higher order: agents making decisions based on ongo-
ing experience, which is particular, apply possessed knowledge, which is general.
Therefore, making decisions itself is a kind of logical interaction between general
knowledge and particular experience. Vague concepts in this case help in cov-
ering the gap between generality and particularity while Wisdom technology is
required to improve decision making.

From the point of view of Wistech PBC, systems should be also interactive
with users and domain experts. They should allow users (experts, researchers,
or students) for interactions not only for acquiring ontology but also for sub-
mitting hypotheses (e.g., about importance or interestingness of some patterns
suggested by experts) to be checked by the system. These systems will be more
like laboratories helping different experts to make progress in their research
rather than performing fully automatic data mining or discovery. Research on
visual perception supported by such systems open for cooperation with experts
from neuroscience, psychology or cognitive science will become standard. This
view is consistent with [5]; See, page 3 of Foreword:

Tomorrow, I believe, every biologist will use computer to define their re-
search strategy and specific aims, manage their experiments, collect their
results, interpret their data, incorporate the findings of others, dissem-
inate their observations, and extend their experimental observations –
through exploratory discovery and modeling – in directions completely
unanticipated.

In our approach, we further combine the-previously mentioned methods based
on information systems, rough sets, and granular computing with other soft
computing paradigms, such as fuzzy sets or evolutionary computing, as well
as data mining and machine learning techniques. Soft computing methods, in
particular rough set based methods, are necessary for adaptive approximation
of complex vague concepts representing results of agent perception. They are
used by agents as, e.g., action guards or invariants which should be preserved by
agents. They may be related to highly structural spatio-temporal objects, e.g.,
functions representing changes of agent states or properties of dynamic processes
[19,23].

Information systems play a special role in modeling of interactive computa-
tions based on objects called as granules [16]. Granules can be of complex types
starting from elementary granules such as indiscernibility or similarity classes
[15] to more complex ones such as decision rules, sets of decision rules, clas-
sifiers, clusters, time windows or their clusters, sequences of time windows or
processes, agents or teams of agents.
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In Section 2, we present a general scheme of interactions. The role of attributes
and information systems in hierarchical modeling is outlined in Section 3. On the
basis of the general scheme of interactions we introduce interactive attributes.
In the definition of attribute, two components are important. The first one is
defined by a relational structure and the second one is representing a partial
information about the results of interactions of the relational structure with the
environment. Information systems are used to represent this partial informa-
tion [23]. We distinguish two kinds of interactive attributes: sensory attributes
and action attributes (Section 4). Our approach generalizes the concept of in-
formation systems known from the literature, from static information systems
[13,14,15] to dynamic ones. It allows us for using information systems in modeling
of interactive computations. There is growing research interest in the rough set
community on dynamic information systems (see, e.g., [6,9]). Here, we empha-
size that embedding this research in the framework of interactive computations
is crucial for many real-life applications [8].

In Conclusions, we summarize the presented approach. We also give short
information about our current research projects.

2 Interactive Computations

In this section, the global states are defined as pairs (sag(t), se(t)), where sag(t)
and se(t) are states of a given agent ag and the environment e at time t, respec-
tively. We now explain how the transition relation −→ between global states are
defined in the case of interactive computations. In Figure 1, the idea of transition
from the global state (sag(t), se(t)) to the global state (sag(t + Δ), se(t + Δ)) is
illustrated, where Δ is a time necessary for performing the transition, i.e., when
(sag(t), se(t)) −→ (sag(t + Δ), se(t + Δ)) holds. A(t), E(t) denote the set of at-
tributes available by agent ag at the moment of time t and the set of attributes used
by environment e at time t, respectively. InfA(t)(sag(t), se(t)) is the signature of
(sag(t), se(t)) relative to the set of attributes A(t) and InfE(t)(sag(t), se(t)) is the
signature of (sag(t), se(t)) relative to the set of attributes E(t)1. These signatures
are used as arguments of strategies Sel_Intag, Sel_Inte selecting interactions Iag

and Ie of agent ag with the environment and the environment e with the agent ag,
respectively. Iag ⊗Ie denotes the result of the interaction product ⊗ on Iag and Ie.
Note that the agent ag can have very incomplete information about Ie as well as
the result Iag ⊗ Ie(sag(t + δ), se(t + δ)) only, where δ denotes the delay necessary
for computing the signatures and selection of interactions (for simplicity of rea-
soning we assume that these delays for a and e are the same). Hence, information
perceived by a about sag(t+Δ) and se(t+Δ) can be very incomplete too. Usually,
the agent ag can predict only estimations of sag(t+Δ) and se(t+Δ) during plan-
ning selection of the interaction Iag. These predictions can next be compared with
the perception of the global state (sag(t + Δ), se(t + Δ)) by means of attributes
1 By considering only signatures over some set of attributes E(t) we reflect one of the

basic assumptions of interactive computing that interaction takes place in the envi-
ronment which can not be controlled. E(t) may not be known for an agent ag.
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A(t+Δ). Note that Iag⊗Ie can change the content of the agent state as well as the
environment state. Assuming that the current set of attributes A(t) is a part of the
agent state sag(t) this set can be changed, for example by adding new attributes
discovered using Iag, for example with the help of hierarchical modeling discussed
previously. Analogously, assuming that the description of the strategy Sel_Intag

is stored in the current state of the agent sag(t) this strategy can be modified as the
result of interaction. In this way, sets of attributes as well as strategies for selecting
interactions can be adopted in time.
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Fig. 1. Transition from global state (sag(t), se(t)) to global state (sag(t+Δ), se(t+Δ))

Computations observed by the agent ag using the strategy Sel_Intag in in-
teraction with the environment e can now be defined with a help of the transition
relation −→ defined on global states and signatures of global states relative to
the set of attributes of agent ag. More formally, any sequence sig1, . . . , sign, ...
is a computation observed by ag in interaction with e if and only if for some t, Δ
and for any i, sigi is the signature of a global state (sag(t + iΔ), se(t + iΔ))
relative to the attribute set A(t + iΔ)) available by ag at a moment of time
t + iΔ and (sag(t + iΔ), se(t + iΔ)) −→ (sag(t + (i + 1)Δ), se(t + (i + 1)Δ))2.

Let us assume that there is given a quality criterion over a quality measure
defined on computations observed by the agent ag and let sig1 be a given signa-
ture (relative to the agent attributes). One of the basic problems for the agent
ag is to discover a strategy for selecting interactions (i.e., selection strategy) in
such a way that any computation (e.g., with a given length l) observed by ag
and starting from any global state with the signature sig1 and realized using the
discovered selection strategy will satisfy the quality criterion to a satisfactory

2 As usual one can consider finite and infinite computations.



18 A. Skowron and P. Wasilewski

degree (e.g., the target goal of computation has been reached or that the quality
of performance of the agent ag in computation is satisfactory with respect to the
quality criterion). The hardness of the selection strategy discovery problem by
the agent ag is due to the uncertainty about the finally realized interaction, i.e.,
the interaction being the result of the interaction product on interactions selected
by agent ag and the environment e. In planning the strategy, the agent ag can
use (a partial) information on history of computation stored in the state. One
may treat the problem as searching for the winning strategy in a game between
the agent ag and the environment e with a highly unpredictable behavior.

3 Information Systems in Hierarchical Modeling

A hierarchical modeling of complex patterns (granules) in hierarchical learning
(see e.g., [4]) can be described using the rough set approach based on information
systems. In such description a construction of every model is described/made on
the basis of a particular information system. The result of construction of an
information system from a given level of hierarchical modeling is built from in-
formation systems from lower levels of its hierarchy. This is made by constructing
of new attributes on the basis of already known attributes.

We use the standard rough set notation [13,14,15]. In particular, by A =
(U, A, {Va}a∈A), we denote an information system with the set of objects U , the
set of attributes A, and the set of attribute values Va for a ∈ A. By (U, C, d) we
denote a decision system with the decision attribute d.

Attributes in information systems can be divided into two classes: atomic
attributes and constructible attributes. Atomic attributes are basic in the sense
that their values depend only on some external factors (with respect to a given
information system) and are independent on values of other attributes. Atomic
attributes can be both closed and open attributes.

Constructible attributes are complex attributes defined from other attributes,
or more exactly inductively defined from atomic attributes. If b is a constructible
attribute, then for any object x and already defined attributes a1, a2, · · · , am:
b(x) = F (a1(x), a2(x), · · · , am(x)), where F : Va1 × Va2 × ... × Vam −→ Vb and
elements of Vb are constructed on the basis of values values from Vi for i = 1, .., m.

Sensory attributes can serve as typical examples of atomic attributes. Values
of sensory attributes are results of measurement conducted by sensors, so they
depend only on the environment and are independent on values of other at-
tributes. Constructible attributes defined from sensory attributes can represent
higher-order results of perception, when some patterns are identified, perceptual
granules are created etc.

We generalize the concept of attributes used in rough set theory [13,14,15,20].
In hierarchical modeling, the attribute value sets can be compound, i.e., they
can be of higher order types represented, e.g., in the power set hierarchy [19,20].
The types are fixed in the case of atomic attributes and it should be prop-
erly constructed for constructible attributes. Note that elements of the attribute
value sets can be complex objects such as signals or images. We also assume that
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for any attribute a together with its attribute value set Va there is assigned a
relational structure Ra = (Va, {ri}i∈I), where ri are relations over Cartesian
products of Va. Examples of relational structures for attributes will be given
later. Together with a relational structure Ra we consider a set of formulas
La with interpretation in Va, i.e., to any formula α ∈ La there is assigned
its meaning ‖α‖Ra ⊆ Va. Moreover, for any attribute a there is distinguished
a subset of formulas La ⊆ La defining a partition of Va (defined using the
semantics ‖ · ‖Ra). The result of interaction of any atomic attribute with the
environment can be described as a selection of formula from La. Then values
of attribute a, interpreted as the results of measurements by this attribute, can
be identified with the index of the selected formula. One can observe that using
this approach information systems can be interpreted as the result of a finite
number of interactions with the environment of the relational structure defined
by the Cartesian product of relational structures corresponding to attributes
from information system.

Constructible attributes can be constructed in many ways [23]. One of them
is based on introducing a relational structure on value domains of atomic at-
tributes [23]. Because of the space limit we discuss one illustrative example only
related to hierarchical modeling. Note that this modeling process is often hier-
archical and interactions occur between constructed granules by a given agent
on different hierarchical levels and between the levels. Granules are constructed
on different levels by means of actions performed on granules from lower levels
and then the quality of the granules constructed on higher levels is evaluated.
In the case the quality is not satisfactory, new actions on higher levels should
be activated in searching for construction of relevant granules. Observe that the
concepts initiating actions are often drifting in time. Hence, the searching process
(or the discovery process) for relevant granules should be adaptive. Moreover,
the satisfiability of the approximated concepts is usually not binary but can be
expressed as satisfiability to a degree only. Hence, mechanisms for conflict reso-
lution between different concepts voting for initiating different actions should be
developed/learned/discovered (analogously to voting mechanism between rules
in the case of rule based classifiers). Another problem is related to propagation
of satisfiability degrees of concepts through hierarchical levels. Here, the rough
set approach proposes to use approximate reasoning schemes discovered from
data or acquired from domain experts [4,18].

General operations on information systems can be defined as products with
constraints (see [19] for more details). Definitely, one can consider at the next
level of modeling sequences of time windows as structures and construct informa-
tion systems or decision tables over such structural objects. Observe that in this
case the indiscernibility (similarity) classes are sets of paths over time windows.
One may, e.g., induce concurrent systems defining such sets of paths [21].

Discovery of relevant attributes on each level of the hierarchy is supported by
domain knowledge provided e.g., by concept ontology together with illustration
of concepts by means of samples of objects taken from this concepts and their
complements [4]. Such application of domain knowledge often taken from human
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experts serves as another example of interaction of a system (classifier) with its
environment. Additionally, for the support of relevant attributes, discovery on a
given level as well as on other levels of the hierarchy can be found using different
ontologies. These ontologies can be described by different sets of formulas and
possibly by different logics. Note that in a hierarchical modeling of relevant
complex patterns also top-down interactions of higher levels of hierarchy with
lower levels should be considered, e.g., if the patterns constructed on higher levels
are not relevant for the target task the top-down interaction should inform lower
levels about necessity of searching for new patterns.

4 Interactive Attributes

There are two basic types of interaction between an agent and an environment:
the influence of the environment on an agent and an opposite influence of an
agent on its environment.

We need a specific class of attributes to represent interactions of an agent,
namely interactive attributes, divided into two classes: perception attributes and
action attributes.

Perception is one of the main forms of interaction of an agent with the envi-
ronment. Moreover, this form is indispensable in the case of interactive systems.
Without perception every action made by agent in the environment would be
blind, without it agent would not be able to adapt its behavior to changing con-
ditions of the environment or to modify dynamically its course of actions as a
response to results of agent’s actions in the environment.

In order to represent results of perception, we need a specific class of at-
tributes: perception attributes. The beginning of the perception process is in
senses in the case of living organisms or in sensors in the case of artificial agents.
Senses/sensors interact with the environment. To represent the results of this
interaction we use sensory attributes. These atomic attributes depend solely on
interaction with the environment and are independent from other attributes in
information system. Sensory attributes are also open attributes, i.e. if a is a
sensory attribute, then a is a function with values in its value domain Va. This
reflects the fact that sensors interact with the environment which can not be
controlled. Always it is possible that new stimuli appear to the senses/sensors
which were not perceived before. The value domains of sensory attributes are
determined only by sensitivity of sensors represented by these attributes.

In order to describe formally perception processes as interactions, let us in-
troduce some notation. If f : X × Y −→ X × Y , then by π1[f ], π2[f ] we denote
projections of f , i.e., π1[f ] : X × Y −→ X , π2[f ] : X × Y −→ Y such that
f(x, y) = (π1[f ](x, y), π2[f ](x, y)) for (x, y) ∈ X × Y . A global state at time
t, s(t) = (sag(t), se(t)), consists of the whole state of a given agent ag and its
environment e. Let us recall that the agent ag does not have to posses com-
plete information about these states and usually it does not. In Section 2, by
Iag and Ie we denote the influence operation of a given agent ag on its environ-
ment e and the opposite influence operation of the environment e on an agent ag,
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respectively. Both interactions can affect the global state of a given agent and its
environment. By Ie(s(t)) (Iag(s(t))) we denote the global state at t+Δ obtained
from s(t) by applying Ie (Iag) only. Since both Iag and Ie last in time Δ they
can also dynamically affect each other, a result of such interfering interaction is
denoted by product Iag ⊗ Ie.

As we mentioned above, perception is an example of interaction between an
agent and its environment. Moreover, it is a very interesting example. It is a kind
of action made by an agent which usually do not affect the environment 3 but
in which an agent is affected by its environment. In order to analyze perception
process we should be more specific and introduce Iag,a - an interaction operation
selected by an agent ag for performing measurement of the value of sensory
attribute a. We assume that in sag(t) are stored values of sensory attributes at
time t, i.e., as a part of sag(t) one can distinguish (a, v), where a is a sensory
attribute and v is its value at time t (or information that this value is not
available). In the described model changes of attribute values are recorded in
discrete time timing with Δ. For a sensory attribute a we have that

s(t + Δ) = (sag(t + Δ), se(t + Δ)) = [Iag,a ⊗ Ie](s(t)) = (1)
= (π1[Iag,a ⊗ Ie](s(t)), π2[Ie](s(t))),

assuming that: sag(t + Δ) differs from sag(t) only on a part corresponding to
attribute a, i.e., a new value of a is equal to the result of sensory measurement
by Iag,a (in a more general case sag(t) may be influenced by Ie) at time t +
Δ. Since (Iag,a ⊗ Ie)(s(t)) = (π1(Iag,a ⊗ Ie)[s(t)], π2(Iag,a ⊗ Ie)[s(t)]) therefore
π2(Iag,a ⊗ Ie)[s(t)] = π2[Ie(s(t))], i.e., se(t + Δ) was changed by Ie but there is
no influence of Iag,a. In other words π2[Iag,a](s(t)) = Ie(se(t)), i.e., se(t+Δ), the
state of the environment e in time t + Δ being result of interaction is obtained
from se(t) by the dynamics of the environment only. In Figure 2, we illustrate
the basic features of sensory attributes.

In the next steps (of perception), some new attributes can be introduced on
the basis of information presented by sensory attributes in the ways described
in Section 3. These are perception constructible attributes and we will refer to
them as complex perception attributes. They correspond to complex perceptual
representations constructed in the process of perception postulated in cognitive
science [27], [2]. Complex perception attributes can be used in searching for pat-
terns or structural properties of perceived objects (see Section 3). They also seem
to be indispensable in solving classification problem for complex concepts in the
case of newly perceived objects. Complex perception attributes serve as a kind
of bridge between knowledge stored in an agent and results of perception given
by sensory attributes. For the same reason, they are needed in approximation
of complex vague concepts referring to environment perceived by a given agent
and responsible for activating actions. Therefore complex perception attributes
are also indispensable from the point of view of Wistech.

In rough set analysis of interactions, actions are represented by decision at-
tributes. We refer to these attributes as action attributes. It follows from the
3 In the case of quantum level it is not true.
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 Iag,a ⊗ Ie 
e  Ra, La 

l v 

a 

agent ag 

sensory  
attribute 

Fig. 2. Sensory attribute. e denotes the environment, Ra, La - relational structure of
sensory attribute a and set of formulas assigned to a, respectively, l is a label of the
environment state currently perceived by a, v is the index such that αv ∈ La was
selected in interaction of a with the environment. In the shadowed area the results of
past interaction are stored, the interaction of a with the environment e is not changing
e (the changes of e are caused by dynamics of the environment only). In the agent only
a row with label l and v was added and represents the sensory attribute a measurement.

discussion made above, that action attributes should be somehow compound. A
value of an action attribute should not only contain some information about ele-
mentary actions (or a chain of elementary actions - this difference is unessential)
but also contain information about the specified goal and expected perceptual
results of a given action/a chain of actions. These attributes can be constructed
in many various ways. In the process Sel_Intag, i.e., the process leading to a
selection of interaction Iag,a, where an action attribute a is representing solely
a given action/actions. The attribute a becomes also condition attribute and is
used together with attributes representing knowledge of the agent ag and per-
ception of ag for determining expected observable results in the environment.
These anticipated results are compared with observable characteristics of speci-
fied goals and decisions about selection of interactions are made on the basis of
their similarity or whether anticipated results match enough observable proper-
ties of goals. More advanced approach can use history of interaction for action
prediction. Anticipated results of action predicted at time t can be compared to
perceived states of the environment at time t + Δ being a result of interaction
[Iag,a ⊗ Ie](s(t)). This comparison is used to modify an action in time t+Δ+λ,
where λ is time needed for making comparison and planning modification, in the
case when perceived results are too far away from anticipated ones. The basic
featutres of action attributes are illustrated in Figure 3.

In [23], an example of highly interactive cognitive architecture ACT-R [26]
with a number of interactions between its different parts was discussed.
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Iag,a ⊗ Ie 

agent ag 

action attribute a 

l v 
AM 

KB 

ac 

Gp 

e 

Gp 

Gr 

AJ 

Fig. 3. Action attribute. On the basis of the current information about the current state
of the agent ag and the state of the environment e, the action attribute a is selecting an
action ac and predicts changes of the environment caused by ac which are represented
by granule Gp. l, v have meaning as in Figure 2. AJ denotes the adaptive judgment
module with the action submodule denoted by AM. The action attribute a is selecting
an action ac to be performed (using module AM, knowledge base KB contents, and the
measurement results stored by sensory attributes). Changes in e caused by ac in the
form of granule Gp are predicted too. The selected action ac determines the interaction
Iag,a with the environment from the side of the agent ag. Note that reaction of the
environment may be unpredictable and the granule Gr representing change of e as
the result of Iag,a ⊗ Ie (on the component of the environment) may be different from
predicted described by granule Gp.

5 Conclusions

We discussed the role of interactive computations in PBC. The fundamental role
of information systems in modeling interactive computations was emphasized.
Some more advanced representations of sensory measurements such as sets of
information systems, clusters of information systems, or relational structures
over information systems can be also considered. The role of these more com-
plex structures for adaptive judgment and their relationships to the existing
approaches (see, e.g., [3]) will be considered elsewhere.

We stressed the necessity of further development of the adaptive judgment
methods for approximate reasoning about constructed granules as a crucial
step in understanding of interactive computations. In particular, the necessity
of using inductive strategies relevant for new features discovery, extension of
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approximation spaces, conflict resolution, tuning of quality measures, discovery
of approximate reasoning schemes from data and domain knowledge, adaptive
judgment based on beliefs, adaptive learning of concepts on the basis of histories
of computations for prediction of actions or plans, hierarchy discovery (differ-
ent levels with features and structural objects), reasoning by analogy, learning
protocols for cooperation or competition, coalition formation are all example of
tasks in which adaptive judgment is involved.
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