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Resumen Este articulo presenta la representacion basada en M ++ de la traza de razonamiento introspectivo en la
arquitectura metacognitiva CARINA. Las trazas de razonamiento son una estructura de conocimiento declarativo que
captura los estados mentales y la secuencia de toma de decisiones en el ciclo de accidén-percepcion de un agente
cognitivo. M ++ es un DSVL para modelar la metacognicion en sistemas inteligentes e incorpora dos mecanismos de
meta-razonamiento, es decir, monitoreo introspectivo y control de meta-nivel. La validacion de M ++ se realiz6é en dos
dimensiones: utilidad potencial y utilidad. Para el proceso de validacién, se utilizaron los siguientes métodos: estudio
empirico basado en la percepcion del usuario. Con respecto a la relacion de los comportamientos representados en M
++, el 85.7% de los expertos considerd que la representacion es adecuada en comparacion con el 14.3% que no la
considero.

Palabras claves: informatica cognitiva; trazas de razonamiento; funcion cognitiva; CARINA; monitoreo introspectivo;
arquitectura cognitiva; M ++.

Abstract this paper presents the representation based in M++ of introspective reasoning trace in cognitive architecture
CARINA. Reasoning trace is a declarative knowledge structure that captures the mental states and decision-making
sequence in the action-perception cycle of a cognitive agent. M++ is a DSVL for modeling metacognition in intelligent
systems and incorporates two meta-reasoning mechanisms, i.e., introspective monitoring and meta-level control. M++
validation was performed on two dimensions: potential usefulness and usability. For the validation process, the
following methods were used: empirical study based on user perception. Regarding the relation of the behaviors
represented in M ++, 85.7% of the experts considered that the representation is adequate compared to 14.3% that did
not consider it.

Keywords: cognitive informatics; reasoning trace; cognitive function; CARINA; introspective monitoring; cognitive
architecture; M++.
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1 Introduction

Cognitive agents are entities or pieces of software
that perceive some stimuli from the environment and
behave rationally to achieve its goals by selecting
some action from its set of competencies (M. Cox &
Raja, 2007), (Baldoni, Baresi, & Dastani, 2015). A
cognitive agent with metacognitive abilities is
composed at least by two cognitive levels named
object-level and meta-level (Caro, Gbmez, & Giraldo,
2017). The object-level contains the model that an
artificial intelligent agent has for reasoning about the
world (i.e. agent’s environment) to solve problems
(Caro, Josyula, Cox, & Jiménez, 2014). The meta-
level is a level of representation of the reasoning of
an artificial intelligent agent Introspective monitoring
is a metacognitive mechanism, which is done through
information feedback that is gathered at the meta-
level from the object level (M. T. Cox, 1997) (Sun,
Zhang, & Mathews, 2005a). Metareasoning consists
of both the meta-level control of computational
activities and the introspective monitoring of
reasoning (M. Cox & Raja, 2007).

Introspective monitoring is necessary to gather
sufficient information with which to make effective
meta-level control decisions (Caro et al, 2017).
Monitoring involve generating explanations for object-
level choices and their effect on ground level
performance (M. T. Cox & Raja, 2008). When
reasoning fails at some task, monitoring may involve
the explanation of the causal contributions of failure
and the diagnosis of the object-level reasoning
process (M. Cox & Raja, 2007).

For a cognitive agent performs a meta-level
reasoning it needs a declarative representation and
an explicit trace of the execution of the performance
system where a trace of what happened is described
helping explain why it happened (M. T. Cox & Ram,
1999). A trace is a structure that consists of
information about a computation, where is described
how the computation of a program obtained its
outputs from its input (Chitil & Luo, 2007). According
to Sun, Zhang, and Mathews (M. T. Cox & Ram,

1999), a reasoning trace is a structured set of mental
operations that describes and produces changes in
mental states, selects problem operators, and
eventually results in the solution plan of a cognitive
agent.

In a cognitive agent that reasons in its Object
Level or in its Meta Level, it is necessary to store the
reasoning trace in order to analyze it and look for
reasoning failures or improve the system. From this,
the objective of this work is to validate these traces of
the reasoning cycle of a cognitive agent using a
Domain-Specific Visual Language (DSVL) -called
M++. M++ is a language for modeling metacognition
in Intelligent System (Caro, Josyula, Jiménez,
Kennedy, & Cox, 2015). In M++, the abstract syntax
is specified with MOF-based metamodels and the
concrete syntax is expressed by some mapping of the
abstract syntax elements to visual constructs. The
main artifacts of M++ are models specified in a visual
manner. The motivation of this research is the
simulation of processes that commonly occur in the
natural intelligence using the Metacognitive
Architecture CARINA. Taking into account that in
Latin America exist initiatives in the development of
intelligent systems based on cognitive and
metacognitive processes (Gomez, Caro, Solano, &
Vega, 2018), this work extend the frontier of
knowledge specifically in this area of study.

This paper is structured as follows: The second
chapter shows the general characteristics and
elements of the cognitive architecture CARINA. The
next chapter shows the reasoning traces in M++ to
represent behaviors of Perception cognitive function
and the last chapter exposes the conclusions of this

paper.
2 Cognitive Architecture CARINA

CARINA is a meta-cognitive architecture for
artificial intelligent agents. CARINA is derived from
the MISM Metacognitive Metamodel (Caro, Josvula,
Gomez, & Kennedy, 2018). CARINA integrates self-
regulation and metamemory with support for the
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metacognitive mechanisms of introspective
monitoring and meta-level control; in this sense,
CARINA assumes a functional approach to
philosophy of mind, according to Fodor (Fodor, 1975),
Piccinini (Piccinini, 2010), Scheutz (Scheutz, n.d.).
CARINA is composed of two cognitive levels
named object-level and meta-level. The object-level
contains the model that an artificial intelligent agent
has for reasoning about the world (i.e. agent’s
environment) to solve problems (Caro et al, 2014).
Object-level behavior consists of cognitive

Meta-level " Monitoring

CARINA: Cognitive architecture
for artificial intelligent agents in
smart educational environment
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functions such as problem solving or memory retrieval
(M. T. Cox, n.d.). In CARINA, object-level has stages
which are sets of cognitive functions (CF), among
these functions Perception Function is found, as
shown in Fig. 1. The meta-level contains a dynamic
model of the object-level (M. T. Cox, n.d.).

The meta-level includes the components,
knowledge and mechanisms necessary for a system
to monitor and control its own learning and reasoning
processes. The Metalevel of CARINA has two types
of metacognition: Self-regulation and Metamemory.
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Fig 1. Structural view of CARINA

A cognitive loop (action-perception loop) in
CARINA starts when the agent perceives changes to
the environment resulting from actions. The situation
assessment stage takes as input the perception and
processes it. The processing of the information
perceived includes the recognition of situations or

events as instances of known or familiar patterns and
the categorization of objects, situations, and events
into known concepts or categories. The output of the
situation assessment stage is the combination of
perceptual information about many objects and events
to compose a comprehensive model of the current
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environment (i.e. a model of the world). Introspective
monitoring and meta-level control are two meta-
reasoning mechanisms implemented at the meta-level
in CARINA (Caro et al, 2017). Introspective
monitoring includes mechanisms for detecting
reasoning failures at the object-level. The main
purpose of monitoring is to provide enough information
to make effective decisions in the meta-level control.
The monitoring process is done through information
feedback that is gathered at the meta-level from the
object level Fig. 1. Thus, each cognitive task executed
in at the object level has a performance profile that is
continuously updated in the meta-level. The
performance profile is used to evaluate the results of
each reasoning task (Caro et al, 2017). According to
Caro, Gomez, and Giraldo, (2017) in CARINA, an
Algorithmic Knowledge Profile is a profile that holds
the local state of a cognitive function in the form of
algorithmic local state and is defined as a profile (P) of
a cognitive function (x) that consists of a data set A, a
set of algorithms a, and a feeling of confidence v, as
shown in:

Px=<A av>(1)

Where A represents the local state of the system
with respect to a cognitive function of object-level.
Data set A consists of the set of values related to the
processing and performance of the cognitive function
(x)-A={ID, B, E, S, C, IP, OP}, with:

ID is the identifier of the cognitive function.

B is the time stamp of when the cognitive function
was started.

E is the time stamp of when the cognitive function
is finished.

S is the state of the cognitive function,s S and S
= {active, inactive}
C is the priority level for focus attention ¢ C and

C = {low, medium, high}.

IP is the set of parameters used as input of the
cognitive function.

OP is the output of the cognitive function.

However, it is necessary to add other components
to this data set (A) to achieve the objective of this

work, such as:

Opre iS the necessary precondition mental state in
order to execute the cognitive function.

Opost iS the postcondition mental state generated
after cognitive function is executed.

y is the goal of cognitive function.

Cy is the set of subgoals that belongs to the main
goal of cognitive function.

2p is a set of rules that were fired to achieve the
cognitive function main goal

b is a sequence of states that has been modified
by subgoals which belongs to cognitive function.

Caro, Gémez, and Giraldo, (Caro et al, 2017)
Affirm that the set of algorithms a represents the
behavior of a cognitive function, having as input a
local state at an instant of time. Given a local state <A,
ai, vi> in Py, the following possibilities can be found: i)
ai = {}, ii) ai = {a1}, iii) ai = {a1, ..., an}, with ai is an
algorithm. This point of view needs to be expanded,
conceiving a not as a set of algorithms but as a
Cognitive Tasks Space (I'Y), where the reasoner
traces paths in this space, ordering cognitive tasks in
a specific sequence according to goal that cognitive
function wants to achieve:

'Y =ai={a1, ..., an} where ai is a cognitive task

Each cognitive function triggers a feeling of
confidence v associated with the correctness of the
decision of use a having as input A, with ve Nand N =
{low, medium, high}. The meta-level keeps an updated
model of the object-level called the “self-model” (M. T.
Cox & Raja, n.d.), (Caro et al, 2014), (Sun, Zhang, &
Mathews, 2005b). An Intelligent System with
metacognitive abilities makes explicit its components,
capabilities, actions, precepts, and internal state
information in its self-model (Madera-Doval &
Cardozo-Soto, 2018). According to Caro, Gbmez, and
Giraldo, (Caro et al, 2017) this self-model is based on
an internal representation of the reasoning processes
that occur at the object-level. This same author
affirms that the Self-model (Sm) consists of the set of
elements that store information about the reasoning
process at the object-level.
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Sm={D, T, M, J}, with:

D is the set of computational data generated by
cognitive and metacognitive task.

T is the set of Reasoning Traces generated by
reasoning and metacognitive tasks. T is the topic
which in this research is referred.

M is the set of performance profiles used to
evaluate the results of each cognitive function or
strategy.

Metacognitive judgments J) represent
assessments performed at the meta-level about
events that occur in object-level. Metacognitive
judgments are triggered when the knowledge is
acquired (M. T. Cox & Ram, 1999), in our approach
this is referred when the algorithmic knowledge profile
is updated (Caro et al, 2017). Reasoning Traces
belong to Self-Model structure as observed. Next
chapter explains the formal representation of this
Reasoning Traces of cognitive function Perception in
CARINA. Before describing how this Reasoning
Traces are represented, it is necessary to observe in
detail the internal behaviors of cognitive function
Perception in CARINA. These internal behaviors (Fig.
2). For this research we have represented these
behaviors of the cognitive function perception (goals,
mental states and actions) through of M++.

A goal is an objective the system under
consideration should achieve.

Mental states are variables Booleans that can be
true or false. (Caro et al, 2018)

Action is a class of events; viewed intuitively, those
that result from the activity of some agent or agents in
accomplishing some goal (Georgeff, 1984).

In figure 2 each goal, mental State, action, pre-
conditional mental State and post-conditional mental
State that belongs to Perception Cognitive Function in
CARINA is shown. For example, Goal yy101 named
detected stimuli point to new stimuli is detected which
is Mental State c101. This Mental State is modified by
Action a101 named Read Stimuli, which in turn has
a Precondition opre named pre_read_stimuli. The
behaviors of Perception Cognitive Function in CARINA
are: yp106:

copy_input_fact BCPU; yp104:
save_input_fact_into_ssm; yp103:
copySMUtoBCPUinput(aSMU); yp102:
encode_input_fact; yp101:

read_stimuli; yp001:
perceive_stimuli_from_environment; c101:
new_stimuli_is_detected; c102:
input_is_read_from_sensor; c103:
input_fact_is_encoded; c104:
input_fact_is_saved_into_ssm; c105:
input_fact_is_copied_into_BCPU_input; cp001:
input_is_perceived; a101:

read_Stimuli (s); a103:
encode_SMU(inputData); a104:
save_SMU_to _SSM(aSMU); a105:
copy_SMU_to BCPU_input(aSMU).

Fig 2. Behaviors of Perception Cognitive Function in
CARINA

3 Formal Representation of Reasoning
Traces of CARINA Perception Cognitive
Function

A reasoning trace is a declarative knowledge
structure that captures the mental states and decision-
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making sequence in the action-perception cycle of a
cognitive agent. A reasoning traces in CARINA
perception cognitive function is composed of three
elements: goals ( ), mental states ( ) and actions ().
With a goal that points to a mental state and this
mental state is associated with an action, a reasoning
trace is a logical sequence of goals, and mental state
is associated with an action. Formally a Reasoning
Trace (pt) of CARINA’s Perception Cognitive Function
is a 5-tuple, i.e.:

pPT &< Y. 0, Q, opre, UP°5t> (2)

Where:
pT is a reasoning trace of cognitive function Perception
in CARINA. is a set of goals that belongs to CARINA
Perception Cognitive Function.

is a set of mental states that belongs to CARINA
Perception Cognitive Function.
o is a set of actions that belongs to CARINA
Perception Cognitive Function.
Opre IS a set of preconditional mental states that
belongs to CARINA’s Perception Cognitive Function.
Opost iS @ set of postconditional mental states that
belongs to CARINA’s Perception Cognitive Function
(Florez, Gomez, & Caro, 2018).

4 Representation of Reasoning Trace in
M++

M++ is a DSVL for modeling metacognition in
intelligent systems and incorporates two meta-
reasoning mechanisms, i.e., introspective monitoring
and meta-level control. In M++, the abstract syntax is
specified with MOF-based metamodels and the
concrete syntax is expressed by some mapping of the
abstract syntax elements to visual constructs (Caro et
al, 2018). The main artifacts of M++ are models
specified in a visual manner. In Fig. 3, section (A)
shows the icons used to represent object-level tasks
and section (B) displays icons representing elements
that interact with the tasks at object-level.

M-++ Notation

Object-Lewvel NMotation

Planning
Task

Reasoning
Task

Goal

Computational
Strategy

Computational
Data

Reasoning
Trace

Reasoning
Plarn

Action Plan

1)
AR % D3040

Fig 3. Main elements in M++ notation.

CARINA represents the problems that intend to
solve through Mental States. A mental state is a
representation that can build a plan for executing
tasks in order to accomplish a goal. The mental state
responds to events from the environment and infers
something (Isern, Gémez-Alonso, & Moreno, n.d.).
These Mental States are stored in its working memory
structure called “model of the world”. To achieve these
Mental States CARINA generates a series of Goals
stored in its motivational system. Goals are objectives
that drive a task or process+ *xx*. These Goals point
towards Mental States of working memory in order to
modify them through a plan composed by actions
located in its procedural memory. An action is a class
of events; viewed intuitively, those that result from the
activity of some agent or agents in accomplishing
some goal (including the achievement of desired
conditions, the maintenance of desired invariants, the
prevention of other events) (Georgeff, 1984) . Below, a
model based in M++ of the behaviors of Perception
Cognitive Function is presented. Goals, mental states,
actions as well as pre-conditional and post-conditional
mental states that belong to this cognitive function are
detailed. (Fig. 4)

The model of the world in CARINA is represented
through mental states in its working memory, defining
the current situation of problem and the ideal situation
where the problem has been already solved. In this
cognitive model, six mental states are specified, where
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"stimuli_is_perceived" mental state is the central
mental state of the cognitive model. This central
mental state is modified just if the others mental states
are revised in the following order:

stimuli_is_detected;

stimuli_is_read;

SMU _is_encoded;

Input_fact _is_saved_into SSM;

SMU _is_copied_into_BCPU.

Behaviors

Mental states

Action

readstimli

i ’/,mput fact_is saved_intn_ssM !
V1 )

Each goals that composes the cognitive model
point to a mental state having a current state and a
target state. These goals trigger actions that need
preconditions to modify the mental state which points
and generates effects that allow to continue with the
execution of next action until the central mental state
of cognitive model is modified.

A

M++

! : ‘ .m:*; rostrus

K (O? [e—ratramspn

H O Eorreb state->false
i

Visual Language for Designing
Metacognitive Systems

Fig 4. Representation of mental states, actions and goals in M++

5 Validation of the Model M++

M++ validation was performed on two dimensions:
potential usefulness and usability. For the validation
process, the following methods were used: Empirical
study based on user perception. In empirical study
the user perception about the quality of the M++
notation was measured [53]. A practical experiment
was used to verify the potential utility and usability of
M++ based cognitive model. The experimental study
was developed based on the designed parameters of
the software engineering experiments described in
the works of (Molina, Gallardo, Redondo, Ortega, &

Giraldo, 2013), (“‘Ethics in Research and
Experimentation,” n.d.), (Sjgberg et al., n.d.).

The objective of the experiment was to evaluate
the M++ notation with respect to the readability and
usefulness of the M++ based cognitive model. The
variables used to measuring the user perception with
regard to the quality of the notation are based on
(Sjgberg et al.,, n.d.), (“Ethics in Research and
Experimentation,” n.d.). (i) Perceived ease of read:
This variable represents a perceptual judgment of the
effort required to read M++ based cognitive models;
(ii) Perceived usefulness: This variable expresses the
degree to which a person believes that the use of
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M++ will achieve its intended objectives regarding the
appropriate representation of goals, mental states
and actions in cognitive model based in M++. This
table describes the codes used in figure 2

Table 1. Reading Perception

Graphical specification Professionals
Usability of M ++ to Mean

read cognitive models

1,57

Regarding the relation of the behaviors
represented in M ++, 85.7% of the experts considered
that the representation is adequate compared to
14.3% that did not consider it (Fig. 5)

Relation

100
80
60
40
20

) |

si no

Fig.5 Relation of the Behaviors Represented in M ++
6 Conclusions

The formal representation of a trace reasoning of a
specific cognitive function CARINA will allow
structuring the bases for the design of metacognitive
processes in CARINA architecture.

The relevance of this research lies in the
possibility of having basic structures that allow of
CARINA to "read" quickly what happens in the object
level of architecture. The relevance of this research
lies in the possibility of having basic structures that
allow to the metalevel of CARINA "read" quickly what
happens at the object level of the architecture and
that way in future studies can be built metacognitive
processes in architecture

Finally, with the realization of this research, the
mathematical  formalization and the stable
computational implementation of the introspective
monitoring mechanism based on reasoning traces of
reasoning of the CARINA architecture were
advanced.
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