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Abstract

A universal learner considered here is a cognitive agent that
can learn arbitrary schemas (understood broadly as
concepts, rules, categories, patterns, values, etc.) as well as
associated values, experiences and linguistic primitives,
with the help of a human instructor. The agent starts with a
limited number of innate schemas and limited innate natural
language capabilities. Through the process of bootstrapped
cognitive growth, the agent is expected to reach a human
level of intelligence in a given domain, plus have the ability
to communicate its experiences using natural language.
With certain constraints on the functional organization of
the agent architecture, this phenomenon can be regarded as
an emergent computational consciousness and should be
studied as a psychological phenomenon.

Introduction: Universal Learner Is the Key

Computational consciousness can be defined as a fully
functional computer-based implementation of features and
principles that constitute the essence of human
consciousness as we know it subjectively [1]: including the
self and its basic mental states, awareness of self and
understanding of other minds, mechanisms of voluntary
action, the four kinds of memory (working, semantic,
episodic and procedural), commonsense knowledge and
the general ability to learn, a system of values and feelings
and self-consistency over time, all integrated in one
embodied cognitive agent architecture.

A universal learner considered here is a cognitive agent
(an electronic student) that can acquire arbitrary new
knowledge from its own experience with the help of an
instructor. The agent should be able to use acquired
knowledge in further learning, with no a priori limitations
on its bootstrapped cognitive growth abilities. In addition,
it is assumed that the process of thinking and learning in
the agent is constrained by the architecture design in order
to make it consistent with human thinking and learning,
understood in the functionalist sense.

Trajectory connecting the two notions — an embryonic
universal learner and a true computational consciousness —
may be long, starting at a relatively small and primitive
cognitive system and ending at a very large and powerful
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one, yet it should not require a programmer intervention in
the middle. Given the structure of human knowledge, the
above assumptions lead to a prediction that the agent
should be able to reach a human level of intelligence
virtually in any domain of human expertise that it will be
able to explore autonomously, guided by an instructor.
This conclusion has strong implications: it means that a
breakthrough in artificial intelligence (AI) is possible
based on this approach, as soon as an efficient universal
learner can be implemented. The purpose of the present
work is to explain how a universal learner can be created
and to discuss scientific and philosophical implications of
emergent computational consciousness. Some necessary
conditions for a wuniversal learner are addressed
immediately below.

Internal Representations

In order to be able to learn a set of concepts from an
instructor, the agent should be able to represent them
internally. A problem is to find the right representation
system that would allow the agent to store any human
knowledge in a practically useful form. We previously
described a cognitive architecture [2] inspired by studies of
the human brain-mind, which can be considered as a
solution to this problem. It has four memory systems found
in the human brain: episodic, semantic, working and
procedural (Figure 1). They are unified by the cognitive
map that indexes memories. Our key building block is a
schema that is used to represent concepts in one universal
format. It can be conceived as a graph, in which nodes
represent cognitive categories. Instances of schemas
populate mental states, and mental states populate working
and episodic memory systems. As a result, this architecture
called GMU BICA can store arbitrary concepts, values and
personal experiences in its long-term memory [2-6].

Interface and Communications

In order to learn a set of concepts from an instructor, the
agent should be able to communicate with the instructor.
This can be done at a lower level: through observation and
interpretation of instructor’s behavior, or at a higher level.
Accordingly, possible agent’s interface channels can be
divided into lower level channels (e.g., vision, audition,
motion control) and higher level channels, for which we
assume that semantics of a message can be injected



directly into the architecture. We explained previously
[3, 4] that lower-level interface skills are not necessary for
the cognitive growth to start: they can be added later or
gradually acquired in the process of learning. Therefore,
achieving a human-level performance in lower-level
interface skills (including visual and auditory input
processing, motor output control, speech and gesture
recognition, natural language processing) should not be the
bottleneck in cognitive architecture design and evaluation.
On the contrary, having a human-competitive cognitive
core in the embryo architecture [6] is vital for the
bootstrapped cognitive growth to start. In particular, we
showed in [3, 4] how the paradigms of psychological
testing can be adapted for intelligent agents that may lack
lower cognitive and behavioral skills, as well as human-
level communication abilities. Nevertheless, the ability of
an instructor to explain a new concept to the agent is
critical and should be supported by the cognitive embryo.
Natural language provides a natural, efficient and universal
means of communication with a human instructor.
Therefore, it is highly desirable, if not necessary, for an
efficient universal learner to be able to acquire natural
language, starting from limited innate capabilities. The
GMU BICA architecture allows for an efficient internal
representation of virtually any semantics that can be
expressed using natural language [6, 7]. We see a solution
in an agent that learns concepts and simultaneously
associates with them elements of language in one and the
same interactive teaching paradigm.

Cognitive Task and Domain

Implementation of cognitive architectures is the only
visible road to computational consciousness. In order to
create an implementation of a cognitive agent, one needs to
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select a life paradigm for the agent: its world, embodiment,
needs and desires, expected functional role, etc. When the
paradigm is selected, it becomes a task on its own, most
efficient solutions for which may not look like anything
that we would call alive, genuinely conscious and
intelligent, and their implementation may prove nothing
new related to computational consciousness. It looks like
we have a catch-22 problem. In order to break this cursed
circle, we need to reject the paradigm of finding most
efficient solutions for well-defined problems as a paradigm
of research. Still, we need to select a specific task in order
to make a simplest step forward through implementation,
but solving the selected task per se should not be the goal
(therefore, traditional problem solving criteria for success
may not be useful here). The actual scientific goal is to
create and to study the emergent phenomenon of
computational consciousness, regardless of its immediate
practical usability. This ideology underlies the selection of
examples described below.

GMU BICA: Overview and Future Directions

In order to build a universal learner, our team at George
Mason University supported by a DARPA BICA Grant
implemented a rapid prototype of the GMU BICA
architecture [2-6]. Figure 2 shows a rapid prototype of
GMU BICA in action. In this scenario an agent represented
by a red dot navigates an indoor environment. It learns
features of the environment, their associations with
location, as well as possible moves between locations in
the environment. From this information the agent builds a
cognitive map, so that later on the agent will be able to find
a shortest path to a specified feature in the environment.
When the acquisition of the cognitive map is completed,
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Figure 1. Building blocks of the architecture. A, B: two representations of a schema; C: cognitive map; D: working
memory populated by mental states. Episodic memory is organized similarly to working memory, and semantic

memory is a collection of schemas.
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Figure 2. Left: GMU BICA agent (red dot) finds a specified object (sofa) after learning the environment. The task is
solved with the help of a cognitive map (right).
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Figure 3. Components of GMU BICA in action: working and episodic memory (top left), the driving engine (bottom
left), the environment (top right), the input-output buffer, procedural memory (bottom right) and semantic memory
(bottom center).
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the agent receives a request to find the sofa. Starting from
the bedroom, the agent finds a shortest path to the goal: a
location from which the sofa can be seen. All reasoning
involved in this task is done with the cognitive map that
learns spatial relations among features of the environment.

Figure 3 illustrates dynamics of the architecture
components in another paradigm. In the top left corner are
two components: working and episodic memory of the
agent populated by mental states. Each mental state is
shown as a white box populated by instances of schemas:
concepts of which the agent is aware in this mental state.
Mental states are shifted according to their perspective
modification due to the subjective time flow, and
eventually they reach episodic memory. The input-output
component linked to the procedural memory is shown in
the bottom right corner. Instances of schemas populate the
input/output buffer. Simultaneously, the related schemas
and the corresponding elements of the cognitive map
become activated. This is shown at the bottom. In the
bottom left corner, alternating states of the Driving Engine
that runs all components of the architecture are
represented. The virtual environment with the agent in it
(the red dot) is shown in the top right corner. Behavioral
paradigms gradually change from simple to more complex.

At some point of the scenario the agent discovers a
‘playmate’: a blue dot that represents another agent in the
same environment. Therefore, our BICA agent (the red
dot) starts simulating mental states of the other agent and
engages in a pretend play, during which it intermittently
tries to capture or to escape from the playmate. In this
game, the agent learns to recognize intentions from
behavior and to achieve goals in paradigms involving other
minds.

Figure 4. A bootstrapped learning paradigm.
The virtual robot receives verbal instructions
and based on them develops new schemas.

Figure 4 is a snapshot of a scenario that demonstrates the
advantage of bootstrapped cognitive growth. The idea is to
learn new schemas step by step, when more complex
schemas are built from previously learned simple ones.
The agent learns from human instructions in one simple
paradigm, in which the task is to move the box from Roof
A to Roof C. As our simulation shows, it is practically
impossible to achieve this goal by random exploration of
all available actions, no matter how much time is spent.
With bootstrapped learning, however, the goal is reached
in a few steps. In this imaginary scenario, the robot is
instructed by a human and learns action schemas by
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generalizing human instructions. Each previously learned
schema can be invoked by a verbal reference to it and later
becomes a part of a new, more complex schema. For
example, at the beginning, the robot learns how to go to a
certain object and how to move a certain object to a certain
place, when there are no obstacles. When this step is
completed, the robot can learn how to move the box from
one roof to another, using the plank as a bridge. Here the
trick is to shift the center of mass of the plank by placing
the box on one end of it. The robot does not understand the
physics of this procedure, but can learn it from human
instructions. Having mastered this action schema, the robot
can deliver the box anywhere in the given environment.

In summary, the agent can have a universal learning
capability, if it can construct arbitrary schemas in its mind
using major paradigms of learning: from instruction, from
observation of an example of behavior, from guided
exploration, and from analysis of episodic memories. In the
above example, the agent learns from instructions using a
schema template for representing them. A future direction
for GMU BICA should be the addition of limited innate
language skills together with the ability to acquire
linguistic primitives and associate them with new learned
concepts in an interactive teaching paradigm.

Comparison with Related Architectures

Related cognitive architectures, e.g., LIDA [8], CLARION
[9] and ACT-R [10], offer similar capabilities, yet in our
view they are not sufficient to evolve a computational
consciousness: in contrast with GMU BICA, they lack the
human-like self [1], and their knowledge representation
format imposes severe limitations on learning abilities.

Discussion: An Old Philosophical Problem
and Its Proposed Solution

Suppose we have implemented a universal learner. When
should it be considered conscious? It seems that the
boundary between Nature and artifacts, between neuronal
and silicon bases of information processing is fuzzy. For
example, when a speaker at a neuroscience conference
describes a modern experimental setup, one may not notice
the moment when (s)he stops talking about information
flow in a biological substrate and starts describing
information flow in a silicon or metallic substrate, or vice
versa. Where is the real boundary of the substrate of
cognition? What parts of the system may have subjective
experiences? Let us look at a more general problem. Our
attribution of subjective experiences to other people is
arbitrary and subjective. Their actual experience may be
different or may not be present, or may be present in 50%
of all cases, etc., with no consequences for any objective
measurement conducted within the framework of modern
empirical science (as pointed by Chalmers [11]), because
this science does not have a room for subjective experience
per se as a subject of study. The questions “how does an
object look from an outside” and “how does it feel from



inside” are not reducible to each other. E.g., for me the fact
that I happened to have a “feeling from an inside” is not an
illusion. But I cannot infer from any present scientific fact
that the same statement about another brain is not an
illusion. There are at least two possibilities left, and
nobody can resolve them by measurements within the
modern scientific paradigm.

It appears, however, that the Hard Problem [11]
understood in this sense can be solved in exactly the same
way as any of the “Easy Problems”: using the classic
paradigm of empirical science, although on a new turn of
the spiral of evolution, with the new science of the mind
that has to be created. The job is not done automatically by
describing neuronal dynamics of the brain in every detail,
from the molecular level to the system level. Moreover, it
is not sufficient to stipulate that consciousness emerges at a
certain level of complexity [12]. To solve the problem, it is
necessary to treat experiences as an element of Nature and
a (new) subject of study, to introduce new axioms, new
paradigms of measurement and new metrics for them.

The “old” scientific method, no matter how rigorous and
well-grounded it seems, is in fact based on a set of beliefs:
(1) that experiences reflect elements of reality; (ii) that
reality obeys simple laws, and (iii) that one can develop
general knowledge by empirically testing parsimonious
hypotheses. The new turn of the spiral follows the same
logic, starting with an observation that there is a different
kind of experience: “conscious higher order thoughts” [13,
14] that convey information about experiences themselves.
Accepting this fact of observation, we can postulate that (i)
higher order thoughts reflect our experiences that are
elements of reality; (ii) experiences obey universal laws
that can be learned and stated as theories, (iii) by the
parsimony principle, physical systems with similar
functional organization must have similar experiences. The
last axiom is known as the principle of organizational
invariance (POI [11]). It allows us to make a connection
between the two sciences — and between the two kinds of
consciousness, too. No further “proof”, “explanation” or
reduction of consciousness is necessary.

From this point of view, a universal learner becomes a
computational consciousness when it reaches a level of
functional organization that is a characteristic of the human
mind. In human development, there is a connection
between first memories of conscious experiences and
development of the self. Therefore, the presence of a
human-like self [1] cold be a criterion for consciousness
that is applicable to artifacts. A functionalist model of the
human-like self is built into GMU BICA; therefore, a
universal learner based on this architecture can be expected
to develop full functionality of the self by learning (about
its own mind rather than about its body or environment).

A necessary fundamental tool suggested by this logic is
a metric system to be used for semantics of subjective
experiences, and here our semantic cognitive map concept
comes to the rescue. The underlying general idea is that it
is possible to represent semantic relationships among
symbolic representations quantitatively, using geometrical
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concepts such as distances and angles. Generally, a
semantic cognitive map of a given representation system
can be defined as an abstract metric space onto which the
given set of representations is projected, such that the
dimensions and the metrics of the space reflect semantic
relationships among the representations (compare with the
qualia space concept discussed by Tononi and Edelman
[12]). These representations can be, for example, schemas
or words of natural language. The idea is not new: it was
considered in cognitive psychological literature and
dismissed a long time ago [15]. Nevertheless, the notions
of a semantic space and semantic cognitive mapping
remain a hot topic [7, 16] and acquire rapidly increasing
popularity.

In summary, here is the answer to the question at the top
of this section. The axiom of POI together with the self
concept defined within the new science of mind will allow
us to detect a point at which a universal learner will
develop a self with its own, computational consciousness.

Conclusions

Imagine that you sit at your own computer, open a window
of an application, and type: “I want you to write a program
that computes the number of topologically distinct trees of
N nodes”. What will happen? Either nothing or you will
get an error. It would be a miracle if, as a result, you would
see a Java code that solves the problem. This miracle can
happen, if one starts with the right agent architecture and
teaches it step by step, and the first task that this agent
would solve could be much more primitive than the above
example.

In summary, the field of computational consciousness
can be contrasted with the field of problem solving in Al
along several lines.

* A goal in problem solving is to solve problems. Success
is measured in the number and the quality of solutions.
In computational consciousness, the selected problem
and the quality of its solution are relevant to the goal of
computational consciousness no more than the selected
piece of paper and the quality of the ink are relevant to
the content of the letter. The goal in computational
consciousness research is to create and to study the
phenomenon of computational consciousness.

* A goal in problem solving is to integrate new developed
tools and to grow powers of machine intelligence bigger
and higher. In contrast, a goal in computational
consciousness is to come up with each new cognitive
embryo design smaller and more primitive than its
predecessor, separating the vital cognitive core from
peripheral components that are not critical, while
maintaining the requirement that one embryo should
potentially be able to solve all problems in the world.

 Intelligent agent architectures intended for problem
solving are designed to serve specific purposes in
specific paradigms. In contrast, the goal and the
paradigm of a particular human life are uncoupled from



the human evolutionary origin and genetic design. For
example, a function of a particular human life could be
to create a quantum computer, while this goal would not
make any sense in the epoch when the human genome
evolved. The fact that a human can, in principle,
independently choose and achieve higher goals that are
not a part of the human design separates human
consciousness from lower animals and from automata.
Therefore, if we are ever to create computational
consciousness, we must be able to replicate this same
feature in a machine. A way to do this is by starting with
a universal learner designed as a parsimonious cognitive
embryo representing a critical mass of learning
capabilities.
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