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Abstract. I review herein some of the research directions in cognitive science, with a
focus on artificial intelligence, connectionism, computational neuroscience, and artificial
life. Further, I argue for developing research in these areas in Romania, as it may be
conducted without expensive equipment, may benefit from existing skills in computer
science and physics, and may generate innovative, high return applications.

1 Introduction

Cognitive science has emerged a few decades ago as an interdisciplinary field of research dedicated to the
study of intelligence and intelligent systems, either natural or artificial. Psychology, neuroscience, artificial
intelligence, linguistics, philosophy, and anthropology interact all within cognitive science toward
developing an integrated theory of the brain and cognition.

First, I will review the present situation in the field, after briefly describing its historical evolution.
Limited by the scope of this paper, I will focus mostly on the computational approaches to the study of
cognition. They are somewhat closer to yield practical applications, but other branches of cognitive science
have equal scientific importance, and results from all of them must be integrated in the development of
computational models. In the second part of the paper, I will argue for the potential importance of the
development of cognitive science in Romania. References to bibliography and internet resources will be
presented.

2 A review

2.1 The beginning

The birth of cognitive science is considered to be a conference at MIT in 1956, where the talks of H. A.
Simon, A. Newell, N. Chomsky and G. Miller suggested that experimental psychology, theoretical
linguistics, and computational simulations of cognitive processes are parts of a unified whole. A Center for
Cognitive Studies was established afterwards at Harvard. In 1976 the newly-founded Cognitive Science
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Society [1] started to publish the journal Cognitive Science, thus institutionalizing the emergence of the
new research field.

2.2 Traditional artificial intelligence; symbolic systems

The first years of cognitive studies were particularly marked by the influence of the computer, that was a
relatively new technology at that time. Intelligent behaviour was oftenly viewed as computation. It was
thought that human intelligence is achieved by symbolizing external and internal situations and events and
by manipulating these symbols according to syntactic rules [2, 3, 4]. The supporters of this so-called
cognitivist or functionalist approach sustained that once the good algorithms and ways of representing
knowledge in symbols would be found, intelligence can be implemented in any kind of computing
machines, like computer software, regardless of the hardware implementation. Until the 80's, most of the
models in cognitive science and cognitive psychology were inspired by the functioning of the computer and
phrased in computer science and information processing terminology; some of these models continue to be
backed today by their supporters. Representational structures such as feature lists (for example,
CHAIR[seat, back, legs]), schemata and frames (knowledge structures that contain fixed structural
information, with slots that accept a range of values), semantic networks (lists and trees representing
connections between words) and production systems (a set of condition-action pairs used as rules in the
execution of actions) were used to explain and simulate on computers cognitive processes [5, 6]. It was
proposed that problem solving is accomplished by humans through representing achievable situations in a
branching tree and then searching in this problem space [7]. It was also proposed that objects are
recognized by by analysis of discrete features or by decomposing them in primitive geometrical
components [8]. In robotics, the efforts were directed towards building internal models of the world, on
which the program could operate to produce a plan of action for the robot. Plans of actions needed to
achieve a goal were represented, for example, as drink (move (mouth, pickup (cup, start-state))).
Traditional research in natural language processing (NLP) is also based on symbolic approaches [9].

The methods of this so-called Good Old Fashioned Artificial Intelligence (GOFAI) had some
impressive successes in certain domains; however, these successes are limited. Based on those methods,
programs were built that solved problems and proved theorems from logic and geometry. However, they
depend on humans for converting the problem in a representation suitable for them and are confined to
domains where knowledge can be easily formalized. Expert systems are widely used in the industry for the
planning of the processes, but once the situation gets out of their ontology, they have no capability of
dealing with it. One of the best known expert systems is MYCIN [10], a program for advising physicians
on treating bacterial infections of the blood and meningitis. An example of MYCIN's limitations is to tell
MYCIN that that Cholerae Vibrio was detected in the patient's intestines. The system will recommend two
weeks of tetracycline and nothing else. This would probably kill the bacteria, but most likely the patient
will be dead of cholera long before the two weeks. However, the physician will presumably know that the
diarrhea has to be treated as well [11].

The defeat of the world chess champion, Garry Kasparov, by the Deep Blue computer in 1997 was
widely publicized [12]. Another expert system, a recent computer program built on the FORR architecture
[13] is capable of learning and successfuly playing several types of games. However, a program that would
beat a professional go player is still yet to be built, because the search space is much bigger in go than in
other games. This is a good example where traditional methods fail.

Research in NLP have led to programs that are able to search and summarize text, to translate
automatically, and to chat with a human partner. The state of the art programs in this field can be easily
tested on the web [14, 15]: neither the word-by-word translation, nor the grammatical analysis of the phrase
structure are enough to understand natural languge. These problems point to the fact that understanding of
the semantics and information about the context are crucial. The comercial Cyc project [16], still under
development, struggled for more than ten years to build a huge semantic net that would cover the
commonsense knowledge of an ordinary human. In spite of the huge quantity of information fed into
computers, the results are well below expectations.

In general, most intuitive human knowledge still resists formalization, including that involved in
comprehending simple stories or simple physical situations. Current artificial systems are usually brittle, in
the sense that they are unable to adapt to situations unforeseen by their programmer. Many day-to-day
human problems seem to have unmanageable computational complexities for systems designed in the
framework of classic artificial intelligence (AI). Though it was proposed at times that the human brain
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functions under similar principles, there is little direct evidence that symbol systems underlie human
cognition [17]. Problems of those types of systems will be also discussed in section 2.5.

2.3 Connectionism and neural networks

The brain was an alternative source of inspiration for models of cognition. In 1943, McCulloch and Pitts
[18] proposed a very simple model of a neuron as a binary threshold unit. They proved that groups of these
units can compute logical functions and are capable in principle of universal computation. In the 60's,
Rosenblatt [19] and Widrow and Hoff [20] studied the perceptrons, groups of units organized into layers
with feed-forward connections between one layer and the next. For the simplest class of perceptrons
without any intermediate layers, Rosenblatt showed the convergence of a learning algorithm, a way to
change the weights of the connections between the units iteratively so that a desired computation was
performed. This triggered hopes that such machines could be a basis for artificial intelligence. In 1969,
Minsky and Papert [21] showed that some elementary computations, like the "exclusive or", cannot be
performed by the one-layer perceptron, thus deflecting the attention of the mainstream scientific
community from this direction [22]. However, important findings of Anderson, Kohonen, Hopfield and
others [23] related to neural networks emerged in the meantime. Further, the backpropagation method
proposed by Rumelhart and McClelland in 1986 [24] pushed this paradigm back into the mainstream
research. The backpropagation method is an algorithm for adjusting the weights connecting units in
successive layers of multi-layer perceptrons which solves many problems that are above the capabilities of
the one-layer perceptron.

Artificial neural networks consist of large numbers of simple units (simulated on computers, or
sometimes implemented in sillicon electronic circuits) that vaguely ressemble neurons (their activation is
dependent on the weighted sum of the activations of the units that link to them). The activation function is
usually nonlinear, corresponding to an activation threshold that is present in real neurons as well.
Processing takes place through the propagation of activations between the units, via connections. Learning
occurs by the adaptation of the connection weights [25].

The so-called connectionist or parallel distributed processing (PDP) models of cognition are
widely used to explain a wide range of cognitive phenomena such as perception, memory and learning [24,
26], language [27], reading [28] and cognitive development [29]. Artificial neural networks are also used
by engineers for tasks such as character recognition (OCR), speech recognition, interpretation of images,
and even for controling damaged military planes [30] or to control a robotic cat [31]. Connectionist models
have had considerable success in many areas of cognition, but higher cognitive functions, such as reasoning
and problem solving, are still to be developed.

2.4 Computational neuroscience

The classic artificial neural networks, although originaly inspired by their biological counterparts, differ in
many ways from them. The supervised learning methods used in connectionist models, where the error of
the network's output is "backpropagated" through the layers, are unrealistic because the real neurons can
use only information that is available locally, i.e. the firing of the neurons that connect to them and the
surrounding biochemical environment. More biologically plausible learning rules are those originally
proposed by Hebb [32], where, for example, a synapse increases in stregth when there is coincident
presynaptic and postsynaptic activity. This is possible through the mechanisms of long term synaptic
potentiation [33, 34]. Many models use the firing rate of the neurons as the basic parameters; however, in
many situations the exact timing of the spikes proves to be important, or the reaction time of the brain to a
stimulus corresponds to the propagation of a single spike [35]. These imply that there is a need for
simulating the evolution of the neuron's potential on a finer timescale [36, 37]. Also, the dependence of a
neuron's activation on its inputs is usually more complex than a simple addition [38, 39, 34]. Strictly
feedforward architectures used in many connectionist models are not found in real brains. Recurrent neural
networks are therefore considered to be more realistic. Moreover, the number of neurons in the brain
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largely outnumbers the number of units in classical connectionist models and in any detailed simulation
possible today.

The relatively recent field of computational neuroscience [40] proposes itself to build realistic
computational models of the neural mechanisms, by closely following empiric findings from the
neurosciences. It is assumed that the emergent cognitive capabilities of the brain are high-level effects that
depend in a systematic way on the lower level phenomena. Computational neuroscience methods were
successful in modeling some relatively low-level cerebral modules and functions. For example, a recent
neural network model of the perirhinal cortex achieves accurate familiarity discrimination of stimuli, also
showing activity patterns of the simulated neurons that are very similar to those recorded from the brains of
primates [41]. This model predicts that the memory can discriminate the familiarity of about 108 patterns
(while only about 105 patterns can be recalled at will, as other models have shown). Another recent model
[42] explains the geometric visual hallucinations seen by many observers after taking hallucinogens, as
emerging patterns of activity in the primary visual cortex.

2.5 Embodiment, situatedness, a-life

Results from a wide range of domains within cognitive science recently converged to express the need for
“embodied” or “situated” theories of cognition, as opposed to the approaches that consider that all the
aspects of human intelligence can be captured by symbol processing. It is considered that a genuine
intelligent artificial agent must have a body, existing as a physical entity in the real world, and must be
embedded in the situations it can conceptualize, by acquiring information about its environment through its
sensors and interacting with the environment through effectors. Abstract concepts are also grounded in this
interaction.

It was argued by Bickhard that symbolic representations only cannot provide representational
content for the cognitive systems that use them [43]. Symbolic representations are the main components of
classical cognitivist models, but also used in many connectionist models where the inputs or the outputs of
the networks are symbols. They represent actual content for external observers, like the designer or the user
of classic artificial intelligence programs, but not for the programs themselves. Other problems of symbolic
accounts of cognition were raised by Harnad [44] and Clancey [45].

Barsalou [17] also recently proposed a perceptual approach to higher functions of cognition. It is
argued, based on experimental facts, that even abstract reasoning does not need the assumption of an
amodal symbol system, but that all concepts, even the most abstract ones, are ultimately grounded in
perceptual and motor mechanisms. This is also supported by brain imagery studies of the activations
produced by words representing objects or animals [46]. Indurkhya [47] proposed a detailed model of the
grounding of concepts in sensorimotor input that explains the understanding of metaphors, models and
analogies. Some other recent studies focused on the embodied nature of mathematical concepts [48, 49, 50,
51].

Bickhard [43] proposes, with philosophical arguments, that genuine representation that overcomes
the problems of symbolicism can emerge in goal directed embodied cognitive agents that are in dynamical
interaction with the environment that is represented, via sensors and effectors. This interactivist proposal
converges with an independent trend in robotics, motivated by the problems of the classical approaches,
which considers that intelligent behaviour can be generated without explicit (symbolic) reasoning systems
[52], with Varela's enactivist proposal [53], based on philosophical and biological arguments, and with
O'Regan's [54] proposal suggested by experiments in human vision and sensorimotor adaptation. It seems
then that research in artificial life (a-life), a research field that builds models of agents inspired by
biological reality, embodied either as robots that interact with the real world or in simulated environments
[55, 56, 57] and usually controlled by neural networks may be the way to get genuine artificial intelligence
[58]. More developed reviews of the evolution of constructivist and embodied theories of cognition and
their recent convergence can be found in [59] and [60].
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3 What about Romania?

In Romania, psychology and related fields were banished by the former communist regime. After the fall of
communism, the newly-established national Cognitive Science Association [61] has organized several
summer schools to promote cognitive science. Some psychology university departments continue to
actively promote a cognitive approach to psychology while some philosophy departments are also
interested in issues relevant to cognition. However, research in cognitive neuroscience seems not to be
developed due to lack of expensive equipment needed for neuronal recordings or brain imagery.

Research in artificial intelligence, including neural networks and genetic algorithms, has been
conducted in computer science and engineering departments, which have been traditionally competitive in
Romania. However, these studies were usually concerned with engineering or formal approaches, paying
little attention to results from cognitive science or neuroscience. More generally, the lack of flexibility of
the Romanian academic system, that discourages rather than promotes interdiciplinary research, and the
relatively scarce incentives for internationally competitive research has hindered interdisciplinarity, a
definitory element of cognitive science. Moreover, the government does not promote cognitive science
research, which is not mentioned at all in the programs of the governmental department concerned with the
research [62], in harsh contrast with international efforts in support of cognitive studies and neuroscience
(e.g., [63]). This situation has obviously lead to underdevelopment of cognitive science in Romania.

However, out of the three research areas that currently seem to be the most promising in the light
of their potential applications - artificial intelligence, genomics / proteomics and nanotechnology, only the
former may be conducted without expensive laboratory equipment. Computers, internet access to
information and specialty journals, eventually some cheap sensors and motors to test real implementations
in robots, is all that is needed besides sustained work and creativity. Computer skills are not lacking in
Romania, which is a big advantage in comparison to the situation from many western countries. The
domain may also benefit from people trained in physics, as many modeling methods in computational
neuroscience and neural networks are borrowed from physics.

The information technology (IT) sector is already a major industry in Romania, generating
relatively important revenues and profits. The government declaratively supports its development.
However, with a few notable exceptions, most of the current revenues come from outsourcing activities
performed for western companies. This situation, although temporary beneficial, may yield long term
problems generated by lack of capitalisation of intelectual property and market share, like overdependence,
impredictibility and instability [64, 65]. Innovative applications generated by computational intelligence,
such as real-world robotics, object recognition, and information search and production techniques may
provide means to overcome this situation. With relatively little seed capital for development combined with
professional marketing and management, these applications may yield products with high profit margins
that could be marketed internationally without the need for expensive infrastructure. Research in cognitive
science may yield not only computational applications, but also applications in domains like new
educational methods and principles, user interface design, improvement of human factors or the treatment
of neurologically impaired patients. Paradoxically, for a country without many financial resources, plenty
of capital for high potential companies is available in Romania, but the venture capitalists are not currently
able to find enough competitive and well managed projects [66, 67]. The lack of qualified commercial and
management specialists in IT is indeed a problem that could be overcome on short term through intensive
training abroad, and on long term by improvements in the quality of business studies in Romania.

We have seen that straightforward modeling in traditional artificial intelligence has fundamental
limits. Results from the other areas of cognitive science, such as neuroscience and psychology, should be
considered in detail within an interdisciplinary framework. Because computational intelligence can lead to
higly profitable applications with relatively little investment, we consider that cognitive science
development in Romania deserves better support, both through promotion of interdisciplinarity among
scientists, as well as financial or administrative support from government or private companies.

4 Conclusion
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Cognitive science is a diverse and dynamic research field, where multiple paradigms interact in
interdisciplinary sinergy. Computational approaches to the modeling and study of cognitive functions have
led to several research directions, such as classical artificial intelligence and robotics, connectionism,
artificial neural networks, computational neuroscience, a-life or the emerging computational
neuropsychology [68]. Development of computational intelligence research in Romania, in close
connection with cognitive science as an interdisciplinary field of research, should be supported as one way
to enhance the country's international scientific and economic competitiveness.

5 Further readings

5.1 General cognitive science

A history of the early days of cognitive science is presented in [69]. Introductions to cognitive science are
[70, 71] (though somehow biased by the symbolicist computational perspective on cognition). [60] is a
textbook of embodied cognitive science. A comprehensive review of all the domains of cognitive science is
[72], also available online. About 250 cognitive science books from MIT Press are available online [73] for
a relatively small fee. Some relevant journals are Behavioural and Brain Sciences1, Cognitive Science,
Trends in Cognitive Science, Cognition2. CogPrints is an open e-print archive for cognitive science.

5.2 Neural networks, computational neuroscience

[23, 74] are collections of the papers that established the field of neural networks or significant directions
of research within the field. [22, 75, 76, 77] are introductions to classical artificial neural networks. [25] is a
comprehensive review of the field of neural networks. [40] is a discussion of the foundational ideas of
computational neuroscience. [33] discusses firing rate neural network models that agree with biological
data. [78] exposes the neural network models inspired from statistical physics and attractor networks as
memories. An introduction to spiking models of neurons may be found in [36]. Quantitative descriptions of
the structure of the cortex can be found in [79]. [80] also presents descriptions and models of the cortex.
[81] is a collection of recent results from computational neuroscience. The main journals of the field are
Neural Computation, Neurocomputing, Neural Networks.

5.3 Cognitive neuroscience

Michael Gazzaniga has edited a series of comprehensive reviews of cognitive neuroscience: [82, 83, 84, 85,
86]. Other specialized references are [87, 88, 89]. Relevant journals are Journal of Cognitive Neuroscience,
Learning and Memory3.

5.4 Neuroscience

Comprehensive, up-to-date information from neuroscience may be found in [34] and [90]. Relevant
journals are Journal of Neuroscience3, Neuroscience, Nature Neuroscience, Nature Reviews Neuroscience,
Annual Review of Neuroscience, Brain4, Cerebral Cortex, Trends in Neurosciences, PNAS3.

                                                          
1 Target papers are available online free of charge
2 Brief articles are available online free of charge.
3 Articles older than one year are available online free of charge.
4 Full text is available online free of charge.

http://www.bbsonline.org/
http://www.elsevier.com/locate/cogscion/
http://www.trends.com/tics/
http://www.elsevier.nl/homepage/sah/cognit/menu.shtml
http://cogprints.soton.ac.uk/
http://neco.mitpress.org/
http://www.elsevier.nl/locate/neucom
http://www.elsevier.nl/inca/publications/store/8/4/1/
http://jocn.mitpress.org/
http://www.learnmem.org/
http://www.jneurosci.org/
http://www.neuroscience-ibro.com/
http://www.nature.com/neuro/
http://www.nature.com/nrn/
http://neuro.annualreviews.org/
http://brain.oupjournals.org/
http://cercor.oupjournals.org/
http://www.elsevier.nl/inca/publications/store/4/0/5/9/1/9/
http://www.pnas.org/
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5.5 A-life

[91] offers a comprehensive online collection of a-life resources. [55, 56, 57, 92] are collections of papers
from a-life conferences. Some relevant journals are Artificial Life, Artificial Life and Robotics, Adaptive
Behaviour.
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