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1      Introduction

In cognitive science, we are currently witness to a fundamental paradigm shift. In the early days of artificial intelligence and cognitive psychology, cognitive processes were assumed to be based on algorithmic computations controlled by formalizable rules which act upon quasi-propositional knowledge about the external world. In recent years, however, more and more cognitive scientists have couverted to the idea that functions like perception, problem-solving or memory emerge from complex interac​tions in highly distributed neuronal networks which, unlike conventional information-processing systems, are shaped by learning and experience-dependent plasticity. In such networks, information processing does not follow explicit rules, but is based on the self-organization of patterns of activity. This paradigm shift is motivated by the apparent inability of classical models to account for many facets of cognitive processes and, in addition, by their lack of biological plausibility. In the present paper, we will briefly describe this paradigm shift as it occurs in the neurobiology of perception, with particular reference to the visual system. In addition to demonstrating crucial differences, we will elaborate basic conceptual assumptions which are common to both the classical neurobiology of per​ception and to the more recent connectionist framework. We will then attempt at developing a critical perspective on these key assumptions and suggest that they possibly need to be modified in several respects to account more appropriately for the phenomenoiogy of perceptual pro​cesses.

2     The Cognitivist Paradigm: Brains as Serial Computers

Certainly, the pioneering studies of David Hubel and Torsten Wiesel are among those pieces of work which have been most important for the foundation of modern visual neurobiology. In several respects, the conclusions they drew from the investigation of the response properties of neurons in the visual cortex had a long lasting and deep impact on the view that neurobiologists have of perception.
 First, they contributed to the con​cept of the receptive field by demonstrating that neurons in the visual System respond to stimulation only in a circumscribed sector of the vi​sual field. Second, they discovered that receptive fields can be structured in certain ways and prefer certain stimuli over others. This finding lead to the notion that sensory neurons act as feature detectors and established the idea that patterns of neuronal activity can be considered as representations of objects or events in the external world.  Third, they proposed that features of objects are processed in a hierarchical fashion, and that neurons can aquire more complex response properties by integrating the computational outputs of cells responding to simple features, such as oriented edges or moving corners. In a seminal paper, Horace Barlow generalized this set of hypotheses to a full-fledged theory of object recognition.
 He suggested that progressive convergence of the outputs of feature-detecting neurons through a hierarchy of processing stages could finally yield cells with highly specific response properties. According to this hypothesis, even complex objects, such as one's own grandmother, could be represented by the activity of single neurons. As described by Barlow, this "grandmother cell doctrine" has several important conceptual implications: First, information processing is assumed to be strictly serial and to occur in a purely feed-forward manner.  In addition, pro​cessing is highly localized and, at least in higher processing stages in the visual system, only a few specialized cells are assumed to be active at any time.   Second, individual neurons are considered as relatively complex computational nuits. Being the substrate of mental representations, they constitute the "semantic atoms" of brain activity, whose meaning is independent of the activity of other neurons in the cortical network. Third, according to this framework cognitive processes are tightly correlated with the behaviour of single neurons. Barlow postulated that activation of the respective "grandmother cells" should be both necessary and sufficient to account for the occurrence of phenomenal states and the perceptual experience of a certain object. For these reasons, he concluded, studying the firing patterns of single neurons was doubtlessly the relevant level of description for both neurobiology and psychology. By formulating this "grandmother cell doctrine", Barlow made some of the key assumptions explicit which deeply pervaded the thinking of neurobiologists at this time. The picture that Barlow and his colleagues drew of brain processes and of the neural correlates of perception seemed to tie up neatly with the metaphors developed by artificial intelligence researchers: the brain was considered as a serial computer that embodies logical principles in its architecture and calculates symbolic representations according to explicit algorithms.

3      The Connectionist Paradigm: Self-Organization in Neuronal Networks

Although the cognitivist paradigm still shows considerable persistence in the minds of neurobiologists, this view of the brain has been challengecl in recent years. Increasing evidence suggests that the visual system performs its task in an entirely different way and that information processing is not carried out as a sequence of discrete computational steps. In addi​tion, neurobiologists failed to disclose the "grandmother neurons" advocated by Barlow, and it turned ont that presumptive "representational brain states look entirely different. Finally, it became undeniable that the computer metaphor is neither a helpful nor a valid analogy, because brains do not show anything like a central processing unit, they do not contain any obvious "rules" or algorithms, and - unlike in von-Neumann machines - the same parts of the system which "compute" do also provide the substrate for memory. These insights have inspired a new, connectionist picture of perceptual processing, which differs from the cognitivist framework with respect to several crucial assumptions:

Parallel and distributed processing: By the mid-eighties it had become clear that Hubel's and Wiesel's classical notion of processing in a hierarchical chain of visual areas was no longer tenable. Instead, evidence was accumulating that neurons respond to visual stimuli in a large number of areas, which seem to be somewhat specialized for different attributes of visual objects, such as e.g. their form, colour, location in depth or mo​tion trajectory.
 Rather than being part of simple hierarchy, these areas form a complex network with numerous input and output pathways, in which each node is linked to its neighbours by reciprocal connections. In this network, information is processed at many sites simultaneously and - contrary to Barlow's intuition - huge numbers of neurons distributed throughout the network are coactivated by each object present in a visual scene.

Self-organization and plasticity: Both the ontogenetic development of this huge cortical network and the changes of its topology during adulthood are now considered as processes of self-organization during which local rules give rise to globally ordered patterns.
 Thus, for instance, the pattern of axonal connections within and between cortical areas is not genetically pre-programmed but is largely determined by the action of local correlation rules. In addition, there is now ample evidence that such connectivity patterns are shaped by the behaviour and the actual sensory experience of the animal. Even in the adult state, these networks show a high degree of activity-dependent plasticity, which presumably is related to functions like learning and memory.

Context-dependence of neuronal responses: Contrary to what Barlow assumed, it seems now clear that the significance of a neurons' firing cannot be considered in isolation. In at least two ways, neuronal responses are highly dependent on the context in which they occur. First, it has been shown that the mean firing rate of a given sensory nenron is not only influenced by the stimulus present in its receptive field. Rather, the response depends on the whole of the stimulus configuration and on the way in which neighbouring receptive fields are affected. In addition, neu​ronal responses are strongly modulated by the behavioural context and the attention of the experimental animal. Second, there is now evidence that responses of individual neurons are not per se causally efficacious elsewhere in the brain. Single neurons influence behaviour - and thus acquire "meaning" - only if they are part of coherently active assemblies.

Assemblies as basic functional units: Recent evidence indicates that coherently active populations of cells are the meaningful functional entities of information processing, rather than single neurons as postulated by Barlows "grandmother cell doctrine". In contrast to grand-mother neurons, for which experimental proof is still lacking, dynamic linkage of cells into assemblies has now been directly observed. Using simultaneous recordings with multiple electrodes, it has been shown that spatially separate cells in the visual cortex can synchronize their firing if they respond to the same object present in the visual field.
 By response synchronization, assemblies can be formed even across different visual areas and across the two cerebral hemispheres. It is currently assumed that thus, highly distributed representational states can be established in a dynamic and flexible manner. This "binding" of distributed neurons into assemblies, which is controlled by local interactions, provides another ex​ample for the self-organization of ordered patterns in neuronal networks. Taken together, these findings made in the visual system clearly challenge the view of the brain developed in the cognitivist framework, and argue for a much more dynamic and holistic picture. In the new framework, information processing is not described as algorithmic, but as a spread of activity through cortical areas leading to self-organization of highly distributed spatiotemporal patterns which represent the computational "result". These patterns are determined by the topology of the cortical network and by its history, during which learning has induced adaptive structural changes. Interestingly, these conclusions imply a return to cru​cial insightsof the Gestalt psychologists. Although the various brain areas are by no means "equipotential", processing is never strictly localized and cognitive processes are always accompanied by activity in large parts of the brain. And indeed, brain states seem to have a gestalt-like organization, since the "meaning" of individtial neurons depends on which other cells are active and with whom they fire in synchrony.

4     Towards a New Framework for the Neurobiology of Perception

Although the two paradigms described above differ radically in their view of how information is processed and stored in the nervous system, they share a set of fundamental assumptions. First, the defenders of both paradigms adhere to a representational theory of perception, i.e., they as​sume that perception consists in recovering features of a pre-given world and in constructing a copy, or internal image, of this world in the cogni​tive apparatus. Second, these paradigms share an atomistic ontological framework. And third, in both paradigms most researchers seem to maintain the rarely questioned assumption that looking into brains is not only necessary but, in the long run, sufficient to arrive at an appropriate understanding of cognitive processes. We will now discuss each of these philosophical assumptions in turn.

The epistemological assumption: Both coguitivism and connectionism subscribe to epistemological realism, i.e., they consider the world as existing independent of and prior to any cognitive activity. Confronted with this world of pre-defined structures, cognitive systems are essentially passive and behave in a merely receptive way: they simply reconstruct objects or events of the external world in the form of internalized images, or representations, on the basis of which they produce some "motor output". In this framework, behaviour or action is reduced to orientation in the prefigured world, and any choice the cognitive agent has is merely one between alternatives which are predefined objectively, i.e., independent of the agent's needs or concerns. Criticism of this view lias a long tradition in modrn philosophy, and a review of this ongoing debate is certainly beyond the scope of this paper. However, we wish to suggest an alternative view which is based on a phenomenological position.
 From a phenomenological point of view, it has beeu argued that such a framework cannot sufficiently account for perceptual and cognitive processes, because it neglects their creative, or constructive, aspects. Being cognitive agents, we are literally creating a world, and already by the mere act of perception we are actively structuring our environment, siuce the world is by no means separable from our way of perceiving it.
 Thus, world-making rather than world-mirroring seems to lie at the heart of cognition. Drawing on the phenomenological tradition, Varela has recently emphasized the role of ac​tion, which he considers as inseparable from perception: Cognition, as he puts it, can be understood as the capacity of "enacting" a world.
 This concept is not meant to imply that mental or neuronal representations do not exist. Rather, what this view emphasizes is that, if the notion of "representation" refers to creating passive mirror-images of the external world, then the process of representing cannot be at the core of our cognitive capabilities. Accepting this "enactive" view necessarily leads to a redefinition of the neurobiologist's explanandum: What neuroscience, then, has to explain is not how brains act as world-mirroring devices, but how they can serve as "vehicles of world-making". Accordingly. the representational contents of brain states would not be information about pre-given objects or events in the world. Rather, neural states could be viewed as primarily representing the capacities of structuring situations that the respective organism is endowed with.

The ontological assumption: Clearly, the cognitivist paradigm views the world as a universe of independent and context-free "features" or "ob​jects" , which are neutral with respect to the cognitive agent who enters the scene. Although connectionist models constitute some advance with respect to incorporating context, they essentially share this ontology.
 In such models, "meaning" and relevance are extracted by simply counting the incidence of "features" and by monitoring which of these frequently occur in spatial and temporal contiguity, the latter then leading to asso​ciative links in the network. Thus, perceptual leaming in connectionist models merely amounts to becoming familiar with the statistics of input patterns. Therefore, despite showing holistic traits connectionism still has an impoverished understanding of "context", which is reduced to the coïncidence of contingent features, and according to which relationships in the cognitive system are established in a bottom-up manner by simple correlation rules. We suggest to replace this atomistic outology of "neutral features" by a holistic ontological framework. According to Heidegger and Merleau-Ponty, what we encounter as cognitive agents are never "bare" objects or arrays of contingent features but, rather, meaningful situations, i.e., contexts which we have already structured by prior activity and in which objects are defined as a function of our needs and concerns.
 Even for the newborn, the world is not a heap of coincident features, since its own needs in concert with the social context define what the world should look like. For the neurobiologist, this situational ontology implies, for instance, that "object representations" cannot be considered as being purely sensory, but always as being sensory-motor patterns. What these patterns represent, then, are not abstract struc​tural descriptions of objects, but primarily kinds of know-how, i.e., our ways of handling certain objects and of perceiving them as-embedded-in-a-situational-context. Using Varela's term, this concept may be called “enactive representation”.

The reductionist assumption:    At least among neurobiologists there is a widespread tendency to believe that a complete theory of brain function could fully account for cognitive processes, and that sufficient knowledge of the neuronal correlates of perceptual processes would explain our way of perceiving the world and would cope with the quality of subjective experience. Consequently, it is assumed that neurobiological theorizing provides some kind of privileged access to perception and cognition, and that phenomenological descriptions at the level of the life-world have no right on their own and need to be eliminated from the realm of scientific discourse.
 Again, the scope of this paper does not permit to consider in detail the arguments that have been raised against reductionism. We wish to emphasize, however, that from the point of view we have adopted here this widely accepted dogma needs to be rejected. We take it as ev​ident that the phenomenal world is the departing ground for the whole enterprise of science, and our way of intentionally relating to the world appears as a prerequisite for any such activity like investigating brain function. This primordial relationship can, thus, never be fully captured by scientific theories claiming to reveal the "objective" basis of our experi​ence of the phenomenal world. If accepted as valid, this argument clearly constrains the explanatory power of neurobiology and, quite contrary to the reductionist assumption, it suggests that a neurobiological theory of perceptual processes must actually be anchored to a phenomenological de​scription of our modes of experience, as they are encountered in the world of daily life. In summary, then, we conclude that current neurobiological theories about perception require major modifications. Although the connectionist framework clearly constitutes an advance, its basic assumptions about the nature of perception and cognition still seem to be deficient. We believe that any adequate theory of perception must account for the constitutive aspects of cognition, which should be understood as the possibility of actively structuring situations in terms of one's own concerns and needs, rather than the mere capacity for engraving environmental infor​mation into connectivity patterns of neuronal networks. Possibly, further paradigm shifts have to occur which enable neurobiologists to relate more appropriately to the actual phenomenology of perceptual processes.
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� For a review of these findings, see Hubel 1988: 42-43 and 67-88.


� See Barlow 1972.


� These ideas were developed, among others, by McCulloch and Pitts, and by Newell and Simon in their work on the "physical symbol system hypothesis". See Varela et al. 1991: 39-48 for further references and for a review of this early phase of cognitive science.


� To date, more than 30 areas have been identified in the monkey visual system. These observations, together with the dicovery that neurons with quite different re-sponse properties are already present in the retina and subcortical visuai structures lias lead to the notion of "parallel processing streams". For a review, see Spillmann and Werner 1990: 103-128 and 194-199.


� See von der Malsburg and Singer 1988.


� For a review of these modulatory effects, see e.g. Spillmann and Weriïer 1990: 220-225 and 308-313.


� The findings on synchrony and asserably formation are reviewed in Engel et al. 1992.


� When using the term 'phenomenology', we refer to the positions developed in the writings of the early Heidegger and of Merleau-Ponty. See e.g. Heidegger 1989 and Merleau-Ponty 1976.


� See e.g. Merleau-Ponty 1976: 11-16, 138-143 and 176-183.


� See Varela et al. 1991: 133-145, 147-150 and 172-178 for their critique of the concept of representation and the "enactive" view of cognitive processes. 


� Therefore, the critique of Dreyfus 1992: 206-224, origiually aiming at the cogni�tivist paradigm, is still valid and readily applicable to counectionism. 


� See e.g. Heidegger 1989: 219-242 and also Dreyfus 1992: 273-282.


� In its most extreme version, this view bas been made explicit by Churchland. e.g. 1989: 47-66.


� We thank Pieter R. Roelfsema and Wolf Singer, with whom the work on the formation of neuronal assemblies has been performed, for many stimulating discussions. We are obliged to Thomas Metzinger for helpful comments on this manuscript.





