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Goal: present biologically plausible model of an attentional mechanism for forming object-centered representation; propose a neurobiological mechanism for routing retinal information so that an object becomes represented with in an object-based reference frame in higher cortical areas; from retinal reference frame into an object-centered reference frame
Research question

· Pattern recognition is probably the most computationally difficult, because objects can appear at different positions, sizes, and orientations on the retina and this gives rise to very different neural representations at early stages of the visual system
· how to explain the mechanism of producing invariant object representations with respect to the dramatic fluctuations that occur on the sensory inputs
The Model

· allows both shifting and scaling between input and output arrays, and also provides a solution for controlling the shift and scale in an autonomous fashion

· hypothesizes that object-based reference frame is also represented on a neural map, same as the retinal reference 

· Pixels may be routed into the high level areas and/or each sample node in the high level map could be expanded into a feature vector representing various local image properties, such as orientation, texture, and depth, that are made explicit along the way.
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· In order to map topographically an arbitrary section of the input onto the output, the neurons in the output stage need to have dynamic access to neurons in the input stage. In brain, this access must be obtained via axons and dendrites. Since these pathways are physically fixed for the time scale of interest (less than 1 sec), there needs to be a way of dynamically modifying their strengths. The authors propose that the efficacy of transmission along these pathways is modulated by the activity of control neurons whose primary responsibility is to dynamically route information through successive stages of cortical hierarchy.

· A dynamic routing circuit
· Input: 33 nodes; Output: 5 nodes; 2 layers (Figure 2)

· The fan-in (number of inputs) on any node is the same
· The spacing between inputs doubles at each successive stage

· The number of nodes within a layer is such that the spread of its total input field just covers the layer below
( this connection scheme has the attractive property of keeping the fan-in on any node fixed to a relatively low number while allowing the nodes in the output layer access to any part of the input layer
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· Control

· How information flow can be controlled is aided by visualizing the routing circuit in “connection space” (fig.3a; connection matrix for a simple one-dimensional routing circuit composed of two layers- an input layer and an output layer)
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· How to generate the proper patterns of active synapses in connection space? it depends on how they are connected to the feedforward synapses of the routing circuit (i.e. control unit)
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· Autonomous control

· When attentional window is automatically guided to salient areas of the visual input
· 5 steps (fig.5)
· Form a low-pass filtered version of the scene so that objects are blurred into blobs
· Select one of the blobs from the low-pass image—whichever is brightest or largest—and set the position and size of the window of attention to match the position and size of the blob (focusing attention on a blob: in order to focus the window of attention on a blob in the input, the network’s goal is to fill the output units with a blob while maintaining a topographic correspondence between the input and output)
· Feed the high-resolution contents of the window of attention to an associative memory for recognition (recognition: the initial estimation of position and size made by routing the blob would be only approximately correct, and this may cause problems for matching high-resolution information. Thus, it is desirable to have the associative memory help adjust the position and scale of attentional window while it converges)
· If a match with one of the memories is close enough, then consider the object to have been recognized; note its identity, location, and size in the scene. If there is not a good match, then consider the object to be unknown; either learn it or disregard it
· Inhibit this part of the scene and go to step 2; find the next most salient blob (shifting attention: control units are self-inhibited through a delay; when a group of control units are active for a long enough time for recognition to take place, they should begin to shut off. This will then allow other blobs to compete)
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· Computer simulation
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Neurobiological Substrates and Mechanisms
· figure 10a.: major visual processing centers of the primate brain

· “form” pathway: ventrally through V4 and inferotemporal cortex (IT); object identification, regardless of position or size
· “where” pathway: dorsally into the posterior parietal complex (PP); locations and spatial relationships among objects, regardless of their identity
· Pulvinar, a subcortical nucleus of the thalamus, makes reciprocal connections with all of these cortical areas
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· Cortical area

· The “form” pathway 
· Each layer indicates the corresponding cortical area and the number in parenthesis is the number of sample nodes in one dimension

· Bottom is shown a scale of the approximate eccentricity of the input nodes to the circuit

· Control signals are originated from the pulvinar to effectively gate the feedforward synapses
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· Example of computer simulation of a scaled-up, cortical dynamic routing circuit
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· The “where” pathway 

· The posterior parietal cortex (PP) may act as a saliency map analogous to the blob map. These neurons would then drive the control neurons that compete for control of the window of attention

· Subcortical areas (Pulvinar)
· Provides control signals required for the routing circuit
· Reciprocally connected to all areas in the form pathway, thus making it a plausible candidate for modulating information flow from V1 to IT

· Plays a role in engaging visual attention, or filtering out unattended stimuli

· Pulvinar’s role can be analogous to that of a general in an army: coarsely specifying a plan of action, which the cortical control neurons refine into a concise remapping under top-down, or object-based, guidance from IT

· Gating mechanisms
· Neural gating mechanisms are believed to play an important role in nervous system function; in sensorimotor coordination
· Mixed evidence for whether gating mechanisms operate in visual cortex

· From a computational viewpoint, gating of inputs within individual dendrites provides a much higher degree of flexibility than would merely gating the outputs of pyramidal cells

Discussion
Because of its detailed neurobiological correlates, the routing circuit model makes a number of predictions than can be tested experimentally

Predictions

· Neurophysiology
· The receptive fields of cortical neurons should change their position or size as attention is shifted or rescaled
· Optimal spatial frequency for the cell should changes as well, shifting to high spatial frequency for a small window of attention, and to low spatial frequency for a large window of attention
· Lesions to the pulvinar, the hypothesized control center, should dramatically degrade attention and pattern recognition abilities
· Neuroanatomy

· The size of the cortical region from which a cell receives its input should increase by about a factor of 2 at each stage in the hierarchy of visual areas in the form pathway
· The terminations of pulvinar-cortical projections should be suitably positioned for effective modulation of intercortical synaptic strengths
· There should be “lateral inhibitory and excitatory connections within the pulvinar in order to enforce the constraint of preserving spatial relationships within the window of attention (partially supported by the existence of interneurons)
· Psychophysics
· Spatial resolution of the window of attention is limited to the equivalent about 30x30 pixels (Nakayama’s (1991) “iconic bottleneck” theory)
· Once a location has been attended to in the visual field it should be difficult to stay there or immediately revisit the site, because the control neurons corresponding to that part of the visual field would be transiently inhibited from firing (inhibition of return)

Comparison with other models
· control vs. synchronicity
· a key disadvantage of attention models using the synchronous firing of neurons in changing connection strengths is that information about the effective connection state at any one point in time is not explicitly encoded anywhere in the system

· since in “the model”, this information is encoded explicitly in the activities of the control neuron, it has several advantages

· information about connectivity is useful in constraining the active connections between retinal- and object-based reference frames to be in accordance with a global shift and scale transformation (via the competitive and cooperative interactions among the control neurons)
· the ensemble of control neurons together form a neural code for the current position and size of the window of attention. Thus, information about the position and sixe of an object can be obtained by simply reading out the state of the control neurons

· can explain how attention may be directed “at will” or by other modalities, to the extent that those areas of the brain having access to the control neurons (such as parietal cortex) can directly influence where attention is directed

· control-based network models

· even though there are other network models utilizing explicit control neurons, none of those models preserve spatial relationships within the window of attention, which the authors consider to be a critical component of the routing process

Unsolved issues
· Features instead of pixels: preponderance of feature-selective cells  in the visual cortex was neglected in the model (e.g., cells tuned for various orientations and spatial frequencies)
· Feedback pathways have been ignored in this model

· Pop-out in multiple dimensions: instead of “blobs”, how other possible salient features (such as pop-out due to motion or texture) would be incorporated into the system?
· Integration across multiple attentional shifts: how are the various “snapshots” obtained by the window of attention incorporated to form an overall percept of a scene?
· Rotation and warp of reference frames: the model accounts for how reference frames can be shifted and rescaled, but it does not address rotation and other distortions (e.g., handwritten characters)
· Three-dimensional objects: how are three-dimensional objects represented neurally, and how is information in the retinal reference frame transformed to match this representation?
· Learning: whether this kind of system can self-organized or fine tune itself with experience, beginning with only roughly appropriate connections
Summary

In order to make sense of the visual world, the brain must be capable of forming object representations that are invariant with respect to the dramatic fluctuations occurring on the retina. The model provided a way to explain how this can be accomplished by neural circuits relying on a set of control neurons. Control neurons dynamically modify the synaptic strengths of intracortical connections so that information from a windowed region of primary visual cortex is selectively routed to higher cortical areas. Local spatial relationships (i.e., topography) within the attentional window are preserved as information is routed through the cortex. This enables attended objects to be represented in higher cortical area within an object-centered reference frame that is position and scale invariant.
