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   The neural theory of visual attention (NTVA) introduced by Bundesen, 
Habekost, and Kyllingsbæk (2005) is presented. By use of the same equations, 
NTVA accounts for a wide range of attentional effects in human performance 
(reaction times and error rates) and a wide range of effects observed in firing 
rates of single cells in the visual system of primates. NTVA is a neural 
interpretation of Bundesen’s (1990) theory of visual attention (TVA). In NTVA, 
filtering (selection of objects) changes the number of cortical neurons in which an 
object is represented so that this number increases with the behavioral 
importance of the object (reallocation of processing resources by dynamic 
remapping of receptive fields). Another fundamental mechanism, pigeonholing 
(selection of features), scales the level of activation in individual neurons coding 
for a particular feature. NTVA provides a mathematical framework that links 
cognitive and single-cell studies of attention.   

 
 
 
 

A THEORY OF VISUAL ATTENTION (TVA) 

  In the Theory of Visual Attention (TVA) proposed by Bundesen (1990), both visual 
identification and selection of objects in the visual field consist in making visual 
categorizations. A visual categorization has the form "object x has feature i". A visual 
categorization is made when the categorization is encoded into visual short-term memory 
(VSTM). When one makes the visual categorization that x belongs to i, object x is said to 
be selected and object x is also said to be identified as a member of category i. When a 
visual categorization of an object completes processing, the categorization enters VSTM, 
provided that memory space for the categorization is available in VSTM. The capacity of 
VSTM is limited to K different objects, where K is typically about 4. Clearing VSTM 
effectively starts a race among objects in the visual field to become encoded into VSTM. 
An object is encoded in VSTM if and when any categorization of the object is encoded 
in VSTM, so each object x is represented in the encoding race by all possible 
categorizations of the object. By the rate equation of TVA, the rate, v(x, i), at which a 
particular visual categorization, "x belongs to i," is encoded into VSTM is given by a 
product of three terms: 
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The first term, η(x, i), is the strength of the sensory evidence that x belongs to category i. 
The second term, βi, is a perceptual decision bias associated with category i (0 ≤  βi ≤  1). 
The third term is the relative attentional weight of object x—that is, the weight of object 
x, wx, divided by the sum of weights across all objects in the visual field, S. The 
attentional weights in the rate equation of TVA are derived from pertinence values. The 
pertinence of a category is a measure of the current importance of attending to objects 
that belong to the category. The weight of an object x in the visual field is given by the 
weight equation of TVA, 
 

wx  =  Σj∈R η(x, j) πj,                                                                (2) 
 
where R is the set of all visual categories, η(x, j) is the strength of the sensory evidence 
that object x belongs to category j, and πj is the pertinence of category j. The rate and 
weight equations jointly describe two mechanisms of selection: a mechanism for 
selection of objects (filtering) and a mechanism for selection of categories 
(pigeonholing). The filtering mechanism is represented by pertinence values and 
attentional weights. The pigeonholing mechanism is represented by perceptual decision 
bias parameters. Pertinence values determine which objects are selected (filtering), but 
perceptual biases determine how the objects are categorized (pigeonholing). 
  In extensive reviews of the psychological attention literature, the TVA model has been 
shown to account for results from many different experimental paradigms such as single-
stimulus recognition, visual search, whole report, partial report, and cued detection 
(Bundesen, 1990; Bundesen & Habekost, 2008). 
 
 

A NEURAL INTERPRETATION OF TVA (NTVA) 
 
  NTVA gives the equations of TVA an interpretation at the level of individual neurons. 
A typical neuron in the visual system is assumed, first, to be specialized to represent a 
single feature and, second, to respond to the properties of only one object at any given 
time. The object selection of the neuron occurs by dynamic remapping of the cell’s 
receptive field (RF) so that the functional RF contracts around the selected object. The 
rate equation of TVA describes the combined effects of filtering and pigeonholing on the 
total activation of the population of neurons representing the categorization "object x has 
feature i." The v value on the left-hand side of the rate equation is the total activation of 
the neurons that represent the categorization at the level of processing where objects 
compete for entrance into VSTM. At this level of processing, the classical RFs of 
neurons are assumed to be so large that each one covers the entire visual field. On the 
right-hand side of the equation, both the bias for assigning objects to category i, βi, and 
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of the sensory evidence that x is an i, η(x, i), equals the highest possible value of v(x, i). 
Thus, η(x, i) equals the total activation of the set of all neurons coding feature i when all 
of these represent object x (say, when x is the only object in the visual field) and when 
the featural bias in favor of i is maximal (i.e., βi = 1). When the proportion of feature-i 

coding neurons representing object x, ∑ ∈Sz zx ww / , is less than 1, the total activation 

representing the categorization "object x has feature i" is scaled down by multiplication 
with this factor on the right-hand side of the equation. The total activation representing 
the categorization depends not only on the number of neurons representing the 
categorization but also on the level of activation of the individual neurons representing 
the categorization. The bias parameter βi is a scale factor that multiplies activations of all 
individual feature-i coding neurons, so the total activation representing the categorization 
"object x has feature i" is also directly proportional to βi. Thus, in the neural 
interpretation we propose for the rate equation of TVA, the total activation representing 
the categorization "object x has feature i" is directly proportional to both the number of 
neurons representing the categorization and the level of activation of the individual 
neurons representing the categorization. 
 
 

APPLICATIONS TO SINGLE-CELL STUDIES 
 
  Neurophysiological research has revealed several distinct types of attentional effects in 
single cells, each of which correspond closely with the predictions of NTVA (Bundesen, 
Habekost, & Kyllingsbæk, 2005). By far the strongest changes of a cell’s firing rate can 
occur when multiple objects are present in the classical RF. Under these conditions a 
general finding is that attention to one of the objects modulates the firing rate either up 
or down, depending on the cell’s preference for the attended object (e.g., Moran & 
Desimone, 1985). This effect is readily explained by NTVA's concept of filtering based 
on attentional weights. A second frequently observed effect of attention is a modest 
change in firing rates with a single stimulus in the receptive field. This finding can be 
explained by the pigeonholing mechanism (e.g., Treue & Trujillo, 1999) or by the 
presence of other stimuli in the receptive field than the one defined by the experimenter: 
Even though an experiment is designed to include only one stimulus in the receptive 
field, the cell may still respond to only a part of the experimental stimulus or to 
internally generated random noise. In both cases attentional weighting effects are 
potentially important. A third common effect of attention is an increase in a cell’s 
baseline firing rate when a target object is expected to appear in its receptive field (e.g., 
Chelazzi et al., 1998). We explain this baseline shift as the neural correlate of encoding a 
representation of the anticipated stimulus in VSTM. Finally, NTVA accounts for 
findings that attention can lead to increased synchronization of neural activity (e.g., Fries 
et al., 2001): Attention increases synchronization between neurons with the attended 
object in their receptive fields by increasing the likelihood that the neurons are driven by 
(i.e., take their inputs from) the same cells. 
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