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While our visual experiences convey a sense of sensory richness, recent work has demonstrated that our perceptions are in fact impoverished relative to the amount of potential information in the distal stimulus (Grimes, 1996; Levin & Simons, 1997; Mack & Rock, 1998; O'Regan, Rensink, & Clark, 1999; Rensink, O'Regan, & Clark, 1997; Simons & Levin, 1998).  These studies demonstrate that conscious perceptions are a consequence of myriad social, goal-oriented (e.g. change detection) and stimulus (e.g. exogenous cueing) factors that are subject to neural processing constraints (e.g. attentional blink).  The question of how these cognitive and neural factors interact to select certain bits of information and inhibit other bits from further processing is the domain of visual attention.  

Visual search is one task domain in which visual attention has been studied extensively. Visual search studies are well-suited as a proxy for real-world attentional requirements as features of the natural environment such as object clutter are captured while a controlled stimulus environment is maintained.  In fact, visual search tasks have been used extensively to examine patterns of visual attention over the last several decades (Neisser, 1964; Treisman & Gelade, 1980; Wolfe, 1998).  A particularly prolific subset of these studies focuses on the conditions under which the reaction time (RT) required and accuracy to locate the target is affected by distractor set size.  Cases in which time to detect a target is largely unaffected by increasing the number of distractors (e.g. 5 m/distractor item) are labeled as “preattentive”, whereas cases in which detection time is significantly slowed by increasing numbers of distractors (e.g. 50m/item) are labeled “attentive” (see Figure 1)  These different search rates have also been referred to as “parallel” vs. “serial”, “disjunctive” vs. “conjunctive”, or “simple” vs. “difficult” (Although for the suggestion that the preattentive/attentive distinction is orthogonal to the parallel/serial dichotomy see Reddy, VanRullen, & Koch, 2002).
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Figure 1: Reproduction of typical target-present visual search data.

While all these terms are somewhat imprecise, the phenomena they refer to has been replicated numerous times: visual search for targets distinguished by a single feature are scarcely affected by the number of distractors present whereas targets distinguished by feature conjunctions appear to be affected linearly by the number of distractors present. Despite an abundance of data from behavioral and neural measures, however, the basic mechanisms involved in visual attentive processing as reflected in visual search tasks remain controversial.  Specifically, the terms “preattentive” and “attentive” in relation to simple and difficult search has been a point of contentious debate.  The source of disagreement surrounds the question of whether mechanisms that underlie visual attention, as seen in visual search tasks, operate in discrete serial stages, or as an interactive parallel system.  In this chapter we attempt to understand what neuropsychological and imaging studies contribute to this debate and whether or not assumptions adopted in various computational models of visual search provide an adequate account of the empirical findings

I. Basic concepts 
The term “preattentive” was first used by Neisser (1967) as a concept for understanding “focal” attention.  His interest in the distinction between preattentive and focal operations was based on the apparent inability of people to simultaneously analyze multiple objects in the visual field.  Neisser argued that primary operations such as segmentation of figures from the ground must occur “preattentively” in order for subsequent “focal” analysis of object details to occur:

“Since the processes of focal attention cannot operate on the whole visual field simultaneously, they can come into play only after preliminary operations have already segregated the figural units involved.  These preliminary operations are of great interest in their own right.  They correspond in part to what the Gestalt psychologists called ‘autochthonous forces,’ and they produce what Hebb called ‘primitive unity.’  I will call them the preattentive processes to emphasize that they produce the objects which later mechanisms are to flesh out and interpret.” (Neisser, 1967, pg. 89)

Although Neisser used the term “preattentive” to refer to a number of processes that seem to occur “without focal attention”, the conceptual characterization of preattentive vs. focal attentional processing has been incorporated into many models of visual search to explain differences in target search times.  In these models, the attentional system is characterized as involving a division of labor: processes that occur at a preattentive stage are completed before further processing occurs at an attentive stage.  Moreover, the movement of items from one stage to the next occurs serially (Hoffman, 1979).  These two-stage cognitive models are contrasted with interactive models, which claim that multiple levels of processing occur simultaneously and that information processing is continuous and bidirectional.  

In this next section, we outline some computational models of visual attention; although there are many such models, we deal here only with those that explicitly address effects of visual search and issues of preattentive and attentive processing.  Although there is much computational and empirical work on space- and object-based effects in visual attention, we do not take up those issues here.  Instead, we focus more narrowly on standard visual search paradigms and how they inform us about fundamental attentional processing.  Note that, in this chapter, we favor the terms “two-staged” and “interactive” over the terms “serial” and “parallel”.  We find the serial/parallel terminology to be ambiguous and misleading as many models have both parallel and serial components.  Furthermore, to make matters worse, the terms “serial” and “parallel” are also used interchangeably with feature and conjunction search.  In sum, our goal here is in understanding preattentive and attentive processing from the perspective of visual search tasks in computational models, neuropsychology, and functional imaging.  

II. Theoretical models of visual search

Two-stage models

The most prominent two-stage model is Feature Integration Theory (FIT) of Treisman and colleagues (Treisman & Gormican, 1988; Treisman & Gelade, 1980).  FIT was developed to provide a mechanistic account of how processing of objects occurs in the nervous system.  Developed to contrast with Gestalt ideas of the whole preceding its parts, FIT proposes that the processing of parts must precede that of the whole. The argument is based on the idea that representation of elementary features must logically precede the combination (i.e. binding) of these features.  Specifically, features belonging to separable dimensions (Garner, 1988) are processed in discrete preattentive maps in parallel, after which, “focal attention provides the ‘glue’ which integrates the initially separable features into unitary objects” (Treisman and Gelade, 1980, pg. 98).  A critical component of FIT involves the serial application of focal attention to specific coordinates within a master map of locations; the “spotlight of attention” allows for the formation of object files within which “free-floating” features from separable dimensions are bound together and to a location.  

Modifications of FIT suggest that preattentive and attentive search may reflect a continuum based on the degree to which attention is distributed or narrowly focused on a particular location.  Nevertheless, the relationship between the feature maps and later attentive stage at which features are conjoined is necessarily serial.  Processing at the “map of locations” acts on completed feature representations passed on from the parallel feature levels.  FIT accounts for a variety of phenomena such as illusory conjunctions, search asymmetries, differences between present vs. absent features, set size, and serial feature and rapid conjunction search, amongst others.

Guided Search 2.0 (Wolfe, 1994) shares some of the same basic assumptions as FIT with additional top-down elements that select task relevant feature categories.  Unlike FIT, input features are first processed through categorical channels that output to space-based feature maps.  Activation within these feature maps reflect both bottom-up salience and top-down selection.  The strength of the bottom-up component is based on the dissimilarity between an item and its neighbors.  Top-down selection occurs for one channel per feature needed to make the discrimination.  Selection is automatic if a unique target category is present, but if no unique feature is present the channel with the greatest difference between target and distractors is chosen.  Similar to FIT, processing in feature maps is preattentive and parallel and output from feature maps project to an activation map.  Limited capacity attentional resources move from peak to peak within the activation map in serial fashion until search is terminated.  

Subsequent models from the two-staged processing tradition have moved away from a clearly modular view in which processing of information in one stage must be completed before it is passed onto the next stage.  For example, Moore and Wolfe (2001) have recently put forward a model in which they claim selective attention is both serial and parallel.  They use the metaphor of an assembly line to describe how visual search slopes of approximately 20-50 ms/item can be made compatible with studies that find attentional dwell times lasting several hundred milliseconds (Duncan, Ward, & Shapiro, 1994).  According to their metaphor, features enter and exit “visual processes” in a serial manner and with a particular rate (i.e. items on a conveyer belt), but many objects can undergo processing at the same time.  The idea is captured in the following excerpt: 

“The line may be capable of delivering a car every ten minutes, but it does not follow from this that it takes only ten minutes to make a car.  Rather, parts are fed into the system at one end.  They are bound together in a process that takes an extended period of time, and cars are released at some rate (e.g., one car every ten minutes) at the other end of the system… Cars enter and emerge from the system in a serial manner… However, if we ask how many cars are being built at the same time, it becomes clear that this is also a parallel processor.” (Moore and Wolfe, 2001, pg. 190).

Although this type of model involves cascaded processing it is still serial in spirit: items enter and exit from the system one at a time.  While this model is parallel in the sense that more than one object is processed at a time, processing of a single item is in no way influenced by the concurrent processing of a different item.  Processing of individual items appears to occur at a fixed rate.  Although this model primarily addresses attentive search processes, it allows for a distinct preattentive stage in which features are processed prior to placement on the assembly line.  

One difficulty of two-stage models is the necessity to specify which features or items are processed preattentively and which are not.  For example, findings of efficient search slopes for conjunctive stimuli resulted in modification to Guided Search 2.0 to include a limited set of “objects” within the category of stimuli that may be processed preattentively (Wolfe, 1996).  This then required the notion of “resources” to explain why only a limited number of items may be processed preattentively, which then begs the question of how big of a “resource” there is and how many items of a given complexity might be included within a capacity limited system.   This is particularly problematic as results continuously point to objects of greater and greater complexity that can seemingly be processed preattentively (Enns & Rensink, 1990, 1991; Li, VanRullen, Koch, & Perona, 2002; Nakayama & Silverman, 1986).

Nevertheless, despite some limitations, two-stage models have been quite successful in classifying limited sets of real world images.  Itti and Koch (2000; also Koch and Ullman, 1985) provide a biologically based model of how simple search might occur via preattentive processes using a salience map.  Their model is purely driven by bottom-up (feedforward) principles and involves competition derived from relatively long range inhibitory connections between items within a particular feature map.  The result of competition within a feature category is represented within a “conspicuity map”, which projects to a salience map.  Locations visited by attention are tagged by inhibition of return (IOR) (Klein, 1988) allowing the location with the next greatest activation within the salience map to becomes the target of attention.  

Although this model contains competitive interactions within feature maps, it is stage-like in that the output of preattentive feature maps is passed onto an explicit saliency map, which, in turn, determines the spatial coordinates to which an attentional spotlight is directed.  Several other models with similar bottom-up winner-take-all salience maps are also fairly good predictors of search behavior and eye-movements (Itti & Koch, 2001; Parkhurst, Law, & Niebur, 2002; Zelinsky & Sheinberg, 1997).

Interactive models
Interactive models, on the other hand, argue that there is no physical distinction between preattentive and attentive processing.  There is no discrete preattentive stage or a spotlight of attention that is directed to a spatial coordinate.  Instead they rely on the principles of competition and cooperation between features and objects to resolve the constraints of visual attention and to determine the efficiency of attentional selection.  Feature search is hypothesized to be fast and accurate because competition is resolved quickly.  In contrast, conjunctive search is slower and more prone to error because target-distractor similarity or distractor-distractor heterogeneity produces greater competition between items and therefore takes longer to resolve (Duncan and Humphreys, 1989).  By excluding the language of two stages, interactive models circumvent the need to provide a deterministic account for where processing of particular stimulus classes begin and end.  
The Biased Competition and Integrated Competition accounts (Desimone & Duncan, 1995; Duncan, Humphreys, & Ward, 1997; Duncan & Humphreys, 1989) argue that attention is an emergent property of competition between representations of stimuli within the nervous system rather than a “spotlight” that is directed at coordinates on a location map.  In this view, processing is qualitatively similar regardless of whether a target stimulus in visual search is distinguished from distractors by a single feature or by a conjunction of features.  Thus, the implicit debate between two-stage and interactive models involves how stimulus elements interact during processing and not simply how individual features are processed within the visual stream.
The lack of discrete stages within interactive models does not imply the absence of processing order nor does it imply parallelism in the sense that stimuli are necessarily processed to a relatively deep level without attention (e.g. Deutsch & Deutsch, 1963).  Rather, interactive models produce graded differences in representational strength between items.  The difference is graded because bits of sensory information are, in fact, not “selected” but emerge as “winners.”  As Hamker (1999) notes, apparent seriality in search behavior may arise from iterations between layers of an interactive network in which degrees of enhancement and suppression are achieved.  Neurons coding stimuli that are related by task-set are mutually supportive while unrelated features are mutually suppressive.  Attention is an emergent property based on the principles of competition and cooperation at every level of processing and between processing levels (Duncan, Humphreys, & Ward, 1997).  

Search via Recursive Rejection (SERR) is a hierarchical model within a connectionist framework that embodies many of the principles of Biased Competition (Humphreys & Mueller, 1993).  Visual search RTs are simulated through use of grouping principles.  The main feature of the model is its ability to build up evidence continuously for the target in a bottom-up fashion, as well as reject distractors, in groups based on similarity, through top-down inhibitory connections.  Grouping occurs through excitatory connections between items with similar features in a “match map” and inhibitory connections between unlike features between maps.  Activation of a nontarget template results in inhibition of all similar features within a “match” map.  Thus, homogeneity between distractors results in rejection of larger groups of distractors, which increases the likelihood of the target being selected next.  Heterogeneous distractors require additional iterations of rejections, resulting in slower target detection.  The hierarchical structure of the model successfully accounts for parallel processing of simple conjunction features as well as other behavioral effects of simple and difficult visual search (Humphreys & Mueller, 1993).  
Hamker (1999) has also implemented a model in which feature maps interact directly with each other.  This model contains both salient bottom-up and instructional top-down components.  Competition (via inhibitory connections) occurs at multiple levels amongst feature-sensitive neurons, the integrative neurons that they project to, as well as within the object- and location- sensitive neurons.  The higher-level location- and object- sensitive neurons project back to lower level feature areas and support units that share receptive field properties.  Thus all components of the model are interactive and have either the effect of enhancing or suppressing processing of activated features.  The model eventually settles on a winner at the location-sensitive level, which determines where attention is sent via oculomotor actions (a mechanism that is consistent with much of the empirical data reviewed in the next two sections).
Although the models outlined above are by no means a comprehensive review of visual search models, they represent the two major theoretical perspectives.  Other approaches have been successful in accounting for data, but will not be addressed here (e.g. Bundesen, 1999; Cave, 1999; Cohen & Ruppin, 1999; Li, 2002).  In just considering the models reviewed above, it is apparent that they share superficial traits such as feature maps, but differ quite purposefully in the characterization of (pre)attention.  Built into stage-like models are specific maps (location maps or salience maps) at which processing becomes attentive and before which, processing is preattentive.  Some of these models employ top-down enhancement of target features and others are purely stimulus driven.   The major contrast is that interactive models do not explicate a level at which processing becomes attentive.  These models use inhibition and excitation within multiple levels to produce behaviors that have faster or slower search RTs.  

There are many more models that embody stage-like processing than those that adhere to principles of Integrated Competition.  One reason for this may be that two-stage models provide more transparent descriptions of behavioral data: The bimodal distribution of behavior (near zero vs. positive RT search slopes) is intuitively captured by each of the two stages of processing.  The challenge is for the development of interactive models that show how “noisy” interactive processing can give rise to apparently discrete classes of behaviors such as fast or slow search RTs.  We now turn to the empirical data to seek evidence for either stage-like or interactive processing during visual search in humans.  The two theoretical models make different predictions: If processing occurs in stages, one would expect to find distinct brain regions involved in simple vs. difficult search.  However, if processing is interactive and parallel, one would expect to find a unitary system that is involved in both visual search conditions, but perhaps to differing degrees.  
III. Empirical Data
Visual search tasks have been studied extensively with patient populations and with a number of imaging techniques.  We review findings from these methodologies and attempt to draw broad conclusions relevant to the debate on the mechanisms of attentional processing.  In this chapter, we review primarily fMRI and patient work because there is good correspondence between the spatial resolution of inferred brain area involvement in both methods and the inferences based on the data require similar caution.  (For review of ERP data pertaining to visual search and attention, see, Luck & Hillyard, 2000; Mangun, Buonocore, Girelli, & Jha, 1998; Woodman & Luck, 1999) and for review of single unit recording, see (Bichot, Rao, & Schall, 2001; Li, 2002; McPeek & Keller, 2002)
A. Neuropsychology
Visual search studies have played an important role in neuropsychological research and hundreds of such studies have been run with patients with various kinds of disorders, including patients with schizophrenia (Lubow, Kaplan, Abramovich, Rudnick, & Laor, 2000), Parkinson’s disease (Berry, Nicolson, Foster, Behrmann, & Sagar, 1999) and Alzheimer’s disease (Foster, Behrmann, & Stuss, 1999). But perhaps the focus of most neuropsychological work using visual search has been in the domain of hemispatial neglect, a neuropsychological impairment which is thought to reflect an underlying attentional impairment (Duncan et al., 1999; Posner, 1987; Posner, Inhoff, Friedrich, & Cohen, 1987). In this section, we first describe hemispatial neglect and then outline a number of theoretical questions concerning attentional mechanisms that have been addressed using visual search paradigms.  Following this, we describe some novel procedures for quantifying the attentional deficit using increasingly precise and systematic measurements.

Hemispatial neglect refers to a deficit in which individuals, after sustaining damage to the brain following a stroke, head injury or tumor, fail to notice or report information on the side of space opposite the lesion, despite intact sensory and motor systems (Bartolomeo & Chokron, 2001; Bisiach & Vallar, 2000). The disorder usually manifests after a unilateral hemispheric lesion, and does so with greater frequency and severity after right than left hemisphere lesions. Thus, for example, patients with a right hemisphere lesion may fail to copy or even draw from memory features on the contralateral left of a display while incorporating the same features on the ipsilesional right (see Figure 2). The disorder might also manifest in self-care such that these patients may not shave or dress the contralateral side of the face or body and may not eat from the left side of the plate. Interestingly, neglect is not restricted to the visual modality, and auditory (Bellmann, Meuli, & Clarke, 2001; Hugdahl, Wester, & Asbjornsen, 1991), tactile (Moscovitch & Behrmann, 1994) and olfactory (Bellas, Novelly, & Eskenazi, 1989) neglect have all been well documented although most of the research has investigated visual neglect. Although neglect occurs most often following lesions to parietal or temporo-parietal cortex, it may also be evident after subcortical lesions (Karnath, Ferber, & Himmelbach, 2001; Karnath, Himmelbach, & Rorden, 2002; Maguire & Ogden, 2002).
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Figure 2: Examples of copies of a clock and a daisy by two different patients with left-sided neglect following a right-hemisphere lesion

Is preattentive processing preserved in hemispatial neglect?

The standard visual search task, with targets appearing on the contra- or ipsilateral side and distractors appearing on the contra- and/or  ipsilateral side, is extremely well designed to examine the mechanisms that underlie hemispatial neglect. For example, one question that comes up repeatedly in the context of two-stage models of attention is whether preattentive processing is intact in neglect. Not only does the answer have implications for neglect but it also has theoretical implications for attentional processing per se: if one could demonstrate intact feature search for contralateral targets in patients with neglect, this would further endorse the claim that that this form of search can be accomplished in the absence of attention. Furthermore, if intact contralateral feature search were observed, this might explain the finding that some patients appear to have access to implicit information about a contralateral stimulus even though they cannot overtly identify or describe the stimulus.  For example, some studies have shown that hemispatial neglect patients are primed in their responses to centrally-presented probe by a contralateral prime that they cannot overtly report (McGlinchey-Berroth, 1997; McGlinchey-Berroth, Milberg, Verfaellie, Alexander, & Kilduff, 1993). Other studies have documented the ability of the patients to perform various forms of perceptual organization (figure ground segregation, amodal completion, derivation of a principal axis) on the basis of ignored contralateral information (Davis & Driver, 1994; Driver, Baylis, Goodrich, & Rafal, 1994; Driver, Baylis, & Rafal, 1992). The preservation of preattentive processing provides a possible source of information, which might potentially be exploited by the patients in the absence of conscious awareness.

Despite the best of intentions and hosts of studies, we still do not know whether there is intact preattentive processing in neglect. In one recent study, Esterman, McGlinchey-Berroth, & Milberg (2000) reported normal parallel search in three neglect patients with cortical lesions and without hemianopia. A fourth patient with neglect following a subcortical lesion exhibited a significant effect of array size on search time.  All patients were impaired on the serial search task with contralesional targets, leading the authors to conclude that only serial, effortful search is affected in hemispatial neglect but that the ability to extract low-level featural information across the field in parallel is preserved. Consistent with this conclusion, Aglioti, Smania, Barbieri, & Corbetta  (1997) examined the search performance of a very large group of individuals, consisting of 75 left hemisphere damaged (LHD) and right hemisphere damaged (RHD) participants with and without neglect.  Because this study used paper and pencil cancellation tasks, only accuracy could be measured.  The critical finding was that contralateral errors were disproportionately higher on the serial tasks as opposed to the feature tasks, indicating that neglect only impaired serial search performance. Finally, Arguin, Joanette, & Cavanagh (1993) investigated left hemisphere-damaged (LHD) participants with and without visual attention deficits on feature detection and conjunction serial search tasks. Even the patients with attention deficits performed similarly to controls in contralateral hemispace on the parallel, feature task, leading the authors to conclude that parallel search performance was preserved in participants with neglect. 

Consistent with this conclusion is the finding of normal search on the contralateral side reported by Riddoch and Humphreys (1987). In this study, the authors presented a series of cards to three patients with left sided neglect and RTs were recorded manually.  The patients were required to search for a target, which was present on half the trials. In the one task in which search was parallel in non-neurological subjects, the target was a red circle among green circle distractors and the patients’ RT was unaffected by the number of distractors. Importantly, this was true even when the target appeared on the contralateral side. Although the authors concluded that patients search in parallel on the neglected side, the patients’ performance was not completely normal as the error rate for contralateral targets was high.  In a second task which involved detecting an inverted ‘T’ among upright ‘T’ distractors, search was serial for the control subjects and, not surprisingly, target detection (in accuracy and RT) was serial for the patients for targets on both sides.

But, for every study showing intact contralateral parallel search in a feature search paradigm, there is a study showing contralateral serial search by neglect patients. For example, Eglin, Robertson, & Knight (1989)  had subjects perform two tasks, the first with a red dot as the target among blue and yellow dots (parallel search) and, the second, with a red dot as the target among split blue and intact red dots (serial search). In both tasks the array size, distractor number, and location of targets and distractors were varied. The most relevant result was the observed impairment in contralateral feature search in six patients with right hemisphere damage (RHD) and in one patient with left hemisphere damage (LHD). Two additional studies confirm the presence of contralateral search functions that are consistent with serial rather than parallel search, under conditions when normal subjects show almost no increase in RT with increasing number of distractors (Eglin, Robertson, Knight, & Brugger, 1994; Pavlovskaya, Ring, Grosswasser, & Hochstein, 2002). 

 As is evident from the overview of these studies, there is little consensus. One obvious explanation for the discrepancies is that the studies vary along several dimensions including the number of subjects tested (with very small numbers in some cases), the lesion size and site of the patients, the severity of the neglect deficit in the patients, the nature of the search task independent of being serial or parallel (colour discrimination or cancellation), and the reliance on a single or multiple dependent measures (accuracy and/or RT). But there is one further consideration that is more theoretical in nature and that is that the preattentive/attentive distinction might not hold and that an alternative explanation for the findings should be sought. 

One possible alternative explanation, provided by Duncan and colleagues (Desimone & Duncan, 1995; Duncan et al., 1997), is that the outcome of visual search is the reflection of a competitive process between targets and distractors, as well as top-down signals that affect task requirements. According to this view, an important dimension in determining the speed of the search is the similarity or overlap between the target and distractors.  This framework may provide a coherent explanation for the existing visual search data and may also account for results where the search task is not easily defined as either feature-based or conjunction-based. For example, with regard to this last point, Hildebrandt, GieSelmann, & Sachsenheimer (1999) compared the performance of patients with neglect following right middle brain artery lesions and without hemianopia with patients with hemianopia following posterior cerebral artery infarctions and patients with right hemisphere lesions but neither neglect nor hemianopia. The task involved detecting the presence of a target, a square with a gap at the top, from distractors, which were squares with gaps in locations other than at the top. This task is neither clearly a feature nor a conjunction task and only the patients with neglect were impaired at detecting contralateral targets, showing a gradual decrease in accuracy with increasingly contralesional targets.

One might also imagine, however, that depending on the severity of the neglect, the signal:noise ratio between target and distractors might vary on both the contralesional and ipsilesional sides and that instead of observing a clear distinction between feature and parallel search, one might see a more graded continuum. This was explored in one recent study, in which performance was investigated in 56 right hemisphere-damaged (RHD), 39 left hemisphere-damaged (LHD) stroke participants, and 34 controls on parallel and serial search tasks and on a standardized neglect battery (Ebert, Black, & Behrmann, 2002). Because the severity manipulation is of relevance here, only this aspect of the data is discussed. Compared with RHD patients without neglect, patients with mild left-sided neglect, defined on the standard battery, showed an increase in their search slopes of 29 ms and 71 ms for contralateral targets in feature and serial search, respectively, but showed no difference in the slopes for ipsilateral targets. Increased contralateral slopes was also seen in RHD patients with more severe neglect where the slopes were 35ms and 45 ms steeper on feature and serial search, respectively. Note that the slopes for the parallel but not serial search differed between the mild and severe groups. A difference between the mild and severe groups was also seen for ipsilesional targets where, in the serial search task only, the mild patients have a slope that is 5 ms shallower than RHD patients without neglect but the severe patients have a slope that is 22 ms shallower.  Several important conclusions may be reached: the first is that the severity of neglect, at least in the RHD patients affects the speed with which they detect a target as a function of the number of distractors.  Second, the differences are apparent in both feature and serial searches and for both left and right targets.  Interestingly and perhaps counterintuitively, although not without precedent (Behrmann, Barton, Watt, & Black, 1997; D'Erme, Robertson, Bartolomeo, Daniele, & Gainotti, 1992; Làdavas, Petronio, & Umilta, 1990), the severe neglect individuals show faster search on the ipsilesional side compared with the mild neglect patients and the brain-damaged control group. These findings are not easily accommodated in a two-stage model and are perhaps better fit within a framework in which the relationship between feature and conjunction search is graded and competitive. 

Is the attentional deficit in hemispatial neglect lateralized?

Related to the first question is a second question concerning the hemifield differences in hemispatial neglect. Heilman and colleagues (Heilman, Bowers, Valenstein, & Watson, 1987; Heilman, Watson, & Valenstein, 1997) have argued in favor of a hemifield difference as, on their account, the left hemisphere attentional processor can process only right hemifield targets whereas the right hemisphere attentional processor can process both left and right targets. In contrast, Kinsbourne (1987; 1993) has postulated that search performance is gradually impaired from right to left in both hemifields with no dramatic difference between the fields. Again, there is no clear solution to this dichotomy. Some visual search studies have found different search patterns in the two fields with response times increasing more markedly to eccentric targets in the contralesional than in the ipsilesional field. Note that some of the same studies also report poorer ipsilesional performance compared with controls (Eglin, Robertson, Knight, & Brugger, 1996; Eglin et al., 1989; Geng & Behrmann, 2002). Other studies, however, have found that the search patterns of neglect patients are equally poor in the contralesional and ipsilesional visual field (Chatterjee, Mennemeier, & Heilman, 1992b; Halligan, Burn, Marshall, & Wade, 1992). The claim that there are no hemifield differences also finds support in studies that do not use visual search; for example, using partial and whole report procedures, Duncan and colleagues document the presence of poor visual processing in both hemifields in neglect patients (Duncan et al., 1999). 

In addition to comparing the left hemifield with the right hemifield, one can also explore the detection performance of neglect patients when the location of the target is systematically altered across the two fields so that slope can be derived as a function of horizontal target position.  In such studies, there is fairly robust evidence for an attentional gradient which crosses the two fields  (Behrmann et al., 1997; Chatterjee, Mennemeier, & Heilman, 1992a; Deouell, Sacher, & Soroker, 2002; Hildebrandt et al., 1999; Karnath & Nemeier, 2002), with lesser activation the further contralateral the target location (note that there is not clear consensus on where the peak of activation resides on the ipsilesional side). Bolstered by neurobiological evidence concerning the receptive field size and distributional differences in parietal cells in the two hemispheres, a number of recent computational models have also argued in favor of an attentional gradient and have incorporated a smooth, monotonic gradient of attention across both fields into the underlying processing dynamics of the network (Behrmann & Plaut, 2001; Monaghan & Shillcock, 2002; Mozer, 2002; Pouget & Driver, 2000).

Visual search for targets on left/right of space or objects


One further question that has been addressed by studies of visual search in neglect concerns whether neglect is space- or object-based. While the neglect syndrome was originally described in terms of a space-based deficit (Mesulam, 1999), later findings have argued that neglect is also object-centered (Vallar, 1998). Several studies have reported that detection of a target on the relative left of an object is poor, especially if the search is for a conjunction of features, irrespective of the absolute location of the target or object (Arguin & Bub, 1993). For example, Grabowecky, Robertson, & Treisman (1993) had seven neglect patients search for a conjunction target in a diamond-shaped matrix of distractors. Additional grouping stimuli appeared as flanks either to the left, right, or both, of this matrix. When flanks appeared only on the right, a decrement in search performance for the contralateral target was observed, consistent with views ipsilesional of hyperattention and competition between ipsilesional and contralesional stimuli. Most interesting is the return of performance to near baseline levels for contralateral targets when a contralesional flank was included. The addition of the contralesional flank, according to the authors, shifts the frame of reference such that patients are assisted in calculating the center of mass of the object.  The patients then use this calculation to determine the spatial distribution of attention. 

Consistent with the idea that the boundaries of an object can play a role in determining the distribution of attention (and neglect), more recently, Pavlovskaya, Ring, Grosswasser, & Hochstein (2002) tested several subjects with both left and right-sided neglect on a search task in which the entire array was placed either centrally or lateralized to the right or left hemifield. The important conclusion is that the patients had great difficulty finding targets located on the contralateral side of the array, irrespective of the absolute placement of the array. These data are taken to reflect the idea that neglect occurs for information on the contralateral side of an object (and not only of space). The same result is also obtained in eye movements; Karnath and Niemeier (2002) had patients search for  a target in a large display and then, in a second condition, search again but now the display was presegmented into regions containing particular colors. In this second condition, subjects are prompted to search only, for example, the orange region, which falls on the ipsilateral side of space. When the patients searched the entire surrounding space, the patients neglected the left hemispace and spontaneously attended to the right hemispace. No significant left-right asymmetry was detected in the orange segment. However, in the second condition when visual search was constrained to this segment, all patients completely ignored the left part of this particular segment. 

The findings from the studies reviewed here are interesting and, although there is not always convergence, visual search studies have played an important role in the study of hemispatial neglect. There is a clear and obvious need for further definitive studies and more sophisticated and quantitative measures of the attentional deficit in neglect. Some advances have already been made in this direction.  Deouell and colleagues (Deouell et al., 2002) have developed a sensitive test known as Starry Night Test in which a target, a red filled circle, appears anywhere in a two-dimensional grid (49 virtual cells) accompanied by a dynamically varying array of green distractors. Both reaction time and accuracy (hit, miss) are recorded and a psychophysical function established along horizontal and vertical dimensions. The dynamic nature of the task along with the large sampling of trials and fine-grained measurement has proven sensitive to documenting hemispatial neglect even when standard bedside tests failed to make the diagnosis.  Finally, as alluded to previously, Duncan and colleagues have adopted the Theory of Visual Attention deficits (Bundesen, 1990), in which different components of attentional processing can be measured. Using the assumptions of this model, Duncan et al. (1999) have measured in patients with neglect both sensory effectiveness, indicating how well an element is processed alone, and attentional weight, indicating how strongly a given element competes for attentional selection based both on bottom-up salience and top-down task relevance. These more fine-grained and quantitative measures may complement the standard visual search procedures and provide further insights into the attentional mechanisms involved in hemispatial neglect.

B. Functional Imaging
Although a more recent development, brain imaging techniques have also been used to examine the neural mechanisms underlying visual attention.  In this section we review PET and fMRI studies of visual search that are pertinent to the debate over two-stage vs. interactive models of attentional processing.  Similar to the logic from neuropsychology, activation of distinct brain areas during simple and difficult search support the claim that one task requires attention and the other does not.  Activation in the same brain areas during both tasks, on the other hand, support the notion that a unitary system subserves both tasks.  As in the neglect data, however, we find that the there is not always convergence between results.  We therefore attempt to anchor the data within the larger context of fMRI studies of visual attention.  However, as data from other methods such as TMS and MEG are important for disambiguating imaging results, we end this section by drawing upon particular studies from those methods to aid our interpretation of the data.
Is there evidence for segregation between preattentive and attentive processing?

Perhaps the earliest imaging study to examine the effects of feature vs. conjunction search directly was conducted by Corbetta, Shulman, Miezin, and Peterson (1995) using PET.  They asked participants to detect a target stimulus distinguished by color, motion, or the conjunction of color and motion.  The behavioral data matched standard search results: search functions were flat in the color and motion tasks and positive with increasing distractors in the conjunction condition.  The interesting finding between the feature and conjunction conditions involved activation differences in the superior parietal lobe (SPL).  Significant activation occurred in the SPL during the conjunction condition, but not during either feature condition alone.  Corbetta et al. (1995) then compared the coordinates of SPL activation with results from a previous study in which participants shifted attention covertly along predictable horizontal locations (Corbetta, Miezin, Shulman, & Petersen, 1993).   The coordinates of activity in the two experiments corresponded well, leading the authors to conclude that serial shifts of attention were used to detect the target in the conjunction task, but not in the feature task.  Conversely, the lack of activity in the SPL in the feature conditions was interpreted to reflect parallel search that did not require serial shifts of attention.  

This conclusion is supported by more recent work demonstrating significant and extensive bilateral activation in the SPL during a luminance detection task.  Participants tracked a square stimulus that shifted along a horizontal meridian in 2260 ms intervals, which allowed for the quantification of shift and maintenance phases of a continuous task (Vandenberghe, Gitelman, Parrish, & Mesulam, 2001).  They found no significant activation in the SPL in a second experiment that required tonic maintenance of attention at peripheral locations compared to a fixation baseline.  The authors conclude that SPL activation is related specifically to spatial shifts of attention.  

These results, however, are open to a number of other interpretations as indicated by Corbetta et al. (1995).  For example, the functional role of the SPL may involve feature binding, oculomotor preparation, or the resolution of competitive processes through either enhancement or inhibition of early sensory (striate/extrastriate) or later ventral visual stream areas.  Furthermore, the lack of activation in feature search and nonshifting attentional conditions may be a product of the chosen baseline task.  That is, attentional requirements may differ only incrementally between the baseline and feature search, resulting in statistically nonsignificant activation in the SPL.  

To clarify the role of the SPL, Wilkinson, Halligan, Henson, and Dolan (2002) directly compared attentional shifting with feature binding.  Similar to Duncan and Humphreys (1989), Wilkinson et al. (2002) manipulated distractor homogeneity.  The target was always an upright letter “T” and distractors were rotated “T’s.”  In the homogenous distractor condition, all distractors were upside down and in the heterogeneous condition, distractors were randomly oriented.  They argue that both conditions require feature binding (as the elementary line features are similar between targets and distractors), but only the heterogeneous condition is difficult.  This task is similar to one used to test the SERR model (Humphreys & Mueller, 1993) and consistent with the model, heterogeneous RT was slower than homogenous RT, although target present trials in both conditions had a slope of 35 ms/item (intercept difference appears to be approximately 30 ms).  Target absent search in the two conditions differed considerably (71 ms/item in the heterogeneous condition and 40 ms/item in the homogenous condition, magnitude of difference between conditions range from approximately 120-280 ms).  

The homogenous – heterogeneous subtraction produced significant activation only in the right temporal-parietal junction (TPJ).  The reverse comparison, however, revealed many activated regions bilaterally including the following: motor cortex, cerebellum, SPL including the intraparietal sulcus (IPS), and supplementary motor area (SMA); unilateral right hemisphere activation was found in the pulvinar, superior occipital gyrus, and inferior occipital gyrus.  The authors conclude that the TPJ is involved in the preattentive segmentation of the target from grouped distractors and that “parietal and motor” areas are involved in spatial selectivity.  However, activation in primary motor areas, and the unusual search slope in the homogenous condition raise some questions of whether the two conditions reflect more general visual search results.  It is also difficult to know whether the “parietal and motor” areas involved were participating in the serial distribution of attention as the authors suggest, or the recursive rejection of distractors, as suggested by the SERR model.  We return this issue of excitation vs. inhibition again later in this section.
Another result distinguishing fronto-parietal areas from ventral areas was obtained by Patel and Sathian (2000) using a color popout paradigm with PET.  The authors manipulated the relationship between a salient color singleton and its status as the target using the following four conditions; absent (all items colored gray), popout (color singleton always the target), rare (singleton rarely the target), and never (singleton never the target).  In this way, Patel and Sathian (2000) held bottom-up salience constant and manipulated its relevance through top-down instructions.  In the first contrast of interest between the popout and absent conditions, significant activation was found in the right superior temporal gyrus (STG).  Interestingly, activation in this area was modulated by top-down search strategies such that activation was reduced in a stepwise fashion based on singleton relevance (popout > rare > never).  RTs were significantly faster (and flat across display set size) in the popout condition and equally slow in the other three conditions.  Thus, while the STG appears to be sensitive to the presence of salient items, activity is muted when the salient object is irrelevant to the task.  

In a second contrast of interest between never and popout conditions, the authors repot significant activation in the left parietal operculum/STG area, the parieto-occipital fissure, and the precuneus.  The patterns of activation in the absent and rare conditions were less robust, but similar to that of the never contrast, suggesting that these regions are involved in attentive search.  Although the STG is more anterior than the TPJ location found by Wilkinson et al. (2002), and the precuneus is more medial than the SPL location reported by other studies, the correspondence between dorsal, attentive search and ventral, salience detection is worth noting.  An additional finding supporting the dorsal, attentive search result was reported by Donner et al. (2000).  Using a conjunction – feature comparison, the authors found consistent activation in FEF bilaterally, ventral precentral sulcus in the left hemisphere, as well as bilateral parietal activation in the postcentral sulcus, anterior and posterior IPS, and at the IPS/TOS junction.  


Consistent with results from Patel and Sathian (2000), others have found modulation of activation in early sensory areas based on task relevance.  For example, Hopfinger, Buonocore, and Mangun (2000) used event-related fMRI to examine areas involved in responses to an explicit endogenous cue compared to the presence of a target search display.  The time course of the event-related design allows one to examine the brain areas activated during the cue and target stages separately.  Areas that were activated by the onset of the cue but prior to presentation of the target stimulus included bilateral IPS, SPL, posterior cingulate (PC), FEF and STS.  Interestingly, early visual areas corresponding to the expected target location were activated during the cue phase reflecting expectancy.  Onset of the target stimulus activated SMA, ventrolateral prefrontal areas, occipital cortex, and SPL.  These results are consistent with findings suggesting that the endogenous orientation of attention involving fronto-parietal regions can enhance activation in early visual areas  (see also Brefczynski & DeYoe, 1999; Fink, Driver, Rorden, Baldeweg, & Dolan, 2000; Kastner, De Weerd, Desimone, & Ungerleider, 1998; Rosen et al., 1999; Sengpiel & Huebener, 1999; Weidner, Pollmann, Mèuller, & von Cramon, 2002).  For the purposes of the current discussion, it is most important to note that the SPL was the only location activated by both the cue and target phases of the task.  These results are in contrast to the Vandenberghe et al. (2002) and suggest that the SPL does not simply produce an attentional switch signal, but is involved in the volitional direction of attention (although it is possible that participants were switching attention within the cued visual field during the target display). 

The results reviewed thus far fit well with a model of attention that includes a division of labor between areas involved in the volitional distribution of attention (including shifting attention from location to location) and areas involved in salience or popout detection (Corbetta, Kincade, Ollinger, McAvoy, & Shulman, 2000; Corbetta & Shulman, 2002).  While roughly consistent with models of visual search that specify separate preattentive and attentive processing stages, the results are much better fitted by the functional model of Corbetta et al. (2000; 2002).  They hypothesize that voluntary orienting is driven by activity in the IPS/SPL-frontal network and detection of salient stimuli in unattended locations is signaled by TPJ activity.  They further hypothesize that the two systems interact such that the TPJ signal interrupts and redirects the volitional system in response to bottom-up signals, and the sensitivity gain in the TPJ system can be adjusted by top-down signals.  Thus, extensive excitatory and inhibitory interactions occur between the volitional system and the “preattentive” detection system.  Furthermore, the volitional system is hypothesized to overlap considerably with oculomotor areas, similar to the Hamker (1999) model.

This functional model is bolstered by its correspondence with evidence that neglect patients most often have damage to the TPJ and have difficulty orienting automatically to stimuli in the neglected field, but are capable of voluntarily orienting attention (for discussion of anatomical differences between persisting and acute neglect, see Maguire & Ogden, 2002).  Moreover, similar results involving TPJ activity in responses to an exogenous cue and IPS activity to an endogenous cue have been found (Serences, Shomstein, Leber, Egeth, & Yantis, 2002).  

Is there evidence for a unitary system involved in both simple and difficult visual search?

Other studies, however, have not found a straightforward distinction between TPJ involvement in simple search and IPS/SPL in conjunction search.  They have instead found graded differences in activation between the two visual search conditions in frontal and parietal areas.  These studies do not necessarily contradict the previous findings, but suggest that the fronto-parietal attentional system may be a unitary system that responds to both simple and difficult search conditions.  Differences in activation are thought to reflect quantitative differences in attentional requirement between the two conditions.

Leonards et al. (2000) reported largely overlapping networks involved in feature and conjunctive search.  In both search tasks, the target was defined as the unique stimulus, either based on a single feature or a conjunction of features.  Although their task is somewhat unconventional, the behavioral data are consistent with traditional search slopes in feature and conjunction search.  Comparing each search task with its own control, Leonards et al. (2000) found that both conditions activated large portions of the occipital, and parietal lobes but only the conjunction task activated the superior frontal sulcus (SFS).  (Based on subsequent studies, the authors conclude that the SFS area is independent of FEF.)  Occipital regions of overlap included bilateral activity in the collateral sulcus, lateral occipital sulcus, and the transverse occipital sulcus.  In the parietal lobe, activation was found bilaterally including dorsal, medial, and ventral IPS.  Additional anterior/dorsal portions of the IPS were activated only in the conjunction condition.  Importantly, in all regions of overlap, greater activation was found in the conjunction condition than the feature condition.  

In a more recent study, Donner et al. (2002) equated search difficulty in feature vs. conjunction search in order to isolate processes involved with the identification of single feature targets vs. conjunctive feature targets.  This is the first study that we are aware of that has attempted to equate behavior in feature vs. conjunction search.  They do so by use of three tasks: easy feature search, hard feature search, and conjunctive search.  In all conditions, stimuli were composed of clusters of vertical/horizontal lines and yellow/blue color.  The yellow color was labeled “salient” as its luminance value was greater than blue.  In the easy feature task participants searched for the salient yellow target (half the stimuli had vertical and the other half, horizontal line orientations).  The same stimuli were used in the hard feature task, but the target was defined by line orientation rather than color.  In the conjunction task targets were defined by a combination of features (e.g. vertical-yellow).  Behavioral RT increased with increasing display size in the conjunctive and hard feature tasks (23.8 and 20.1 ms/cluster, respectively) and was flat in the easy feature task (-0.7 ms/cluster) (see Figure 3A).  

Their imaging results show first that the hard feature condition activates substantially more areas than easy feature and second, that hard feature and conjunctive conditions share overlapping, but not identical networks.  The hard feature - easy feature comparison resulted in activation of large portions of the frontal and parietal lobes.  Regions of overlap between hard feature and conjunction (using easy feature as the baseline) included bilateral FEF, anterior and posterior IPS, and the junction between the IPS and the transverse occipital sulcus (TOS) (i.e. IPTO).  Despite similarities, differences in degree of activation were found within all of these areas except posterior IPS, (which may correspond to monkey LIP Culham & Kanwisher, 2001).  (For discussion of LIP see Colby, Duhamel, & Goldberg, 1996; Gottlieb, Kusunoki, & Goldberg, 1998; Kusunoki, Gottlieb, & Goldberg, 2000; Platt & Glimcher, 1999).  Specifically, greater activation associated with the conjunction task was found in FEF and the IPS/TOS junction, and with the hard feature task in anterior IPS.   Furthermore, nonoverlapping areas were found in areas adjacent to overlapping areas, suggesting that some segregation of processing occurred between hard feature and conjunctive search (see Figure 3B).
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  Figure 3.  Images from Donner et al, (2002). (A) Response time x display size functions for conjunction, hard feature, and easy feature visual search conditions. (B) Group activation maps.  Left: activation pattern found in hard feature - easy feature comparison.  Right: Overlaid activation patterns from conjunction and hard feature conditions.

[image: image4]Despite some inconsistencies between findings, there is good convergence between studies showing the involvement of fronto-parietal areas in visual search.  The locations of activity overlap considerably with fMRI results of covert and overt shifts of attention as well as general attentional mechanisms (Beauchamp, Petit, Ellmore, Ingeholm, & Haxby, 2001; Corbetta, 1998; Corbetta et al., 1998; Luna et al., 1998; Mesulam, 1999; Nobre, Gitelman, Dias, & Mesulam, 2000; Perry & Zeki, 2000; Posner, Cohen, & Rafal, 1982).  The involvement of oculomotor areas in attentional shifting is consistent with the premotor theory of attention, which hypothesizes that attentional shifts reflect preparation for motor movements (Rizzolatti, Riggio, Dascola, & Umilta, 1987).  It is tempting to conclude from this that the fronto-parietal network acts as a generic attentional system that interacts with sensory areas to produce behavior that reflects both bottom-up and top-down effects.  The fact that most attentional tasks involve visual processing, however, requires caution in interpretation.  
It may be that the great consistency we see across attentional tasks is a by-product of the fact that most visual attention tasks involve eye-movements, or the inhibition of eye-movements.  For example, Nobre (2001) suggests that the frontal-parietal network may involve egocentric representations appropriate for oculomotor actions, but that other, partially overlapping, networks may be involved in action representations such as reaching and grasping (also see Rizzolatti, Fadiga, Fogassi, & Gallese, 1997).  Such findings are consistent with single cell physiology data suggesting that distinct parts of the IPS are involved in different sensorimotor transformations (Colby & Goldberg, 1999).  As the spatial resolution of fMRI becomes better, distinctions based on relatively small regions of association areas will become clearer (Culham, in press; Culham & Kanwisher, 2001).  The results from this section further complicate interpretation of visual search models in suggesting that a single system may be involved in both tasks, but perhaps in a graded fashion and dependent on which sensory-motor transformation is required for the task.
How do nonstandard visual search and other imaging techniques influence interpretation of functional imaging data?

Another way of probing the functional role of the fronto-parietal network is to examine attentional effects in nonspatial domains.  Unlike all the studies discussed so far, which have focused on the spatial aspect of attentional shifts, Wojciulik and Kanwisher (1999) conducted a study of visual search in the temporal domain.  In experiment “1c”, participants identified feature or conjunction targets that appeared in rapid serial visual presentation (RSVP).  They found robust activation in the SPL and anterior and posterior IPS spreading into the IPL.  The authors conducted three different experiments involving difficult vs. easy conditions and found robust bilateral activation in posterior IPS, close to IPTO, and anterior IPS in all three difficult - easy contrasts.  Some lateralization involving greater activation was found in the right hemisphere.  

Wojciulik and Kanwisher (1999) suggest that these commonalities across tasks may implicate the parietal lobe in suppressing distractors, rather than shifting of attention.  This assertion is consistent with Biased Competition (Desimone & Duncan, 1995) as well as behavioral data indicating that distractor suppression rather than targets enhancement occurs under cluttered visual search conditions (e.g. Awh, Matsukura, & Serences, 2002).  The suppression of distractors is also consistent with the modulation of activity dependent on the task relevance reviewed earlier.  While these findings are not inconsistent with the functional model of Corbetta and colleagues, they do suggest that the role of the fronto-parietal network is more complicated than the volitional movement of spatial attention.  

In fact, data from techniques with greater temporal resolution intimate a more complex picture.  In a Transcranial Magetic Stimulation (TMS) study, Ashbridge, Walsh, and Cowey (1997) show that conjunction and not feature search is disrupted by stimulation to the right posterior parietal lobe.  However, they found that conjunction search was only disrupted when TMS was applied 100 ms after stimulus onset for target-present trials and 160 ms for target-absent trials. (Stimulation delays from 0-200 ms were used with 20 ms intervals.)  They conclude that it is unlikely that TMS disrupted a serial search mechanism as one would not expect selective interference at 100 ms post stimulus onset.  Moreover, there was no difference in interference between targets in each visual hemifield (as would be expected based on performance by patients with unilateral damage to the right parietal lobe).  Instead, the authors favor the conclusion that the effect of TMS over the right parietal lobe involves spatial focusing: interference occurs for conjunction search because the tuning of the attentional mechanism is disrupted.  They also suggest that the interference could be due to an interruption of information transmission between the V4/temporal lobe areas involved in object recognition and the parietal lobe.  

Although we are not reviewing the ERP and MEG data, we raise the results of one MEG study that pertains to the hypothesis of Ashbridge et al. (1997).  Hopf et al. (2000) use the resolution of MEG to clarify the origin of the ERP N2-posterior-contralateral (N2pc) component, which has been implicated in attentional tasks including conjunctive vs. feature search (e.g. Luck, Girelli, McDermott, & Ford, 1997; Luck & Hillyard, 1995; Luck & Hillyard, 2000; Woodman & Luck, 1999).  Hopf et al. (2000) conclude that the N2pc component is actually composed of two spatially and temporally distinct subcomponents: One reflecting neural activity in the parietal lobe at 180-200 ms, and the other, reflecting activity in the anterior occipital and posterior infero-temporal areas at 220-240 ms.  They conclude that the parietal subcomponent reflects attentional shifting and the extrastriate/inferotemporal component reflects the focusing of attention around a stimulus in response to location selection (consistent with Desimone and Duncan, 1995).  

This result suggests an interaction between neural areas that is difficult to see with the poor temporal resolution of fMRI and PET.  Moreover, these data are consistent with all three hypotheses that Ashbridge et al. (1997) raise: the parietal lobe could be involved in the spatial shifting of attention, transmit that spatial selectivity to ventral visual areas such as V4 or TPJ (both in terms of inhibition and excitation), which then respond by shrinking their receptive fields around objects of interest.  When the stimulus is salient, the selection process need not involve much top-down spatial selection to guide feature detection.  This would explain the reduced (or absent) fronto-parietal activation and greater TPJ/ventral visual activation in simple search tasks.  Just as spatial selectivity may constrain feature processing, information regarding salient or dissimilar stimulus features could also affect activity in parietal areas, possibly producing “feature” based responses in a dorsal stream areas.  These reciprocal interactions reflect the strength of goal-oriented direction of attention, stimulus salience, and effector choice.  
This interpretation is consistent with the functional model of Corbetta et al. (2000; 2002), but includes greater detail regarding the interactive nature within and between areas, which is consistent with Biased and Integrated Competition accounts (Desimone & Duncan, 1995; Duncan, Humphreys, & Ward, 1997; Duncan & Humphreys, 1989) as well as much of the data reviewed here.  It will be critical for future work to examine more closely the functional properties of the fronto-parietal processing system, particularly in relation to ventral stream areas.  Drawing on known anatomical connections between parietal, frontal oculomotor, and ventral areas will be extremely useful in developing theories regarding the interaction between areas involved in producing visual attention (e.g. Parâe & Wurtz, 1997; Wurtz, Sommer, Parâe, & Ferraina, 2001).

C. Combined Neuropsychology and Functional Imaging
Although we have framed this discussion in terms of distinct preattentive and attentive processing stages, perhaps this distinction is misleading.  Much like the debate over early vs. late selection, the answer is likely to be that both arguments are at least partially correct.  Although there is evidence for attentional modulation of early sensory areas, it is unlikely that we are obligated to attend to the earliest visual processing stages in order to form higher level perceptual units.  Furthermore, a system that is insensitive to salient external information would be extremely maladaptive.  On the other hand, it is unlikely that there is a specific class of features or objects that are always processed without attention.  The lack of clear consensus in both the neuropsychological and fMRI data support the notion that it is misguided to look for specific preattentive and/or attentive stages in the neural system.  Perhaps a better question to ask from a cognitive neuroscience perspective involves how regions of the brain with particular receptive field properties interact to produce discrete perceptual phenomena and behavior.  Attention may therefore be the consequence of interactive excitatory connections between areas whose receptive fields mutually support a particular distal visual stimulus.  Several studies using functional imaging techniques in extinction patients with this perspective have produced provocative results (see Rees, 2001 for review).  

The comparison of interest in these studies involves differences in neural activation between trials in which patients report the presence and absence of stimuli in the left visual field (LVF).  Three trial types are of interest: the correct non-report of LVF stimuli on trials in which only a right visual field (RVF) is present; the incorrect non-report of a LVF stimulus when bilateral stimuli are present (extinction); and the correct report of a LVF stimulus during bilateral stimulus presentation.  In the comparison between extinguished LVF stimulus on bilateral trials vs. right unilateral stimulus, Vuilleumier et al. (2001) found fMRI BOLD responses in right striate cortex and bilaterally in the postero-inferior temporal gyri.  Comparing seen LVF stimuli to extinguished LVF stimuli, greater activation was found in striate areas for seen than extinguished stimuli, but the time course for the two trial types was similar.  Bilateral fusiform activation occurred only when faces were reported as seen.  Interestingly, activity in the following areas was only correlated when LVF face stimuli were reported as seen: left inferior frontal cortex, left inferior and superior parietal cortex, and left anterior temporal cortex.  This finding indicates that extinguished stimuli activate early as well as relatively late visual areas, but that the synchrony and strength of activation in larger networks occur only when LVF stimuli are reported as seen.  ERP data from the same participant were qualitatively similar (similar responses in seen and extinguished trials in occipital regions, but different responses in central and midline regions).
Similarly, Rees et al. (2000) found striate and extrastriate activation of extinguished stimuli using fMRI with a patient with a right inferior parietal lesion.  Interestingly, they used house and face stimuli and found some effect of stimulus category in extinguished trials involving activation in the right fusiform region of interest for extinguished faces, but not extinguished houses.  These results suggest that the conscious perception of a visual stimulus is correlated with an interaction of visual areas rather than the static activation of a single perceptual area and are consistent with behavioral findings in neglect patients that show effects of neglected stimuli on subsequent behavior (for review see Driver, 1996).  Similarly, studies involving binocular rivalry and interhemispheric competition in normal subjects have shown that modulation of activation related to the perceived stimulus occurs at many stages of the processing stream (Fink et al., 2000; Lumer, 1998; Lumer, Friston, & Rees, 1998; Tong, Nakayama, Vaughan, & Kanwisher, 1998).  
IV. Relationship Between Theoretical Approaches and Empirical Data
We began this chapter with the goal of understanding what neuropsychology and functional imaging contribute to the debate in models of visual search regarding preattentive and attentive processing.  We found, however, that the data do not break down simply along those conceptual lines.  That is, there is data to support the idea that simple feature-targets are processed without attention, as well as data to support the idea that there is no qualitative difference between the neural systems involved in difficult and easy search conditions.  
Taken together, the data reviewed in this chapter implicate a complex, interactive, network of areas with different processing specializations.  Although each of the cognitive models reviewed capture some aspect of the complexity and precision involved in the interaction of neural areas related to visual search behavior, none of them seem completely adequate.  Nevertheless, we find the neuropsychological and imaging data to be largely consistent with the framework of the Integrated Competition account of Duncan, Humphreys, and Ward (1997).  The theoretical model cautions neuropsychological and brain imaging work against attributing phenomenological experiences and discrete behaviors to activity in particular damaged or activated brain areas.  Rather, it considers dynamic interactions between processing areas to be fundamental.  A framework in which competition and cooperation occurs within and between areas of processing is, in our opinion, more likely to capture the conditions within the neural system that give rise to human behavior and experiences.  Combinations of methods from cognitive neuroscience including fMRI, neuropsychology, and ERP/MEG appear to be a promising route by which the intricacies of the human attentional system can be probed.

One word of caution in thinking about the relationship between psychological models and empirical data to theorize about levels of processing has been raised by Frith (2001).  He notes that the psychological and physiological meanings of bottom-up and top-down processing do not necessarily correspond well.  Bottom-up in a psychological sense conveys a notion of preattentive processing and top-down suggests volitional, goal oriented behavior.  Physiologically, bottom-up implies feedforward processing from early visual areas to later ones, and top-down implies feedback modulatory processes.  While the concepts appear to be similar, correspondence between the two can be weak.  Thus, preattentive processes in visual search models do not necessarily imply early processing in the brain and vice versa, although more biologically based models may (e.g. Li, 2002).   We raise this issue here to comment that there is a distinction between thinking of preattentive processing as an obligatory stage that must occur prior to any effects of attention and preattentive processing as a condition in which visual stimuli are represented within the visual system, but not consciously perceived.  Although issues related to consciousness are well beyond the scope of this chapter, we note that we have primarily dealt with the first sense of preattentive processing and not the second.
In sum, there is much work to be done to understand the behavioral and neural mechanisms that underlie visual search processes in particular, and visual attention as a whole.  Convergence from multiple methodologies is particularly important as the data will force us to modify existing concepts and seek new formulations for describing functional systems that give rise to human behavior.
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