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The present paper outlines a framework which allows a consistent interpretation of data 

regarding visual selection in visual search tasks. It organizes and reviews visual search tasks in 

which the target is defined by primitive features, by conjunctions of features and when the target 

is categorically different from non-targets. The special role of spatial attention is reviewed and 

different theoretical accounts are discussed. Because visual selection depends principally on the 

outcome of the early parallel preattentive stage of processing, the main focus will be on this 

stage. It is concluded that visual selection is to a large extent determined by the physical 

characteristics of the stimuli present in the visual field. The early preattentive parallel process 
computes how different each object is from each of the other objects within a particular stimulus 

dimension. Attention is automatically drawn to the location having the highest activation, 

implying that the object at that location is automatically selected irrespective of the intentions of 

the subject. The model also assumes some top-down control. It is well known that attention can 
be voluntarily directed to nonfixated locations in visual space, varying from a uniform distribu- 

tion over the visual field to a highly focused concentration. The model assumes that the 
endogenous direction of attention to an area in the visual field is the only top-down manner of 

affecting visual selection. Within the area of directed attention, no top-down control is possible: 

selection is completely determined by the physical properties of the stimuli. 

1. Introduction 

The identification of objects in the visual environment plays an 
important adaptive role in everyday life activities, in particular for 
acting in a goal-directed manner. A visual scene may contain many 
objects, that is, potential targets for action, yet the visual system 
appears to be limited on the number of objects that can be processed 
at a time. This limitation implies that at some stage (or stages) in the 
information flow, some objects are excluded from processing. This 
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process of selecting part of simultaneous sources of information, 
either by enhancing the processing of some objects and/or by sup- 
pressing information of others, is traditionally referred to as ‘selective 
attention’ (Johnston and Dark 1986). Theories of human selective 
attention are concerned with how people select information to provide 
the basis for responding and with how information, irrelevant to that 
response, is dealt with. 

The main objective of the present review is to examine the selection 
processes occurring within a single fixation of the eyes. It uses experi- 
mental data as a starting point and when necessary will discuss various 
theoretical approaches to visual search. The paper is divided into five 
sections. The first section will distinguish processes which should be 
considered as manifestations of attentional selectivity from processes 
which are due to the structural constraints of the human eye. In the 
next section, the two-stage approach is outlined which suggests that 
visual processing is characterized by two functionally independent 
stages: an early stage that operates without limitations in parallel 
across the entire visual field, followed by a later stage characterized by 
a limited capacity. Because visual selection depends principally on the 
outcome of the early stage of processing, the main focus will be on 
this early stage. This does imply that selection at later stages of the 
system is not possible (e.g., categorization of selected items and/or 
choices among various responses); rather, the present approach con- 
fines its concern to visual selection, that is, to how items from the first 
stage of parallel processing are passed on to the second stage of 
processing. An item entering this second stage of processing is as- 
sumed to be selected. The third section discusses the extent of parallel 
processing in different types of search tasks. The fourth section 
examines the status of research on spatial attention, reviews the 
results of various cuing experiments, and discusses different theoreti- 
cal accounts for these data. In the final section, a summary of the 
conclusions will be provided with respect to three major controversies 
in visual attention research. 

2. Structural constraints 

2.1. Selectivity and eye movements 

Selective attention in visual perception becomes manifest when 
orienting in the visual field. One obvious way of visual orienting is 
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overt, involving the movement of eyes and head, or both, so as to 
overtly focus on an spatial location. This may be considered as a 
global way of selecting and analyzing certain parts of the visual 
environment (e.g., Sanders 1963, 1970; Sanders and Donk 1991). 
Under conditions of free search, observers search a particular field for 
a possible target while making both eye and head movements. In these 
circumstances, as in deciding to look first to the left and then to the 
right before crossing the street, top-down strategies control the 
macrostructure of the visual scanpath (see, e.g., Levy-Schoen 1981). 
Yet, top-down control seems to disappear when a highly salient object 
is present in the visual field. In the now classic studies of Engel (19771, 
it was claimed that, as soon as the eye is close to a conspicuous object, 
the object exerts control over the visual selection system. Engel (1971, 
1974, 1977) defined visual conspicuity in terms of a lobe representing 
the peripheral area around the central fixation point within which an 
object can be detected with a certain probability within a single 
glance. In this view, scanning certain parts of the visual environment 
may depend only on top-down strategies until an eye fixation falls 
within the conspicuity lobe of a particular object. Then, top-down 
control disappears and the object exogenously elicits an eye movement 
toward the object (see Engel 1977). 

It may appear that visual selection is equivalent to where the eye 
fixates in the visual field; yet, such a view is incorrect. It is known that 
when a saccade is made toward a particular location, attention moves 
to that location before the onset of the saccade (Posner and Cohen 
1984). In everyday life, a shift of attention is usually followed by an 
overt movement of the eyes indicating that the eye fixation and 
attentional locus are usually highly correlated. Yet, in many experi- 
ments, it has been shown that movements of attention can occur 
without making eye movements (e.g., Eriksen and Hoffman 1972; 
Posner et al. 19801. As a metaphor, properties of this covert orienting 
have been described as a spotlight (for a detailed discussion see 
section 5.2.1; see also, e.g., Broadbent 1982) or a zoom lens (Eriksen 
and Yeh 1985). In these metaphors, the locus of directed attention in 
visual space is thought of as having greater illumination than the areas 
to which attention is not directed, or areas from which attention has 
been removed. In line with the metaphors, many studies have demon- 
strated that responses to stimuli falling inside the attentional beam 
are faster and more accurate than responses to stimuli falling outside 
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the beam of attention (e.g., Posner 1980; Posner et al. 1980; Van der 
Heijden et al. 1987). Again, similar to overt orienting, covert attention 
may be controlled endogenously by directing attention to a location in 
visual space or may be captured exogenously by a peripheral sensory 
signal (Jonides 1980). 

The important observation is that, within a single ocular fixation, 
there can be enhanced processing of some objects and reduced 
processing of other objects in the visual field. The distribution of 
attention in the visual field can be used to account for the observed 
selectivity of processing. The point of fixation does not necessarily 
represent the location from which information is acquired, indicating 
that visual selection is basically independent of the line of sight. 
Although the study of eye-movement patterns constitutes an impor- 
tant tool for studying visual selection in tasks requiring a high ecologi- 
cal validity, it should be realized that fovea1 vision is not necessary for 
selecting visual information. Therefore, the movements of the eyes 
should not be considered as the selection process itself, but merely as 
the outcome of attentional selection processes preceding actual eye 
shifts. As Broadbent (1982) claimed, eye movements may reinforce 
selectivity, yet it can occur without them. 

2.2. Selectivity and lateral masking 

The discussion above suggests that visual selection is basically 
independent of the line of sight. Yet - and this is often ignored in 
studies concerning selective attention - processing of spatial informa- 
tion outside the line of sight is rather limited because of a reduced 
retinal sensitivity in the periphery. As the eccentricity of a target 
increases, the efficiency of information processing reduces, simply on 
the basis of the anatomical observation that the density of cone 
receptors dramatically drops when moving away from the center of the 
fovea (Yelott et al. 1984). The density of cones 5” from the center of 
the fovea is about l/10 that of the foveola (a circular area 1;” in 
diameter, Polyak 1957). Therefore, when investigating postretinal pro- 
cesses such as selective attention, it is crucial that effects of retinal 
sensitivity are not confounded with effects of the operation of selec- 
tive attention. 

This drop in accuracy is even more dramatic when other objects are 
present in the visual field. Bouma (1970) showed that the recognition 
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scores in eccentric vision for randomly chosen target letters between 
two distractor letters x (i.e., /xax/) dropped sharply as compared to 
the nonembedded situation (i.e., / a /). The finding that the proba- 
bility of correctly identifying a target is significantly reduced when 
there are other items close to the target in the visual field may suggest 
a selection problem rather than an acuity problem. This effect, gener- 
ally referred to as lateral masking, is characterized by three proper- 
ties: (1) lateral masking is more pronounced in the periphery than in 
the center of the visual field (see e.g., Bouma 1970, 19781, (2) the 
masking effect of the surrounding item diminishes as the space be- 
tween target and mask is increased (e.g., Eriksen and Eriksen 19741, 
(3) a mask placed on the peripheral side is more effective than a mask 
placed on the fovea1 side (e.g., Andriessen and Bouma 1973). Since 
these properties appear to be sensory in nature, most accounts assume 
that lateral masking results solely from interactions at a sensory level, 
that is, features of the mask interact with features of the target (for 
sensory accounts see e.g., Andriessen and Bouma 1973; Estes 1972; 
Wolford 1975). 

In summary, it is crucial to ensure that performance differences 
observed in various tasks reflect differences in selective attention 
rather than in structural constraints of the human eye. Note for 
example, that, independent of the distribution of attention, foveation 
might facilitate the processing of stimuli, especially in conditions 
requiring a high visual acuity (e.g., reading). Yet, it is also inappropri- 
ate to try to explain performance differences only in terms of sensory 
interactions without considering possible effects of selective attention 
at postretinal stages of visual processing. For example, Wolford and 
Chambers (19831 showed that some effects of lateral masking are 
inconsistent with sensory interpretations and appear to be related to 
the distribution of attention in the visual field. 

3. Two-stage approach 

3.1. Introduction 

The present approach is based on the idea that visual information 
processing consists of two functionally independent, hierarchical 
stages: An early, pre-attentive stage (Neisser 1967) that operates 
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without capacity limitations and in parallel across the entire visual 
field, followed by a later, attentive limited-capacity stage that can deal 
with only one item (or at best a few items) at a time. When items pass 
from the first to the second stage of processing, these items are 
considered to be selected. This central tenet dates back to Broadbent’s 
(1958) classical ‘filter’ theory and forms the basis of currently influen- 
tial accounts of visual selection and attention, notably: Treisman’s 
‘feature integration theory’ (FIT; e.g., Treisman and Gelade 1980; 
Treisman 1988; Treisman and Sato 1990), Julesz’s ‘texton’ theory (e.g., 
Bergen and Julesz 1983; Julesz 19711, Cave and Wolfe’s ‘guided 
search’ model (1990; Wolfe et al., 19891, Hoffman’s two stage model 
(1978, 19791, and various ‘late selection’ accounts (e.g., Duncan 1980; 
Duncan and Humphreys 1989). 

The purpose of this section is to describe how recent studies 
illuminate currently active theoretical issues with respect to the two- 
stage approach of visual search. First, there will be a discussion on 
parallel and serial search and the properties that characterize these 
types of processing. Theoretical controversies regarding these proper- 
ties will be briefly sketched. In the next section, these controversies 
will be discussed in more detail in relation to data stemming from 
three widely used visual search tasks: (1) low-level search tasks in 
which a target is defined by a single primitive feature, (2) search tasks 
in which target detection requires the integration of information from 
two or more separable features, (3) search tasks in which the target is 
categorically different from the non-targets. 

3.2. Two types of search 

3.2.1. Preattentkje parallel search 
The most direct evidence that at least some perceptual operations 

occur in parallel is provided by visual search tasks (Egeth et al. 1972; 
Neisser et al. 1963) in which a target is detected with little or no 
change in reaction time (RT) as the number of non-target items is 
varied. The consistent pattern of results is a flat or almost flat search 
function (less than 5 or 6 ms per item; Treisman and Souther 1985; 
less than 10 ms per item: Treisman and Gormican 19881, in which the 
detection latency is related to the number of non-target items in the 
display when the target is present. This particular pattern of flat 
functions in visual search is referred to as the pop-out effect (Treis- 
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man and Gelade 1980) and indicates that the operations underlying 
search are performed spatially in parallel. Typically, a target which is 
defined by a single physical feature not shared by any other items in 
the display (e.g., a red item between green non-targets) pops out of 
the display regardless of how many non-targets are present. 

Although inferences from linearly increasing search functions have 
been critized (Townsend 1972), flat RT functions can only be recon- 
ciled with models assuming parallel search of the critical feature that 
defines the target. It should be realized, though, that search functions 
are seldom completely flat for reasons that have nothing to do with 
attention (Duncan 19801. As the number of non-targets increases, so 
does the chance that a non-target is mistaken for the target simply on 
grounds of probability (Eriksen and Spencer 1969). 

Preattentive parallel processing has been characterized by three 
basic properties (Folk and Egeth 1989; Posner and Snyder 1975): 

(I) Preattentiue processing is unlimited in capacity. The absence of an 
effect of the number of non-targets in the display (flat RT function) 
suggests that preattentive processing is insensitive to perceptual load. 
This implies that this process satisfies the load-insensitivity criterion 
of automatic&y, stating that automatic processes are not affected 
when concurrent information load is increased (e.g., Neumann 1984). 

(2) Preattentive processing is spatially parallel operating simultane- 
ously at various locations across the visual field. The absence of a 
display effect can only be understood when it is assumed that preat- 
tentive search takes place across all locations in the visual field at the 
same time (Townsend 1972). Although pre-attentive means ‘before 
attention operates’, it has been claimed that preattentive search is 
search in which attention is widely distributed over the whole display 
rather than narrowly focused and serially directed to one object at a 
time (Treisman and Gormican 1988) 

(3) Preattentive processing operates independent of strategic control. 
Evidence for the property that preattentive search operates indepen- 
dently of strategic control is rather ambiguous. It refers to the unin- 
tentionality criterion of automatic processes, which states that ‘auto- 
matic processes are under the control of stimulation rather than under 
the control of the intentions (strategies, expectancies, plans) of the 
person’ (Neumann 1984: 2581. Note that if this claim were correct, a 
subject’s knowledge of which target should be found, would not have 
an effect on the outcome of the preattentive process. Recent studies 
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have claimed that the preattentive stage does not operate solely 
data-driven: knowledge about the target to be found may give addi- 
tional top-down activations in the relevant feature map (Cave and 
Wolfe 19901, may bias and alter the initial weights given to the items 
in the visual field (Duncan and Humphreys 19891, or may inhibit 
feature maps which represent a non-target value (revised FIT, Treis- 
man and Sato 1990). 

3.2.2. Attentive serial search 
Search functions reflecting parallel search can be contrasted to 

functions showing a linear increase in RT as the number of non-target 
items in the display is increased. This pattern of results has been 
taken as indicative of spatially serial search. The finding that the slope 
of target absent trials is twice as steep as the slope of target present 
trials is taken as evidence that serial search is self-terminating (Stern- 
berg 1966). On positive (target present) trials, subjects stop searching 
as soon as the target is found, whereas in negative trials search 
continues until the whole display has been checked. Serial functions 
are usually found in cases when targets are defined by specific 
arrangements (e.g., search for a T among L’s) or when they are 
defined by conjunctions of features (e.g., a conjunction of color and 
shape, a red X between red O’s and green X’s>. 

The finding that search time increases with display size does not 
necessarily prove that the underlying processes are performed serially 
(Townsend 1972). It may be that a linearly increasing search function 
reflects ‘limited’ capacity parallel search rather than serial search. 
This would imply that differences in the slopes of the search functions 
reflect the amount of capacity required, rather than a qualitative 
difference between parallel and serial search. For example, there is a 
small capacity required for searching an item with unique color, 
whereas a larger capacity might be required for more complex identi- 
fications (e.g., T between L’s). Without discussing the issue of ‘limited 
versus unlimited capacity’ in visual search, it is argued that an increase 
in RT as a function of the number of non-targets (display size) reflects 
a qualitatively different search operation than when RT is indepen- 
dent of display size. More specifically, when search functions show a 
substantial positive slope, it is assumed that search is performed 
serially, involving the attentive stage of processing. On the other hand, 
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when search functions are essentially flat, it is assumed that search is 
performed in parallel, involving the preattentive stage of processing. 
Note, however, that the dichotomy between preattentive and attentive 
processing might not be as sharp as presented here (see, e.g., Duncan 
and Humphreys 19891, especially in conditions in which there is not a 
large difference between target and non-targets (Treisman and 
Gormican 1988). Yet, there is usually a large contrast between parallel 
search involving pop-out’s, and patterns of RT characterizing serial 
search. Therefore, in line with the two-process theory of Schneider 
and Shiffrin (1977; Shiffrin and Schneider 1977) it is assumed that 
there is a qualitative difference between parallel ‘automatic detection’ 
and serial ‘controlled search’. 

There is not much consensus about the properties of the attentive 
stage. 

(2) Attentive processing is limited in capacity. This claim is simply the 
result of the observation that search time increases with display size. 
The question is: where is the capacity limited? There are various 
theoretical viewpoints, but they all agree more or less that a second 
stage is necessary in order to respond to the target (Treisman 1988; 
Duncan 1980). There is also agreement that some type of selection 
takes place during this stage. Yet, there are divergences on the type of 
operations performed by the second stage. On the one hand ‘late 
selection’ theories assume that the attentive stage does not perform 
any perceptual operations, but only selects between competing re- 
sponse tendencies arising from multiple stimuli. It is assumed that all 
stimuli in the visual field are already fully identified at the parallel 
stage, and that only the target will enter the second stage (Allport 
1980; Duncan 1980). On the other hand, early selection views claim 
that the second stage performs perceptual operations which cannot be 
performed by the first parallel stage. For example, the second stage is 
thought to perform cross-dimensional integration of primitive features 
(Treisman and Gelade 1980); is necessary for conducting finer dis- 
criminations on potential targets (Hoffman 1978, 1979); and is re- 
quired for the localization of objects in the visual field (Treisman and 
Gelade 1980; Cave and Wolfe 1990). Note that the assumption that 
capacity is limited is based on the finding that in many visual search 
experiments, RT increases with display size. Therefore, it is not 
immediately critical to consider reasons where capacity is limited. It 
may very well be that capacity is limited because of possible percep- 
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tual overload (Kahneman and Treisman 1984) and/or conflict in 
response systems (Neumann 1987, 1990; Van der Heijden 1992). 

(2) The attentive stage operates on a limited spatial location. Because 
the parallel stage operates across all locations in the visual field, it 
may be argued that the increase of RT with display size reflects the 
time it takes the attentive stage to serially inspect single items. In this 
sense, the second stage of focal attention is, as a metaphor, equated to 
an attentional spotlight (Posner 1980; Treisman 1988) or possibly a 
zoom-lens (Treisman and Gormican 1988) which serially searches 
smaller areas within the visual field, causing a linear increase in RT 
with display size. Therefore, focusing attention on a location in the 
visual field implies that the item appearing at that location is selected, 
that is, this item enters the second stage of processing. Note that 
‘late-selection’ theories do not assume a special role for spatial 
attention (see section 5.2.2). Alternatively, it has been claimed that 
the obtained steeper slopes in typical conjunction search tasks are not 
due to limitations in the second stage of processing, but merely reflect 
a reduced power to accurately discriminate between target and non- 
targets (Duncan and Humphreys 1989). In a late selection view, it is 
assumed that selection and recognition are aspects of the same 
process rather than two different stages of processing (Bundesen 
19901, suggesting that there is not a qualitative difference between 
parallel and serial search. 

(3) Operations of the attentive stage are controlled strategically. 
When attentive processing is conceived as a zoom-lens, (see section 
5.2.1) which can vary along a continuum from completely divided 
attention spread out over the display as a whole to sharply focused 
attention to one item at a time (Treisman and Gormican 1988), it can 
be claimed that the size of the beam can be set strategically 
(Humphreys 1981). In this sense, there is a clear top-down control 
from which location and how much information will enter the second 
stage of processing. Yet, items entering the second stage are already 
selected, suggesting that, purely on logical ground, it is impossible that 
top-down effects operating at the second stage of processing affect 
visual selection (see Introduction for a definition of visual selection). 
Top-down effects at this stage (e.g., knowledge regarding properties of 
the target) merely reflect post-perceptual decision processes (i.e., 
changes in beta), suggesting that subjects require less evidence to 
decide that the selected item is in fact the target (e.g., Duncan 19801. 
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4. Different types of search tasks 

4.1. Search for targets defined by primitive features 

There is a general consensus that visual scenes are encoded along a 
set of primitive ‘feature’ dimensions - such as orientation of edges, 
width (or spatial frequency), color, brightness, etc. - at the early, 
parallel and preattentive stage of processing. This early coding parses 
the scene into separate regions defined by differences in these primi- 
tive features, thereby establishing candidate objects for later identifi- 
cation. According to Treisman’s FIT and related accounts, the basic 
features of an object can only be combined into complex object 
representations at the later stage of processing requiring serial (‘focal’) 
attention. 

Preattentive parallel search for primitive visual features is demon- 
strated by ‘present-absent’ visual search tasks in which subjects are 
asked to make a speeded decision whether a target defined by a 
specific simple visual feature is present or not (e.g., Bergen and Julesz 
1983; Treisman and Gelade 1980). Thus, Treisman and Gelade (1980: 
exp. 1) showed that search for a blue letter or an ‘S’ among brown 
‘T’s’ and green ‘X’s’ gave search functions which were essentially flat 
(for the color condition, 3.8 ms/item; for the shape condition, 2.5 
ms/item). For target-absent responses, reaction time linearly in- 
creased with display size, probably due to some ‘recheck’ strategy 
after the parallel process. The typical flat search pattern suggests that 
a target ‘pops out’ of a display, and this observation is treated as 
evidence that its defining property forms part of the preattentive 
representation (Treisman 1986). In search for the existence of early 
separable features, the occurrence of a pop-out is used as a diagnostic 
tool (Treisman 1988). In a recent review, Enns (1990) provided a list 
of 2-dimensional features that pop out in visual search. In addition to 
two-dimensional features, it was demonstrated that three-dimensional 
orientation of objects and direction of lighting in a scene pop out as 
well (Enns 1990). 

Besides pop-out effects in visual search, the notion of an early 
perceptual analysis of a particular set of primitive features is sup- 
ported by a variety of other findings, including physiological record- 
ings from specialized populations of neurons (e.g., Livingstone and 
Hubel 1987); perceptual aftereffects (Houck and Hoffman 1986); 
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texture segregation determining the properties that parse a scene into 
figure and ground (e.g., Beck 1967; Pashler 1988); and illusory con- 
junctions in which the features from one object are conjoined with the 
features from another simultaneously present object (Treisman and 
Schmidt 1982). 

Given these findings, Treisman has proposed a feature integration 
theory of preattentive and attentive processing (FIT; Treisman and 
Gelade 1980; revised FIT; Treisman and Sato 1990). According to this 
theory, parallel search occurs over the whole visual field when the 
target item is defined by a distinctive, preattentively available feature, 
which non-target items do not share. In Treisman’s FIT, it is hypothe- 
sized that parallel search occurs because the primitive features are 
registered separately in different feature maps. A related set of 
features or a continuum of maps represents a perceptual dimension 
(Treisman and Souther 1985). Thus, for example in the color dimen- 
sion, there is the color map red, the color map blue, the color map 
yellow etc. In line with the FIT, is the observation that a target 
defined by the absence of a critical feature does not pop out from the 
background. Thus, a target circle with an intersecting line segment 
(similar to a ‘Q’l pops out from a background of circles (‘O’s’). Yet, 
the opposite does not hold: a circle without an intersecting line 
segment does not pop out between non-target items having a target 
line segment (an ‘0’ between ‘Q’s’) (Treisman and Souther 1985). In 
addition, serial search is required when the target and non-targets 
only differ quantitatively on the relevant dimension (i.e., search for 
target line segment which is somewhat longer than the non-target line 
segments; Treisman and Gormican 1988). More generally, attention is 
required when features have to be located and conjoined to specify 
objects. Attention can select information from the ‘master map of 
locations’ which shows where primitive feature boundaries are lo- 
cated. 

4.1.1. The type of operations performed when searching for targets 
defined by primitive features 

The parallel stage provides information about the presence of a 
distinctive feature in the visual field. In line with the FIT, the 
presence of an object with a unique feature, not shared by any other 
object in the visual field, will result in activity in a ‘possibly prespeci- 
fied’ feature map. Thus, deciding whether a red target between green 
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non-targets is present in the display, can be based solely on preatten- 
tively available activity in the red color map. Note that in a typical 
present-absent search task, this information is enough to determine 
the appropriate response. Without actually identifying the target, 
responses can simply be based on detection of a single difference 
among features (Folk and Egeth 1989; Pashler and Badgio 1985). Yet, 
according to the FIT, a high activity in a feature map results in a 
‘pop-out’, indicating that the highly distinctive feature calls attention 
to itself (Treisman 1988). According to Treisman (1988: 2261, this 
calling of attention is the basis for the ‘pop-out’ phenomenon. This 
would imply that a pop-out is always mediated by an automatic shift of 
spatial attention to the location containing the unique feature (see 
also Hoffman et al. 1983; Neisser et al. 1963). The item at that 
location is passed from the preattentive parallel stage to the attentive 
serial stage of processing, implying that the item at that location is 
selected. Therefore according to the FIT, the presence of a highly 
distinctive feature results in an automatic (unintentional) selection of 
the ‘popping-out’ object. Note that when the item is selected, (i.e., 
passed on to the second stage) information regarding the location of 
the distinctive feature becomes available as well (e.g., where is the red 
target). If features can be identified without the need for spatial 
attention, it can be inferred that an overt response can be based solely 
on the processing occurring at the preattentive stage (Folk and Egeth 

‘. 
1989). In other words, information from the first stage does not need 
to be passed on to the second stage before a response can be given, 
implying when merely searching for primitive features, there are no 
attentional limitations at all. 

Experiments seeking to clarify whether spatial attention is required 
for responding provide rather ambiguous results. In a same-different 
discrimination task, subjects were instructed to indicate whether all 
elements of a set of target stimuli had the same orientation, or 
whether one of them had a different orientation. In Sagi and Julesz’s 
(1985a) study, target elements (1 through 4) were horizontal or vertical 
line segments embedded in a background consisting of diagonals that 
were all oriented in the same direction. Because the horizontal and 
vertical line elements requiring a same-different discrimination were 
embedded among textured elements, the task could not be performed 
by simply detecting a difference among features, as in a typical 
present-absent search task. Detection accuracy as a function of SOA 
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revealed that the decision whether 1 through 4 target elements had all 
the same orientation or whether one was different could not be 
performed spatially in parallel. Sagi and Julesz concluded that the 
local detection of differences among features might have been per- 
formed in parallel; yet, the identification of each of the potential 
targets required the serial allocation of attention in the visual field. 
This conclusion is in line with the claim that spatial attention is 
necessary for target identification and responding. Using a similar 
same-different paradigm with RT as dependent measure, Folk and 
Egeth (1989) challenged this claim and suggested that feature identi- 
ties are processed and are simultaneously available for responding at 
the preattentive level. Yet, this conclusion seems not quite substanti- 
ated by their data. In fact, their experiment 1 (and exp. 4 of Egeth et 
al. 1989) replicated Sagi and Julesz’s results. In experiment 2, Folk 
and Egeth varied stimulus quality and showed that the effect of visual 
quality did not have an overadditive interaction with that of target 
number as was expected when search was serial (same logic as Pashler 
and Badgio 1985). Based on these findings, Folk and Egeth suggest 
that identification of simple features does not require a serial scan as 
claimed by Sagi and Julesz (1985a; Julesz’s texton theory, Bergen and 
Julesz 1983). Yet, this claim can be questioned: as suggested by Folk 
and Egeth, it seems likely that the preattentive process cleans up the 
degradation followed by a subsequent serial processing of feature 
identities. 

A study conducted by Quinlan and Humphreys (1987) suggests that 
detection (respond target present-absent) of targets defined by primi- 
tive features also requires focal attention. In some conditions, subjects 
searched for two targets simultaneously (i.e., one with a unique shape, 
one with a unique color) and had to respond ‘present’ when both 
targets were present and ‘absent’ when one or both targets were 
absent. Results suggested spatially parallel search for two targets 
defined by two different feature dimensions. Yet, the detection of the 
targets made available by the preattentive process could not be 
performed in parallel: focal attention had to be switched serially to 
each of the two target locations. 

Thus, it is not immediately clear what type of operations are 
performed when searching for a target defined by a primitive feature. 
At one extreme, there is the position of Folk and Egeth (1989) who 
claim that all feature identities are processed preattentively and are 
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simultaneously available for responding. Along similar lines is the 
position of Duncan (1980) who claims that the first parallel stage 
completes the whole input analysis, and that targets only enter the 
second stage so as to become available for the response mechanism. 
Rather than claiming that the parallel stage performs a full identifica- 
tion of all items, it is also feasible that the parallel stage only 
computes differences among features (see e.g., guided search model, 
Cave and Wolfe 1990; Theeuwes 199114 in press). After this stage, the 
identity of the elements in the display is still unknown; the only 
outcome of the parallel stage is some kind of activation map repre- 
senting how different each element is from each of the other elements 
within a particular feature dimension (e.g. color dimension, form 
dimension etc). Thus, after the parallel stage there is no information 
about the source of the activation (i.e., whether it is due to a 
difference in color, form, etc.). A single red item between several 
green items will generate a high activity at its location because it 
differs from all of the other items. The activity at the location of other 
(green) items is not very high because the green items differ only from 
the single red item but not from each other. 

Note that the data of Quinlan and Humphreys (1987) are compati- 
ble with this last suggestion. In conditions in which two targets, each 
defined by a separable feature were present, it was claimed that the 
preattentive stage made the targets available, followed by a focal 
serial stage required for responding. Quinlan and Humphreys (1987) 
interpreted their results in line with a ‘late’ selection account: the 
targets are supposed to be fully identified at the first stage and a serial 
process is necessary only because a limited capacity ‘central decision 
mechanism’ is required in order to respond to the targets (see Duncan 
1980). Such a claim is very odd since the targets did not require 
separate responses, but only a single response, that is, ‘present’ when 
both targets were present. Therefore, the claim that serial processing 
was necessary because of the capacity limitation of the central deci- 
sion mechanism seems at least dubious (see also Theeuwes 1991a) 

It seems plausible to assume that identification occurs at the second 
stage of focal attention, and that the first stage only calculates 
differences between features within a particular dimension. If the 
target is defined by a primitive feature that differs from each of the 
other items, then it will generate the highest activity, and will there- 
fore be selected. It will, then, appear as if full identification took place 
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preattentively and that only targets entered the second stage of 
processing; yet, this is only a consequence of the fact that the target 
generated the highest activity. 

Evidence for the claim that only the item with the highest activity is 
selected, comes from a study from Theeuwes (1991c, in press) in 
which it was shown that, during preattentive parallel search, the 
selection priority depended upon the differences between features 
within the color and form dimensions. When searching for a unique 
color (i.e., searching for a green item between red items), a unique 
form (i.e., a square between circles) did not interfere. On the other 
hand, when searching for the unique form, the unique color - known 
to be irrelevant - greatly interfered. When the color difference was 
reduced (e.g., searching for yellow between orange), this relationship 
reversed; search for form was not hindered by the presence of the 
irrelevant color; yet, search for color was hindered by the presence of 
the irrelevant form. These findings suggest that the differences be- 
tween the elements with respect to the color and form affect the 
selection priority. If all items had been identified preattentively, then 
there would be no reason why a unique color or form, known to be 
irrelevant, would interfere. 

This suggest that the parallel stage, which takes care of the detec- 
tion of differences in features, guides the serial stage in its selection 
process. Thus, when searching for several red items in a display with 
green non-target items, search is serial for the red items suggesting a 
parallel rejection of all non-target items. The basic viewpoint advo- 
cated here, is that the first preattentive stage can only carry out some 
rough discriminations in the sense of computing differences between 
the items in the display. Before perceptual processing is complete, 
attentional selection by means of the second stage is necessary. This 
‘early selection’ point of view can be contrasted with a ‘late selection’ 
approach (e.g., Deutsch and Deutsch 1963) which claims that all 
stimuli receive complete perceptual processing before selection takes 
place. 

4.1.2. Properties of processing operations 
As indicated earlier, it is unclear whether preattentive parallel 

processing operates independently of strategic control. The implica- 
tion of no strategic control is that the preattentive process starts 
calculating differences among features for each of the feature dimen- 
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sions (color, form, brightness), as soon as a display is presented to the 
subject. This computation is assumed to be independent of strategic 
control and to occur irrespective of whether an item is a target or a 
non-target. The computation does not depend on target value expec- 
tations, will be the same even when nothing is known about the target, 
and is the basis of what is called the visual ‘pop-out’ effect (Cave and 
Wolfe 1990). It indicates that the item generating the highest activity 
within a particular dimension pops out and calls attention to itself, 
thereby entering the second stage of processing. In other words, the 
item with the highest bottom-up activity (i.e., the ‘oddest’ or most 
salient item in the display) is selected irrespective of the intentions of 
the subject. 

Some experiments confirm this view. For example, Treisman (1988) 
showed that knowing what the target was (whether it is blue, red or 
white between green non-targets), was hardly faster (19 ms> than the 
condition in which subjects did not know the color of the target. 
Obviously, expectations regarding the target did not help much. Yet, 
in a condition in which subjects did not know in which dimension the 
target would be presented (whether it would be search for a unique 
color, a unique orientation or a unique size), a rather large increase 
was found (about 90 ms). Treisman claims that the ‘odd one’ pops out 
only within a single, pre-specified dimensional module. These latter 
findings indicate that there is no top-down selectivity within dimen- 
sions. Yet, in experiments regarding selectivity between dimensions, 
Treisman (1988) showed that knowing the dimension of the target 
gave faster search than when nothing was known about the target. 
These findings were not confirmed by texture segregation experiments 
of Pashler (1988). In his experiments subjects searched for a target 
that was unique in a given dimension (e.g. color or form). For 
example, subjects located a specific form (e.g., an ‘0’ between ‘/‘> or 
a specific color (red element between ‘green’ non-targets) within a 
display of 90 elements. His experiment 5 showed that specification of 
the target dimension in advance had negligible effects on RT. Experi- 
ment 6 and 7 showed that the presence of a single colored target, 
known to be irrelevant, interfered with search for a unique form. 
Pashler concludes that the detection of a unique singleton is mediated 
by ‘discontinuity detectors’, which operate irrespective of any attempts 
by the subject to suppress such an operation. 

Theeuwes (1991c, in press) provided clear evidence that top-down 
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selectivity during preattentive parallel search was not possible. These 
studies showed that if processing information along one dimension 
proceeds in parallel, information from another dimension cannot be 
intentionally ignored. The stimuli consisted of 5, 7 or 9 items (i.e., 
circles or squares) that were arranged in a ring. All items contained a 
slightly tilted (22.5”) line segment, except the target, which was either 
horizontal or vertical. Subjects were asked to determine the orienta- 
tion of the target line segment. Note that the task used in these 
experiments is concerned with what Duncan (1985) has called ‘com- 
pound search’ in which the stimulus information, separating target 
from non-target, tells nothing about which of the possible responses to 
choose. In this way it is possible to distinguish perceptual selection 
factors from factors involved in responding, such as response competi- 
tion (e.g., Van der Heijden 1992) and post-perceptual response bias 
(e.g., Duncan 1980). The target line segment was always located in an 
item which was unique within a certain dimension (e.g., the target line 
segment was located in an item with a unique form for one group of 
subjects, and in a unique color for another group of subjects). In the 
neutral condition, there was only one unique item which contained 
the target line segment (e.g. a red item between green non-target 
items). In the different dimension condition, there were two unique 
items: one along the task relevant dimension (e.g., item with a unique 
color) and the other along a task-irrelevant dimension (e.g., an item 
with a unique form). The results showed that all search functions 
were essentially flat, that is, independent of the number of items on 
display, indicating that search for the unique dimension was per- 
formed in parallel. The results also showed that during preattentive 
parallel search, top-down selectivity towards the task-relevant stimulus 
dimension was not possible: the presence of the item unique in the 
task-irrelevant dimension interfered with search for the item unique 
along the task-relevant dimension. Note that this interference did not 
show up as a display size effect: in the conditions in which a distractor 
was present the search function remained flat but was higher in 
comparison to the condition in which no distractor was present. 
Important was the finding that the interference depended on the 
relative discriminabilities of the color and form dimensions. For 
example, when searching for an easy-to-be-discriminated color (green 
between red) a unique form (a circle between squares) hardly inter- 
fered; yet, when the color difference was reduced (searching for 
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orange between orange/yellow) the presence of a unique form greatly 
interfered. 

The study of Theeuwes (1991~1 shows that there is no top-down 
selectivity toward stimulus dimensions. Yet, this does not necessarily 
imply that knowledge regarding the exact target properties could not 
have resulted in selective search. In Theeuwes’ (1991~1 study, subjects 
only knew the target was unique within a certain dimension; yet they 
did not know the exact properties of the target (i.e., whether the 
target was green or red, squared or circular). In an additional study 
(Theeuwes in press), subjects searched during the whole experiment 
for a green circle among green squares (form condition) or red circles 
(color condition). Thus, subjects knew exactly the form and color of 
the target; and target was never changed during the whole experi- 
ment. Again, as found in the 1991~ study, the presence of a distractor 
in the other dimension showed interference which depended on the 
relative discriminability of color and form. In addition, this study 
shows that even after extensive and consistent practice, top-down 
selectivity cannot be obtained. 

The finding that the relative discriminability of the dimensions 
could account for the obtained selectivity during preattentive parallel 
search suggested that the preattentive process computes for each 
location in the visual field differences in features, separate for each 
feature dimension. Thus, at each location in the visual field there is a 
separate activation for color, for form, for brightness etc. Similar to 
the guided search model of Cave and Wolfe (19901, the present model 
assumes that the activation for a particular dimension (e.g., color) is 
the mean of the differences between the stimulus at that location and 
the stimuli at all other locations. Given the notion of difference 
signals at each location, access to the second stage of attentive 
processing may occur when a particular criterion is reached. For 
example, when access depends on an absolute activation level crite- 
rion, the item occurring at the location having the highest activity 
obtains unintentional access to the second stage of focal attention. 
Thus, focal attention is attracted to the location producing the 
strongest pop-out. Alternatively, when access depends on a threshold 
criterium, the item occurring at the location having an activity exceed- 
ing a particular threshold first obtains first access to the second stage 
of processing. Thus, focal attention is attracted to the location that 
pops out first. In either case, if the item entering first is not the target, 
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search proceeds serially to the nextmost active location (absolute 
activation criterion), or to the next item popping out (threshold 
criterion). When the target is found, search stops. It is most likely that 
the activation within each dimension builds up according to, for 
example, an e-power function, implying that both criteria would give 
the same selection order. 

The notion above can easily explain Theeuwes’ findings. For exam- 
ple, when searching for a unique color in the presence of a form 
distractor, the relative discriminability determines the outcome of the 
selection process. Thus, when searching for an easy-to-be-dis- 
criminated color (green between red), the color activation at the 
location of the green item will be higher than the form activation 
generated by the unique form, so the uniquely colored item will be 
selected automatically without interference from the unique form. 
Yet, when the color difference is reduced, the color activation at the 
location of the uniquely colored item is not as high as the activation 
generated by the location of the form distractor, causing an uninten- 
tional selection of the distractor. The next most active location is the 
location of the uniquely colored target, implying that focal attention is 
then unintentionally switched to the location of the target. 

The model assumes that there is no top-down influence on the 
operation of the preattentive parallel process; at least not when 
searching for primitive features. The visual system simply calculates 
differences between features resulting in a pattern of activations at 
different locations. The preattentive process has no access to the 
origins of these activation levels (i.e., whether activations are caused 
by differences in form, color, brightness etc.). Obviously, knowing the 
properties of the target (whether it has a unique color or form) cannot 
affect the operations of the preattentive process because this informa- 
tion is not yet available at the preattentive level. Only after entering 
the second stage of focal attention (i.e., after being selected) this 
information becomes available. Therefore, knowing the properties of 
the target can only affect processes occurring in this second stage of 
processing; that is, after the item has been selected (e.g., it may speed 
up target identification). This view is very similar to what Sagi and 
Julesz (1985a) and Ullman (19841 claim: parallel processes are limited 
to local mismatch detection, followed by a serial stage in which the 
most mismatching areas are selected for further analysis. 

Yet, most other theories claim this conjecture is too extreme: if 
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selection would be completely bottom-up, it would be very inefficient. 
Thus, most theories assume some variable internal description of 
which type of information is currently needed by the task. 

In the original FIT, it is assumed that knowing the properties of the 
target only helps when the distractor is an item on another dimension. 
Treisman (1988) claims that subjects simply check for activity sig- 
nalling a contrasting item in the relevant target-defining module, and 
ignore the others. Yet, if the distractor is in the same feature dimen- 
sion as the target, it will produce activity in the same ‘relevant’ 
module, resulting in slow serial search. In contrast to what is claimed 
above, the original FIT suggests that the preattentive process does not 
simply calculate local mismatches but reveals the origins of the activa- 
tion levels (caused by differences in form, color, etc.) as well, so that 
only the item in the task-relevant dimension (e.g., the target dimen- 
sion) pops out. Theeuwes (1991c, in press) showed that this conjecture 
is questionable: Interference between dimensions occurs irrespective 
of knowledge about which dimension contains the relevant item. 

Most models of visual search assume a top-down component in 
order to account for conflicting data obtained with conjunction search 
(see section 4.2); yet, they should be compatible with findings involv- 
ing search for primitive features as well. In the Cave and Wolfe 
guided search model (19901, top-down activity depends on the knowl- 
edge of the target to be found. The model assumes that the bottom-up 
activations caused by the differences in feature dimensions can be 
altered by top-down activations. For example, knowing that the target 
has a unique color may raise, in a top-down way, the activation in the 
color map, so that the target receives a higher activation than the 
distracters that are unique in other dimensions. In the revised FIT 
(Treisman and Sato 19901 a top-down effect is proposed which is 
similar to Cave and Wolfe’s model: it is assumed that a particular 
feature map representing a non-target value can inhibit the associated 
locations in the master map, reducing the activity in all non-target 
locations. 

Although most recent models of visual search assume some top- 
down control on the preattentive stage in selectively guiding items to 
the serial stage, the findings of Theeuwes (1991c, in press) can best be 
explained by assuming no top-down control on the operations of the 
preattentive parallel stage. In terms of FIT, revised FIT, and the 
guided search model, one could account for this inconsistency by 
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claiming that the activation caused by the distractor was so large that 
additional top-down activation in the (target) relevant map could not 
prevent the distractor from being selected. Yet, in experiment 3 of 
Theeuwes (1991~1, the color difference was about the same as the 
form difference, and even then, complete selectivity was not possible. 
When the bottom-up components give similar activation levels, one 
would have expected that additional top-down activation in the rele- 
vant map would result in perfect selectivity. 

In summary, during preattentive parallel search top-down selectiv- 
ity towards a particular stimulus dimension (Theeuwes 1991~) or 
particular stimulus properties (Theeuwes in press) is not possible. In 
terms of properties that define automaticity, it appears that the 
preattentive process is strongly automatic because the absence of a 
display size effect indicates that the process is insensitive to percep- 
tual load thereby satisfying the load-insensitivity criterium. In addi- 
tion, it appears that the process cannot be controlled strategically 
thereby satisfying the unintentionality criterium (see section 3.2.1) 

If the preattentive process unintentionally calculates differences 
between features and if the item at the location having the largest 
difference signal would automatically enter the second stage of pro- 
cessing, one might expect that salient features would unintentionally 
pop-out. This would imply that the visual system selects objects that 
stand out from the environment, irrespective of the intentions of the 
subject. In fact, such a view is adhered by theories concerned with 
visual search involving eye movements in large displays. These theo- 
ries claim that as soon as the eye is close to a conspicuous object, 
top-down control disappears and selection is completely controlled by 
the object (e.g., Engel 1977). 

Yet, recent studies show that this view is incorrect: pop-out effects 
in visual search can be strategically controlled (Jonides and Yantis 
1988; Theeuwes 1990). It was shown that an item with a unique 
brightness, color, or shape would not attract attention when these 
attributes were irrelevant to the task. In Theeuwes’ (1990) study, 
subjects viewed multi-item displays in which one item had either a 
unique form (experiment 1) or a unique color (experiment 2). In the 
control condition, the unique item always contained the target line 
segment: uniqueness was a reliable cue for target line segment search. 
In the experimental condition, the target line segment was located 
equally often in all display elements: item uniqueness was unrelated to 
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the position of the target line segment. In the control condition, there 
was parallel search for the unique item which revealed the position of 
the target line segment. This implies that the unique item was salient 
enough to pop-out from the background. Yet, in the experimental 
condition in which the item’s uniqueness was unrelated to the position 
of the target line segment, the unique item did not receive a priority 
treatment over any other item in the display. In other words, the 
unique item did not pop out when it was irrelevant to the search task. 
Note, that the search function in the experimental condition indicated 
that search for the target line segment was performed serially. 

The results of this study appear to be inconsistent with the earlier 
claim that the preattentive process operates automatically and selects 
items unintentionally that stand out from the background. If no 
top-down control is possible over the preattentive process then, irre- 
spective of the task demands, unique items should pop out from the 
background. The results show that the pop-out, in fact, did depend on 
the task demands. 

To solve this apparent puzzle, it is assumed that subjects can 
strategically control the distribution of spatial attention in the visual 
field. Spatial attention conceived as a processing resource can be 
strategically varied from a uniform distribution over the entire field to 
a highly focused concentration (Eriksen and Yeh 198.5; Eriksen and 
St. James 1986). As a metaphor, the size of the area of concentration 
is supposed to vary like a zoom lens (Eriksen and Yeh 1985). In the 
last described experiment, dependent on the condition, subjects may 
have intentionally varied the distribution of attention in the visual 
field. In the control condition, subjects may have distributed their 
attention over the entire visual field thereby letting the odd item 
attract attention automatically. Yet, in the experimental condition, in 
which the target line segment can only be found by means of focal 
attention, subjects may have concentrated all attentional resources to 
a circumscribed area in the visual field. Because attention is focused, 
the odd item may have been located outside the attentional beam so 
that it could not attract attention. In terms of the two-stage model, the 
focusing of attention implies that the preattentive stage is omitted so 
that search for the target line segment proceeds serially. 

According to this line of reasoning, strategic control over visual 
selection is only possible through selectively varying the span of spatial 
attention. It is assumed that within the attended area, no strategic 



II6 J. Theeuwes / Visual .seiection 

control is possible. The size of the attended area may be adopted 
according to the task demands. In this way, spatial attention operates 
like a filter selecting areas for further processing. The role of spatial 
attention as a filtering mechanism has been demonstrated by a study 
of Theeuwes (1991b; also Yantis and Jonides 1990) showing that 
endogenous focusing of attention to a location in visual space pre- 
cluded attention attraction by abrupt visual onsets (experiment 1) and 
offsets (experiment 21 presented elsewhere in the visual field. Yet, 
when attention was not focused in advance, abrupt onsets and offsets 
did attract attention automatically. This study demonstrates the role 
of spatial attention as a filtering mechanism: when attention is unfo- 
cused, covering the whole visual field, items appearing at the location 
of the abrupt transient are automatically selected. When subjects 
strategically zoom in on a particular area, transients well outside the 
circumscribed area do not affect performance. Yantis and Jonides 
(1990) showed that when attention is not rigidly directed to a particu- 
lar location (e.g., using a low cue validity), onsets elsewhere in the 
visual field may occasionally attract attention. This may be interpreted 
as a partial failure of the spatial filter, suggesting that attention may 
have spilled over to locations containing the transient. 

The notion above is in line with a whole series of experiments by 
Eriksen and his collaborators (e.g., Eriksen and Eriksen 1974; Eriksen 
and Hoffman 1972; Eriksen and Schultz 1979) in which it was shown 
that non-target stimuli may slow down responses if they are spatially 
close to the target, and yet have no effect when they are further away. 
In effect, this view suggests that spatial location is a very special factor 
in the control of attention (e.g., Broadbent 1982; Hoffman 1986; 
Theeuwes 19891, operating as a strategic filter capable of blocking 
stimuli from further processing. Note that this filter is far from perfect 
and that suboptimal conditions (see Yantis and Johnston 1990) easily 
lead to what Broadbent (1982) called ‘the breakthrough of the unat- 
tended’. It should be mentioned that the effects reported by Eriksen 
and colleagues (Eriksen and Eriksen 1974; Eriksen and Hoffman 
1972) also have been explained without assuming attentional pro- 
cesses; non-targets closer to the target produce more interference 
because they fall on positions of higher retinal acuity than non-targets 
further away (Van der Heijden 1992). 

The earlier discussed findings that subjects cannot selectively at- 
tend to either the color or form dimension (Theeuwes 1991c, in press) 
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is in line with the notion of spatial filtering. If subjects want to find 
the task-relevant dimension by means of parallel search, attention has 
to be spread out over the visual field. As a consequence of this 
strategy, all events occurring within the spread out beam of attention 
are admitted for further processing and must be admitted irrespective 
of whether the person intends it or not (Broadbent 1982). Thus, within 
the beam of attention, top-down control is lost and preattentive 
processing occurs unintentionally; allowing the item with the highest 
bottom-up activation to enter the second stage of attentive processing. 

The notion that top-down control in visual selection is only accom- 
plished by varying the size of the attended area is in line with the 
so-called ‘group scanning hypothesis’ suggested by Treisman and 
Gormican (1988). When fine discriminations between targets and 
non-targets have to be made, subjects may reduce the size of the 
attentional spotlight, resulting in search through subgroups, checking 
items within groups in parallel. Within the focus of attention, activa- 
tion is pooled for each feature map, giving an assessment of the 
likelihood that a particular feature coded by the map is present in the 
attended area. It is unclear whether the size of the attended area can 
be varied strategically on the basis of target-non-target discriminabil- 
ity. Yet, with a different paradigm such a strategic adjustment has 
been demonstrated. Eye movement research shows that subjects 
adapted the size of a saccade to the expected conspicuity of the 
searched-for-target (Jacobs 1986, 1987). Thus, when searching for a 
conspicuous object, subjects made larger saccades than when search- 
ing for a less conspicuous object. In fact, the saccade size matched 
exactly the expected conspicuity lobe of the searched-for target. 

4.2. Search for targets defined by conjunctions of features 

A large number of studies have shown that search patterns ob- 
tained when searching for a target defined by a conjunction of 
features are very different from those obtained with search for a 
single feature (i.e., Treisman and Gelade 1980; Treisman and Schmidt 
1982). Conjunction search gave linear functions relating search time to 
the number of items in the display, suggesting a serial check of each 
non-target. An additional claim for serial search can be derived from 
the finding that RTs are faster for trials in which a target is present 
than for trails in which a target is not present with a ratio of 
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approximately 1 : 2 for target present : absent slopes. The ratio 1: 2 is 
indicative for serial self-terminating search. Thus if a target is defined 
as a red square and the non-targets are a mix of an equal number of 
red circles and green squares, the red square does not pop out and 
can only be found when focal attention is serially directed to each 
item. Focal attention is thought to be required in order to correctly 
conjoin features producing the percept of a whole object. The serial 
search by means of spatial attention offered the best account of a 
whole variety of data (see Treisman 1986, 1988; Quinlan and 
Humphreys 1987). Yet, in recent years, a number of investigations 
have reported exceptions to the claim that search for conjunction 
targets must be serial. 

In an experiment of Egeth et al. (19841, subjects searched for a red 
‘0’ in between 4, 14, or 24 non-targets, consisting of a mix of an equal 
number of red N’s and black 0’s. In line with the FIT, search time for 
a conjunction target defined by a combination of color and form, 
increased linearly with display size. Yet, in conditions in which the 
ratio between the number of different categories of non-targets was 
changed (e.g., 2 red N’s and 2, 12, or 22 black O’s) subjects limited 
search to the red items. Because the number of red items did not vary 
with display size, search functions remained flat, indicating that the 
FIT’s claim that conjunction search requires serial examination of all 
items in the display was incorrect. The results suggested that subjects 
serially search through a subset of stimuli (e.g., all the red items) and 
ignore the other subset. Note that the findings of Egeth et al. 
elegantly fit the earlier outlined model suggesting that attention is 
switched to the location having the highest difference signal. Obvi- 
ously, in case of an equal number of red N’s and black O’s, all display 
elements (including the target) in both color and shape dimension will 
have more or less the same activity. By changing the ratio between the 
number of red and black items or between N’s and O’s some elements 
obtain a higher activation. If the target is among the elements with a 
higher activation, as in Egeth et al.‘s experiments, the target is found 
by search which may appear to be completely parallel. Note that also 
in Theeuwes’ (1991c, in press) studies, the search function remained 
flat even in conditions in which a distractor was present. Egeth et al. 
(1984) suggest that subjects may ~wluntarify restrict search to the 
more salient of the two subsets. As argued earlier, whether this is 
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truly voluntary is disputable; it may be merely a bottom-up effect 
caused by a change in the differential activity level. 

Experiments by Nakayama and Silverman (1986) are more problem- 
atic for the FIT. They found parallel (or close to parallel) search 
functions for color-motion conjunctions and parallel search for differ- 
ent combinations of conjunction of features involving stereoscopic 
depth (see also, Steinman 1987). These findings can be treated as 
exceptions to the general finding that conjunctions require serial 
search. Thus, Nakayama and Silverman (1986) suggest that depth and 
motion may behave as special features. If subjects can direct their 
attention to particular planes in depth or to directions of movements, 
targets which appear to be defined by a conjunction of features 
become, within a particular plane, a target defined by a single primi- 
tive feature. For example, if the target is a red bar moving up and 
down among green bars moving up and down and red bars moving left 
to right, it appears that the target is defined by a conjunction of 
movement and color. Yet, if subjects can direct selectively their 
attention to the movement in the vertical plane, the target will pop 
out because, within this plane, it is the only red item (comparable to 
feature search). Similar arguments were raised by McLeod et al. 
(1988; 1991) who showed that grouping by a common motion has 
different effects on visual search than grouping by a common color. In 
other words, movement and possibly also depth are in some sense 
‘special’, therefore challenging the common finding of serial search 
for conjunction targets. 

Findings of Pashler (1987) also dispute the claim of serial and 
self-terminating search for conjunction targets in displays with fewer 
than eight items. His search latencies increased linearly with display 
size, so that the findings do not challenge the serial claim. Yet, slopes 
for target present and target absent search were parallel rather than 
showing the 1: 2 ratio normally found for conjunction search in larger 
displays (see Houck and Hoffman, 1986, for similar results). These 
findings suggest that search is not self-terminating, implying that in 
target-present trials subjects keep searching even after the target is 
found. Yet, when redundant targets were added to the display, search 
became faster, a finding which argues against exhaustive search (e.g., 
Holmgren et al. 1974). As an alternative account, Pashler (1987) 
suggests that for clumps up to eight items at a time, search is a limited 
capacity parallel self-terminating process giving small display size 



effects and parallel slopes for target-present and target-absent trials. 
It should be realized that the whole argument against FIT is based on 
the 1 : 1 slope ratio for positive and negative trials at small displays. 
This finding of a 1 : 1 ratio at small display is not general: experiments 
of Quinlan and Humphreys (1987) and Treisman and Gelade (1980) 
did show the typical 1: 2 present-absent ratio also for small displays. 

Experiments conducted by Duncan and Humphreys (1989) and 
Humphreys et al. (1989) suggested the parallel encoding of so-called 
‘within-object conjunctions’, that is, ‘conjunctions’ which deal with the 
spatial arrangement of strokes within a letter (e.g. an L among 
non-target T’s). Humphreys et al. (1989) showed that there was hardly 
a display size effect when searching for an inverted T among upright 
T’s. Duncan and Humphreys (1989) claimed that the slopes of the 
search functions for feature search (a tilted ‘T’ among upright ‘T’s) 
were more or less the same as for within-object conjunction search 
(search for an ‘L’ among upright non-target ‘T’s’); although their data 
indicate that feature search always provided flatter slopes than con- 
junction search. Duncan and Humphreys (1989) showed that large 
letters give flatter slopes than small letters, and that the heteroge- 
neousness of the non-targets set (e.g., search for an L among non-target 
T’s rotated 180” and 270”) had a large effect on the slopes. Because 
these experiments show that under certain circumstances, stroke ‘con- 
junctions’ are little affected by display size, it is claimed that these 
findings are problematic for the FIT. Duncan and Humphreys (1989) 
refute the distinction between parallel and serial search, and claim 
that the effect continuously varies when irrelevant (non-targets) infor- 
mation is added to the display (next section outlines their model). 

Finally, experiments conducted by Wolfe et al. (1989) seem to pose 
difficulties to the claim that conjunction search is serially performed. 
The main argument is that there is a wide variation across subjects 
with respect to the search slope when searching for a conjunction of 
form and color. Between subjects, search slopes varied from 2.0 
ms/item to 20.2 ms/item (Wolfe et al. 1989: exp. 11 suggesting that 
from individual to individual, search varies from serial to almost 
parallel. The finding that there arc large differences between subjects 
is usually taken as an indication that some curious manipulations took 
place. It seems odd that basic processes such as visual search give so 
much inter-individual noise. In search for peculiarities, it occurred 
that Wolfe et al. (1989) used rather large displays (up to 36 items) 
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which were arranged ‘at any of 36 locations in slightly irregular 6 by 6 
displays’ (p. 420). Note that Treisman (Treisman and Gelade 19801 
used displays in which items ‘were scattered over the card in positions 
which appeared random’ (Treisman and Gelade 1980: 102). The fact 
that Wolfe et al. used ‘slightly’ irregular displays might have caused 
additional distraction which has nothing to do with typical conjunction 
search. Thus, when less than 36 items are present in the display (the 
low display sizes), regular clumps of items with empty spaces in 
between may have caused a search pattern in which all locations (even 
the empty locations) are checked causing relatively long search times 
at lower display sizes. In addition, clumps of items scattered in more 
or less regular groups might have caused peculiar jumps of attention 
through the visual field. Because the search times at these lower 
display sizes are longer than expected on the bases of ‘normal’ 
conjunction search, it appears that the slopes are flatter, yet possibly 
with higher intercepts (unfortunately, Wolfe et al. (1989: exp. 1) do 
not provide intercepts; only slopes of the individual search functions). 

In order to account for the conflicting data regarding conjunction 
search alternatives to the FIT have been formulated. 

Cave and Woljie guided search model: Cave and Wolfe (1990; Wolfe 
et al. 1989; Wolfe et al. 1990) have adapted the FIT to what is called 
the ‘guided search model’ which can account for fast conjunction 
search. The model is very similar to the FIT. Guided search has a 
parallel stage that processes primitive features spatially in parallel 
followed by a serial stage that performs complex operations on a 
limited part of the visual field. Yet, contrary to the FIT, the guided 
search model assumes that there is some interaction between the 
parallel and serial stage. Rather than assuming that the second stage 
has to serially check each item in the display, the guided search model 
assumes that such a check only has to be made for elements that are 
closest to the target value for a particular dimension. The parallel 
stage is supposed to be capable of dividing items into distracters and 
candidate targets. Thus, for example, when the target is a red X 
among red O’s and green X’s, a parallel feature map excites all 
locations with a red item (color dimension) and all locations having an 
X (form dimension). Obviously, on the activation map, the location 
having the red X (the target) will be double activated. The serial scan 
with the attentional spotlight is then directed to locations in accor- 
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dance to their current level of activation. If this mechanism would 
work perfectly, one would expect parallel search for the conjunction 
target. Yet, it assumed that there is noise so that distracters may 
obtain a high activation directing attention to the wrong location. As 
pointed out earlier, the bottom-up component is determined by calcu- 
lating the differences in features for each dimension (e.g. a single 
green item that differs from all other red items will give a high 
activation at the location of the green item in the color dimension). 
The top-down component depends on knowledge about the target. If 
the feature at a particular location is close to the target value this will 
result in an extra excitation at that location (or a reduced excitation 
for features that do not resemble the target). Given the baseline 
bottom-up activity, the top-down component modulates these activa- 
tions. 

Treisman and Sate’s revised FZl? In the original FIT, it was assumed 
that conjunction search was performed by a sequential spatial scan of 
one location at a time. Because it was shown that knowing what the 
target was, gave faster search functions (both in slope and intercept) 
than when the target was unknown, it was hypothesized that subjects 
can organize their search by restructuring the display, thereby inhibit- 
ing different pairs of features and scanning the remaining active 
locations. Similar to the Cave and Wolfe model, the revised FIT 
assumes some top-down control in searching for conjunction targets. 
Rather than removing just one set of distracters from the search 
process and searching the other set in parallel (as suggested by Egeth 
et al.‘s (1984) data), the revised FIT suggests that ‘feature inhibition’ 
takes place implying that inhibition is generated in several feature 
maps coding non-target features, resulting in a reduced activity at the 
non-target locations. 

Duncan and Humphreys (1989) similarity theory: A rather different 
account of visual search is provided by Duncan and Humphreys (19891 
in which the similarity between targets and non-targets plays a crucial 
role. First, search difficulty (the slope of the function relating perfor- 
mance to the number of non-targets) increases with increasing similar- 
ity between target and non-targets. Second, difficulty increases with 
decreasing non-target similarity (Duncan and Humphreys 1989). Simi- 
lar to the Cave and Wolfe and revised FIT models, Duncan and 
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Humphreys (1989) assume a parallel stage of perceptual segmentation 
followed by selective access of chosen material into visual short-term 
memory (VSTM), although it is claimed that there is no clear di- 
chotomy between serial and parallel search modes. Similar to the 
serial stage of the models above, stimuli must make it into the VSTM 
before a response can be given; that is, before it gains control of 
behavior. In fact, the theory of Duncan and Humphreys (1989) is 
designed to model top-down effects on visual search. It is assumed 
that the access to the VSTM is strictly limited. At the parallel stage, 
there is a limited capacity resource which can be divided in varying 
proportions among structural units in the input description. Increasing 
the assignment to one unit, decreases the assignment to the others. 
The total available resources are distributed across inputs in propor- 
tion to relative weights. Initially, all weights are set to some constant; 
the selection system biases and alters the initial weights so that it 
matches an internal ‘template’ of information currently needed in 
behavior. In search tasks, this template will be some description of the 
target (i.e., its color, shape, location). If non-targets resemble targets, 
non-targets receive rather high weights because they closely match the 
target template. Obviously, from this follows the assertion that search 
difficulty depends on the similarity between target and non-targets. 
The second factor influencing the selection weights is a process that is 
called ‘weight linkage’, which refers to the distribution of weights to 
inputs which are perceptually linked. Linkage refers here to percep- 
tual grouping controlled by such considerations as shared brightness, 
color, motion, shape or spatial proximity. Weight linkage is especially 
effective in rejecting strongly grouped non-targets, a process which is 
called ‘spreading suppression’. Thus if all non-target items are green, 
reducing the weight to a single green non-target item reduces also the 
weight of all other green non-target items. In this way (perceptual) 
groups of non-targets can be rejected very effectively. Given this 
mechanism, it is clear that search is also affected by the similarity 
between all non-targets. 

In summary, there are exceptions to the general claim of the FIT 
that search for conjunction targets is performed serially. Under cer- 
tain circumstances, e.g., relatively large display sizes as in Pashler 
(1987) and Wolfe et al. (19891, or when searching for conjunctions 
involves a special type of feature, e.g., movement and depth as in 



124 J. Theeuwes / Visual selectior~ 

Nakayama and Silverman’s (1986) study, search functions become 
relatively flat. In addition, Duncan and Humphreys’ (1989) results 
suggest relatively ‘parallel’ search (e.g., slopes between 6 to 11 
ms/item) for elementary conjunctions of letter features. The alterna- 
tive theories for the FIT all incorporate some top-down mechanism on 
the parallel preattentive stage so that non-targets which are very 
dissimilar to the target do not have the same probability of entering 
the attentive stage, as non-targets do which are more similar to the 
target. Although this notion appears to be viable for search for 
conjunction targets (see Theeuwes in press), it is not in accordance 
with the findings on search for targets defined by a primitive feature 
(e.g., Theeuwes 1991~). In these experiments, subjects could not 
ignore the distractor in the irrelevant dimension although the distrac- 
tor was maximally dissimilar from the target. 

It should be realized that conjunction search may be explained 
without supposing top-down control at the preattentive stage. If it is 
assumed that subjects adjust the size of the attentional spotlight (i.e., 
the group scanning hypothesis; Treisman and Gormican 1988) when 
searching for conjunction targets, then, possibly dependent on the 
lay-out of the display, the target might occasionally be surrounded by 
non-targets which only differ in primitive features, giving a pop-out of 
the conjunction target within the attended area. This strategy gives 
better results with large displays, especially when items are presented 
in a square-like array around the fixation point. Therefore, in relation 
to small displays, the search times for large displays are underesti- 
mated, giving relatively flat slopes. The efficiency of the strategy 
depends on the - from trial-to-trial changing-relative position of 
target and non-targets, possibly explaining the observed large variabil- 
ity of results within and between experiments and subjects. 

4.3. Search for categorically defined targets 

In the preceding sections it was shown that discriminations at the 
level of primitive features can easily be made parallel, and that 
parallel processing becomes somewhat problematic when discrimina- 
tions require the conjunctions of different features. Yet, there is even 
evidence that suggests that search for targets which are semantically 
different from non-targets may proceed in parallel. Such findings have 
been taken as support for late selection theories (e.g., Allport 1977; 
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Duncan 1980, 1981; Duncan and Humphreys 1989; Shiffrin and 
Schneider 1977) which claim that all perceptual encoding, including 
identification, proceeds in parallel across the visual field. Selection is 
supposed to occur ‘late’ in processing, primarily to select between 
competing response tendencies arising from different stimuli (Allport 
1980). Early selection theories, such as the FIT and the guided search 
model (e.g., Broadbent 1971, 1982; Treisman and Gelade 1980; Cave 
and Wolfe 1990) claim that only the discrimination of basic features 
can be conducted in parallel, and that for full identification, a second 
stage of limited capacity is needed. 

Although there is not much evidence for parallel processing of 
semantically defined targets, a few sources of evidence can be men- 
tioned. 

In various visual search experiments it has been shown that the 
slope of the search function depends on the categorical relationship 
between target and non-target (Egeth et al 1972; Gleitman and 
Jonides 1976, 1978; Jonides and Gleitman 1972, 1976). This finding is 
referred to as the category effect, and denotes that it is much easier to 
find a letter among digits or a digit among letters, than it is to find a 
letter among letters or a digit among digits. Thus, almost flat search 
functions were obtained for detecting a categorically different target, 
whereas relatively steep slopes were found when searching for a 
within-category target (i.e., Jonides and Gleitman 19761. The category 
effect has often been taken to imply that all items in the display are 
identified and categorized in parallel, and that the target can be 
distinguished from its background by a category code; just as a red 
item can be segregated by its color from a field of blue distracters. 
Yet, the category effect can also be explained without the radical 
conjecture that all stimulus characteristics are encoded in parallel to a 
semantic level. Instead, one may assume parallel processing of only 
those features needed for categorizing a character as letter or digit. In 
a second stage, full identification might take place (Broadbent 1982; 
Kahneman and Treisman 1984; Neumann 1984). According to this 
line of reasoning, the parallel stage separates the target from non- 
targets on the basis of some simple feature, rather than on the basis of 
some categorical difference. Krueger (1984) provided direct evidence 
for this claim: when letters and digits were matched with respect to 
featural difference, the category effect disappeared. Similar argu- 
ments have been raised by Duncan (1983) and Rabbitt (1967). Also, 
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Theeuwes (1991al provided evidence against the late selection ac- 
count. In one of his experiments subjects searched for a letter among 
a variable number of digits. The control experiment showed a rela- 
tively flat search function (about 8.5 ms/item) replicating the typical 
category effect. Yet, when two target letters, which had to be matched, 
were presented simultaneously among a variable number of non-target 
digits, parallel search was disrupted, and subjects searched the whole 
display serially (about 25 ms/item). Contrary to the late selection 
theory (e.g., Duncan 1980, 1981; Garner 19731, it was impossible to 
reject all non-targets in parallel. 

A similar line of evidence that has been used to support the idea of 
parallel processing of semantically defined targets is provided by 
experiments using consistently mapped (CM) visual search tasks 
(Schneider and Shiffrin 1977; Schiffrin and Schneider 1977) in which 
targets and distracters never exchange roles. After extended practice 
there is a reduction (and sometimes elimination) of the effects of the 
number of items in both the display and target sets. It has been 
claimed that the consistent pairing of output processes with particular 
shapes results in an automatic process that operates independent of 
attention, is not capacity limited and cannot be modified by the 
subject (Shiffrin and Schneider 1977; but see Fisher 1982, 1984). 
Automatic search is contrasted with controlled search which requires 
attention, is capacity limited, and can be modified by the subject. 
Similar to the category effect, the results of automatic search tasks 
may be explained by claiming that all stimuli are identified in parallel. 
Yet, similar as in the case of the category effect, due to consistent 
training, it is possible that subjects learn some general, possibly 
feature-like, code that enables them to distinguish targets from non- 
targets (e.g., Cheng 1985; Hoffman 1986). The claim of Shiffrin and 
Schneider (1977) that attention does not play a role in automatic 
search tasks is challenged by their own data (exp. 4d): subjects could 
not ignore previously valid CM targets when performing a controlled 
search task. If attention is not involved why do previously valid CM 
targets interfere? A two-stage model could possibly account for these 
types of effects: due to extensive training, some physical code is 
learned which enable the subjects to discriminate the target at the 
preattentive level; followed by an automatic shift of spatial attention 
necessary for target identification. In Shiffrin and Schneider (1977: 
exp. 4d), a previously valid CM target interfered because attention 
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was unintentionally attracted to its location. As Hoffman (1986) sug- 
gested, the previously valid CM targets might have interfered because 
they were located relatively close to the areas which had to be 
attended, thus precluding the possibility to filter on a spatial basis 
(same account is used for explaining the Stroop word-color effect; e.g., 
Kahneman and Henik 1981; Kahneman and Treisman 1984). The 
hypothesis that an automatic target causes a shift of spatial attention 
is confirmed by an experiment of Hoffman et al. (1983: exp. 31, in 
which it was shown that the detection of a digit among letters was 
accompanied by an increased ability to perceive shapes in the vicinity 
of the digits. 

A study conducted by Pashler and Badgio (1985) also suggests 
parallel identification of multiple familiar stimuli. In their study, 
subjects had to name the highest digit of an array of 2, 4, 6 digits, a 
task which requires exhaustive identification. Manipulations of display 
size and visual quality were used to test the serial versus parallel 
processing hypotheses. The results showed that visual quality was 
additive with display size, a result which cannot be explained with a 
model which assumes that the degraded quality of each item is 
‘cleaned up’ serially. Therefore, it is concluded that all stimuli are 
processed in parallel; although it might be argued that only the 
‘clean-up’ of the whole display was performed in parallel, followed by 
a serial search through the ‘cleaned up’ digits. Yet, according to 
Pashler and Badgio (1985) such an interpretation is implausible be- 
cause visual quality interacted with response factors. 

Finally, experiments performed by Van der Heijden and his col- 
leagues (e.g., Van der Heijden 1975; Van der Heijden et al. 1983) 
suggest parallel processing of simultaneous stimuli, conceivably of 
letter identities. In a redundant-target paradigm, it was shown that 
more than one target can contribute simultaneously to target identifi- 
cation. For example, in Van der Heijden et al. (1983) subjects had to 
discriminate E’s from F’s. Two types of tasks were used, in a ‘go-no 
go’ task subjects pressed the button when one, two or three E’s were 
presented and refrained from responding when only F’s were pre- 
sented. In a ‘yes-no’ task, subjects pressed ‘yes’ in case of one or 
more E’s and ‘no’ in case of F’s. In both tasks, RTs became faster as 
more targets were present in the display. This redundancy gain can 
only be explained by assuming (fairly) unlimited capacity, parallel, 
self-terminating processing. Van der Heijden et al. (1983) considered 



the possibility that the results are due to a ‘favored position’ artifact. 
If subjects selectively attend to a single favored position in the display, 
even when this position randomly varies across trials, than the three 
target item displays will always give faster RTs than the displays with 
less targets. By means of an analysis of RT distributions, it was shown 
that the findings in the ‘yes-no’ tasks could, in fact, be explained by 
the favored position artefact. Yet, the RT distributions of the ‘go-no 
go’ task clearly indicated parallel processing of redundant targets. 
Recently Egeth et al. (1989) also demonstrated the redundancy gain 
effect. In a ‘go-no go’ task, subjects responded to letters (e.g., ‘go’) 
and digits (e.g., ‘no go’). Either one, two or three identical digits or 
letters were presented simultaneously. Again, an RT decrease with 
increasing number of targets was found, a result which could not be 
attributed to random favored position artifacts. In another experi- 
ment, Egeth et al. (1989) used the go-no go paradigm in a semantic 
categorization task in which subjects responded to the meaning of one 
or two identical words (e.g., ‘go’ when the word is an animal category, 
‘no go’ otherwise). No redundancy gain was found in this semantic 
categorization task. Yet, using similar stimulus material, in a lexical 
decision task in which subjects had to respond to words and refrain 
from responding when nonwords were presented, the redundancy gain 
was observed again. By using the redundancy gain paradigm Mordkoff 
et al. (1990) showed that detecting conjunctions of color and form are 
processed in parallel. In a ‘go-no go’ task in which subjects responded 
to a red X, and refrained from responding when a red 0 or a green 
red X were presented, a redundancy gain was found suggesting that 
red X’s are processed in parallel. 

The results regarding the redundancy gain are difficult to interpret. 
A basic issue is whether theoretical models for target recognition 
using small displays in which the target has to be detected (e.g., the 
tasks used for studying the redundancy gain) apply to visual search 
tasks in which a target has to be selected among non-targets. Also, it is 
unclear whether the redundancy gain studies really indicate that 
letters and words are processed in parallel with unlimited capacity or 
whether only simple features arc processed in parallel, as for example 
suggested by the FIT. For example, in Van der Heijden et al’s (1983) 
experiments, subjects only responded to the letter ‘E’ and refrained 
from responding to the letter ‘F’. The letter ‘E’ can obviously be 
discriminated from the letter ‘F’ purely on the bases of a single 
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feature ‘ _ ‘. If it is assumed that the preattentive process encodes for 
each location spatially in parallel, the presence of the discriminating 
feature, the redundancy gain is simply due to a horse race between 
low-level perceptual processes (see Egeth et al., 1989, for a similar 
argument). Then, the findings do not implicate the parallel processing 
of letter identities, but the parallel processing of some basic feature, 
completely in line with the FIT and related accounts. Purely on 
theoretical grounds, Bundesen (19901 claims that Van der Heijden et 
al.‘s (1983) redundancy gain is due to position uncertainty for the 
displays with less than three targets. Bundesen predicts that if the 
position uncertainty would be eliminated, the RTs for the one- and 
two-target conditions would be the same as for the three-target 
condition. 

In summary, in line with the late selection view, there is some 
evidence that processing of semantic identities can occur in parallel. 
Yet, this evidence is not overwhelming, and it seems that many 
findings that suggest parallel identification of semantic identities can 
also be explained by assuming that only some basic feature distin- 
guishing target from non-targets is processed in parallel. In a study in 
which selection by color was directly compared with selection by 
category, Navon (1989) concluded that selection by color and category 
are not as similar as the late selection view claims. Selection by color 
was fast, efficient, and load free; whereas selection by category was 
slow, prone to intrusions and load-sensitive. As Broadbent claims ‘the 
popularity of late selection does not stem from any empirical evi- 
dence. Rather it seems to be one of separation between different 
academic communities’ (1982: 281). 

5. The special role of spatial attention 

5. I. Introduction 

There is a considerable controversy regarding the role of spatial 
attention. Space-based theories assume that spatial location plays a 
unique role in the selection of information for further processing (e.g., 
Posner et al. 1980; Eriksen and Hoffman 1973), whereas others claim 
that location is just one selection dimension (although an extremely 
efficient one) that is, in principle, not different from selection dimen- 
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sions such as color and shape (Duncan 1981). In this view, spatial 
information enables efficient selection not because it is ‘special’, but 
simply because it has a lot of discriminative power. Visual selection 
can be facilitated by any type of cue as long as it provides discrimina- 
tive power to separate target from non-targets. 

Studies suggesting a special role for spatial attention show that 
advance knowledge of the target location improves processing of that 
target (e.g. Posner at al. 1980). In many of these covert orienting 
experiments, a cue prior to stimulus presentation serves as a signal to 
expect a target in a specific location. Selective allocation of visual 
attention (without the aid of eye movements) has been examined by 
means of a cost-benefit analysis (Posner 1978, 1980) in which the 
performance of detecting signals at expected locations is compared to 
the performance of detecting signals at unexpected locations. Various 
studies have demonstrated better performance for valid than for 
invalid cued targets across a number of tasks, including simple lumi- 
nance detection (Bashinski and Bacharach 1980; Posner et al. 1978; 
Posner et al. 19801, identification (e.g., Eriksen and Hoffman 1972; 
Van der Heijden et al. 19871, and discrimination (e.g. Downing 19881, 
as well as across two dependent measures, response latency (e.g., 
Jonides 1981; Posner et al. 1980) and accuracy (e.g., Downing 1988; 
Van der Heijden et al. 1987). 

Two different types of cues may be used to inform the subject about 
the likely target location. Before display onset, a cue appearing at the 
center of the display (e.g., an arrowhead) can direct attention to the 
likely target location. In response to this cue attention is supposed to 
be voluntarily directed to the cued location in visual space. This can 
be contrasted with ‘peripheral cues’, which usually appear at a posi- 
tion near the actual target location. This type of cue, usually a 
stimulus with an abrupt visual onset (e.g., a ‘barmarker’, Jonides 1981; 
Theeuwes 1991b), is supposed to reflexively draw attention to the 
location of the onsetting event. Posner (1980; Posner and Cohen 1984) 
suggested that dependent on the type of cues, control of visual 
attention can be either endogenous (e.g., intentionally directed to a 
location) or exogenous (e.g., unintentionally drawn to a location; Todd 
and Van Gelder 1979). It has been demonstrated that the endogenous 
and exogenous shift of attention are often not comparable (Briand 
and Klein 1987; Jonides 1981; Miiller and Rabbitt 1989). With exoge- 
nous orienting, attention is reflexively drawn to a location in space 
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and is actively engaged in processing the cue (or target) that attracted 
it there; with endogenous cuing, there is a passive expectancy that the 
target is likely to occur at a position in space, without active process- 
ing of visual information taking place (Klein and Hansen 1990). The 
next section will discuss different theoretical explanations which can 
account for the findings on spatial cuing. 

5.2. Different theoretical accounts 

5.2.1. Space-based accounts 
It is assumed that a spatial cue enables attention to focus on a 

particular region in visual space in which the quality of the perceptual 
representation is enhanced. As a metaphor, it is suggested that spatial 
attention is analogous to shining a spotlight on the visual field. 
Objects falling within the spotlight can be identified or detected more 
rapidly than objects outside the spotlight. This analogy has been 
advocated by many authors (e.g., Broadbent 1982; Downing and 
Pinker 1985; Eriksen and Hoffman 1973; Posner 1980: Shulman et al. 
1979; Tsal 1983). Two properties are implicit in the metaphor. First, 
attention is limited in spatial extent (Yantis 19881, implying that 
focused attention cannot be directed to two or more locations at the 
same time (Posner et al. 1980). Second, directing attention in visual 
space is necessary before responding to the target is possible (Posner 
1980). Recall that most theories on visual search assume the involve- 
ment of attention in order to identify the stimulus (Bergen and Julesz 
1983; Hoffman 1978, 1979; Treisman and Gelade 1980; Wolfe et al. 
19901, or to select among different responses (Allport 1980; Duncan 
1981; Duncan and Humphreys 1989; but note that the latter theories 
do not claim that focused attention has a spatial locus). Thus if 
attention is directed to an invalid location, it has to be shifted to the 
valid location in order to respond to the target. Since the spotlight of 
attention as well as overt eye movements can both be summoned by a 
peripheral event (e.g., exogenous cue) and both can be directed 
voluntarily to a location in visual space (e.g., the endogenous cue) it 
has been suggested that there is a close functional (Posner 1980) and 
physiological (Wurth and Mohler 1976) relationship between these 
systems. Thus, attention is like an ‘internal eyeball’ (Skelton and 
Eriksen 1976) or, attention is the ‘mind’s eye’ (Jonides 1980, 1981, 
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1983). Yet, the simple spotlight theory, analogous to the movement of 
the eyes, had to be adapted in order to account for conflicting data. 

Many studies have been directed to reveal the mechanism and 
structures that subserve the relocation of attention (e.g., Downing and 
Pinker 1985; Eriksen and St. James 1986; Posner 1980; Shulman et al. 
1979). Two contrasting claims have emerged: (1) The spotlight moves 
with a constant velocity through visual space, taking more time as it 
moves a greater distance (e.g., the eye movement analogy; Posner 
1980; Shulman et al. 1979; Tsal 1983). (2) Shifting attention occurs in 
a discrete abrupt manner so that it does not take more time to move 
longer distances (e.g., Eriksen and Murphy 1987; Murphy and Eriksen 
1987; Sagi and Julesz 1985a, 1985b; Skelton and Eriksen 1976). 
Recently, Kwak et al. (1991) provided strong evidence for the second 
claim in a task in which focal attention was required for identification 
(matching rotated T’s and L’s). It was shown that the distance be- 
tween the targets had no effect, suggesting that there is no movement 
of attention at all but that attention is simply reallocated from one 
location to another (see also Eriksen and Webb 1989). Note that this 
finding reduces the viability of the spotlight metaphor and also flaws 
the claim that spatial location is a very special factor in the control of 
attention. 

Eriksen and Yeh (1985; Eriksen and St. James 1986) suggested a 
‘zoom lens’ model that emphasized the variable size of the spotlight, 
indicating that attention, conceived as a processing resource, can vary 
from a uniform distribution over the entire field to a highly focused 
concentration. When reliable spatial information is provided, the 
system switches to its focused mode, concentrating all resources on a 
circumscribed area, leaving little or no resources for simultaneous 
processing of other display locations. When it is not necessary to focus 
attention on a specific location, attention is distributed uniformly over 
the visual field. Downing (1988) suggested that processing perceptual 
information is most efficient at attended areas, and becomes increas- 
ingly less efficient as the distance from the attended area is increased. 
In addition, Murphy and Eriksen (1987) proposed that a precue 
facilitates processing of stimuli within the attended area, with a 
gradient of decreasing facilitation along the borders of focused atten- 
tion. According to the gradient model of attention (LaBerge and 
Brown 1989) attending to a small, compared to a large region in visual 
space gives a narrow peak in the resource gradient, resulting in a 
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better performance for targets falling within such a peak than for 
targets falling within the more distributed peak. Again, attention is 
considered as a limited processing resource implying that a narrow 
peak removes resources from other locations. The narrower the peak, 
the more strongly resources fall off with the distance from the peak. 

Pre-knowledge of information has been found to be a very effective 
cue that enables the separation of targets from non-targets. In the 
original experiments of Colgate et al. (1973) and Eriksen and Hoffman 
(1974) subjects responded to one out of 12 letters which were posi- 
tioned in a circular display around a fixation point. It was shown that 
a response to a target was faster when its location was indicated by a 
barmarker close to the target position. These results were originally 
interpreted as indicating that the precue facilitated the selection of 
the correct letter out of the twelve non-target letters. Yet, in a control 
experiment in which only the target letter was presented, the precue 
speeded up the response as well, even though nothing had to be 
selected visually. The finding that prior knowledge of the position of a 
target in an ‘empty’ visual field has a beneficial effect on recognition 
has been demonstrated many times (e.g. latency, Eriksen and Hoff- 
man 1973, 1974; Hoffman 1975; accuracy, Van der Heijden et al. 
1987). The finding that foreknowledge of location affects the identifi- 
cation of stimuli even in an empty field in which no visual selection is 
necessary suggests that spatial location operates early in vision facili- 
tating perceptual processing (e.g., Van der Heijden et al. 19871. In a 
late selection view, location information can only be helpful to select 
among several already fully identified stimuli, a claim which is hard to 
understand when nothing has to be selected. Yet, Duncan (1981) 
contended that even blank parts of the field are themselves real 
stimuli which may be admitted to, or rejected from, further processing 
by the attentional system, a claim recently substantiated by Miiller and 
Humphreys (1991). 

Related to this issue is the discussion regarding the locus of the 
effect of spatial cuing. The space-based account of attention assumes 
that a spatial cue facilitates processing because all attentional re- 
sources are concentrated on a relatively small portion of the visual 
field increasing the speed of processing for objects appearing at that 
location (e.g. Eriksen and Yeh 1985). Because in this view, attention 
modulates the efficacy of sensory processing it is expected that cued 
and uncued location differ in sensitivity (d’) (e.g., Bashinski and 
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Bacharach 1980; Downing 1988; Hawkins et al. 1990). Alternatively, it 
has been claimed that attention has no effect on sensory processing at 
all. Instead, reaction time differences due to spatial cuing are at- 
tributed to differences in decision strategies at cued and uncued 
locations (Shaw 1978, 1984). Because targets are more likely to appear 
at cued locations, observers may simply require less sensory evidence 
to decide that a target has appeared there. Consequently, one would 
expect that cued and uncued locations differ in decision bias (e.g., 
beta). In Broadbent’s (1970, 1982) terminologies these effects are also 
known as stimulus set or filtering (changes in sensitivity), and response 
set or pigeon holding (changes in response bias). Experiments trying 
to pinpoint the effects of spatial cuing seem to suggest that spatial 
cuing affects sensitivity cd’). For example, Bashinski and Bacharach 
(1980) showed in a luminance detection task that spatial cuing af- 
fected detection sensitivity but not decision processes. Similar results 
were provided by Downing (1988) and Hawkins et al. (1991). On the 
other hand, Miiller and Findlay (1987) claimed that spatial cuing only 
affected decision biases and not sensitivity. Recently, Miiller and 
Humphreys (1990) conducted a study in which subjects performed a 
localization-and-detection task showing that spatial cuing enhanced 
the accuracy of detecting simple luminance increments at a cued 
location, even when there was only a single target in the display. In 
addition to the effects on sensitivity, central cues also affected beta, 
whereas peripheral cues had no such effect. 

The finding that spatial cues affect sensitivity rather than beta, has 
been interpreted as evidence against ‘late selection’ favoring the 
spotlight metaphor and claiming a special role for spatial attention. 
Thus, Downing (1988) who found a sensitivity effect of spatial cuing, 
asserts that spatial cuing ‘affects the quality of relatively early levels of 
representation’. It is found that sensitivity for a particular location is 
determined by the distance from the attentional focus (e.g., LaBerge 
1983; LaBerge and Brown 1989; Downing and Pinker 19851, with a 
maximum sensitivity at the focus of attention and a gradual decrease 
for locations further away. Yet, both changes in sensitivity and the 
finding of an attentional gradient can also be interpreted in terms of a 
late selection account (Miiller and Humphreys 1989). In line with 
Duncan (1981) and Duncan and Humphreys (1990) spatial cuing is 
supposed to affect the priority by which information is read out from 
the first parallel stage, where fully identified representations are 
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subject to decay. The cued location is assigned priority over targets at 
uncued locations, which compete for selection. Because the atten- 
tional priority is hard to interrupt, the cued location is selected even 
when no target is present at that location. Consequently, at least 
invalid cues (e.g., a cue pointing to the right while the target appears 
at the left) will produce costs even for a target in an empty field. The 
gradient effect is explained by assuming that stimuli at locations 
closest to the cued location are placed higher on the selection stack 
than stimuli further away (Miiller and Humphreys 1991). 

The finding that the time to respond to a target letter becomes 
faster as the angular distance between target and distractor letter 
increases (Eriksen and Eriksen 1974) has been treated as strong 
evidence for the spotlight theory and suggests a special role of spatial 
attention. In a recent study on the flanker compatibility effect (i.e., 
subjects respond to a central letter and ignore irrelevant flanking 
letters; the identity of the flankers produce a response compatibility 
effect), Miller (1991) provided again strong evidence that spatial 
separation has a special status for visual selective attention (see also 
LaBerge et al. 1991). In line with the spotlight theory, near distracters 
produce interference because they fall within the attentional spotlight 
focused on the target; and hence are selected for further processing or 
for potential response. Distant distracters fall outside the spotlight 
and are therefore ineffective (Broadbent 1982). This reasoning is in 
line with the earlier developed view which suggested that strategic 
variation of the span of attention acts as a selective filter. 

In recent years, spotlight theories of visual attention have come 
under attack. In a study conducted by Driver and Baylis (1989) it was 
shown that spatial separation per se, as in the Eriksen and Eriksen 
(1974) paradigm, could not account for selectivity. In an experiment in 
which some items moved in a similar direction, it was shown that 
distant distracters that moved with the target produced more interfer- 
ence than stationary letters that were near the moving target. It 
appeared that movement was a strong feature for perceptual group- 
ing. Yet, a whole series of recent experiments by Kramer et al. (in 
press) demonstrated that the effects reported by Driver and Baylis 
(1989) could not be replicated. 

A study conducted by Juola et al. (1991) also challenges the 
spotlight type of theories. Subjects responded to a target letter which 
appeared between non-target letters in three rings around the fixation 



point. Subjects were instructed to attend to the ring (i.e., the outside, 
middle or inside ring) which was cued before display onset. In all 
conditions, responses were faster to valid cues than to invalid cues. 
Therefore, if subjects were instructed to attend to the outside ring, 
responses to targets appearing in the inside ring were relatively slow. 
The results were neither consistent with a zoom-lens nor with a 
spotlight model, and suggested a model that enables attention to be 
concentrated in ring-like areas of anticipated stimulus location. 

Studies performed by Klein and Hansen (1990, 1987) have also 
been interpreted as a failure of the spotlight theory. On each trial, 
central precues were used to indicate the probable position of the 
imperative signal, which required either a manual or a saccadic 
response depending on the form of the imperative signal. When the 
stimulus forms were not equally probable, latencies to the more 
probable form showed the typical spatial cuing effect, whereas RTs to 
the improbable form was unaffected by spatial cuing. This latter result 
suggests that responding to the improbable form is unaffected by the 
location of spatial attention. It is concluded that dual-response experi- 
ments with asymmetric response probabilities fail to show the spot- 
light effect for the improbable stimulus/response combinations. Al- 
though these results are difficult for the spotlight theory, it should be 
realized that the improbable stimulus/response combination may 
simply have attenuated the spatial cuing effect through some response 
inhibition process (note that in the improbable condition, there were 
still spatial cuing effects, yet they failed to reach significance). Typi- 
cally, subjects had the tendency to give the probable response to the 
improbable stimulus at the cued location. In studies by Lambert 
(1987; Lambert and Hockey 1986) in which subjects expected particu- 
lar shapes to occur at particular locations, RT data suggested that 
visual selective attention can be sensitive to combinations of shape 
(category) and location. Yet, the finding that prior knowledge of the 
to-be-presented shape (category) affects RT does not necessarily 
dispute the spotlight theory because expectations regarding shapes 
(categories) may very well reflect response biases rather than effects 
on visual selection. Kingstone and Klein (1991) conducted a similar 
experiment and suggested a hierarchical-processing model of atten- 
tional selectivity. In this model shape and location information is 
processed simultaneously, yet at different processing rates such that 
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the early resolution of one attribute expectancy (e.g., location) affects 
the processing of the other attribute expectancy (e.g., shape). 

In experiments such as those cited above, the effects of expectancy 
of location are sometimes inappropriately compared to the effects of 
expectancies for other target attributes. It is assumed by a late 
selection account that location is just one selection dimension to 
separate target from non-target that is in principle not different from 
any other selection dimensions. When testing such a hypothesis, it is 
crucial to separate expectancy effects on perceptual processing from 
expectancy effects on responding. In a location cuing experiment, 
location says nothing about the ultimate response to be given. Hence, 
in a direct test, expectancies about form, color etc. should say nothing 
about the response either. Therefore, the required response should be 
completely independent of the information provided by the precue. 
Theeuwes (1989) tested the late selection hypothesis in a study in 
which subjects responded to the orientation of a line segment which 
was located in either a square or circle, presented either left or right 
from fixation. Central cues provided either information about the 
likely location (left/right) or about the likely form (square/circle). 
Obviously, RT differences due to the precue information could only 
be attributed to perceptual selection processes because the precue did 
not provide any information about the response. The results showed 
clear RT costs-benefits for location cuing, but not such effects for 
form cuing; implying that, opposite to the late selection account, these 
cues have quite different effects. As a typical counterargument, late 
selection theory can claim that the form cue did not provide enough 
discriminative power to affect selection. For example, Navon (1989: 
54) notes that ‘late selection theorists might respond that any differ- 
ence in selective efficiency of different selection cues may be due to 
differential ease of retrieving them from a post-categorical representa- 
tion, or searching for them in such a representation’. 

5.2.2. Late selection accounts 
Late-selection accounts do not assume a special role for location 

(Duncan 1980; Duncan and Humphreys 1989). For example, the 
earlier outlined theory of Duncan and Humphreys (1989) assumes that 
the selection system biases and alters the initial weights assigned to 
the structural units so that the selection system matches an internal 
‘template’ of the information sought for. This template can specify 
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more or less any attribute of the information needed such as its color, 
shape, category (letter or digit) or its location. Thus, in search for 
particular information (e.g., a target with particular color, or a target 
at a particular location) the selection system matches the template to 
the current input by changing weights proportional to the degree of 
match. Bundesen (1990) developed a theory which is similar to Dun- 
can and Humphreys’ (1989) account. According to Bundesen (1990), 
foreknowledge of the spatial position of a target facilitates selection 
because the subject can increase the attentional weight of any element 
at the cued location by increasing the ‘pertinence’ value of the cued 
location. The higher attentional weight speeds up the processing of 
items at cued locations at the expense of items at uncued locations. 
Pertinence value in Bundesen’s theory represents a top-down compo- 
nent reflecting the importance of attending to elements that belong to 
a certain category. For example, if subjects have to search for red 
between black items, the pertinence value of the perceptual category 
red will be high. It appears that both late selection accounts (Duncan 
and Humphreys 1989; Bundesen 1990) are quite similar and assume 
that location cuing is just one of the many dimensions which help 
selecting items that compete for selection. The notion is similar to the 
Miiller and Humphreys (1991) interpretation of the cuing effect al- 
though they assume that selection specifically takes place from a 
spatial map of multiple display locations. 

A basic issue in the whole dispute between early and late selection 
is the distinction between selection and identification of items. In an 
early selection view, selection has to take place before full identifica- 
tion can begin, whereas in a late selection view these two aspects are 
viewed as part of the same process. Because late selection theory 
assumes that identification of items occurs before selection takes 
place, factors affecting the identification of items (e.g., factors speed- 
ing up the categorization of an item) are also considered as factors 
affecting the selection of items. In other words, a variable influencing 
the identification process is treated by late selection theory as a factor 
influencing the selection process as well. In the view as presently 
advocated, factors affecting the recognition process are considered 
irrelevant for the selection process because these factors exert their 
effect on already selected items (i.e., items that have entered the 
second stage of processing). Therefore, priming effects are for exam- 
ple not discussed because they do not influence the selection of items, 
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but the recognition processes of already selected items (note that 
Johnston and Dark’s (1986) review on selective attention does include 
priming). 

5.2.3. Post-categorical filtering 
The notion of post-categorical filtering and selection as advocated 

by Van der Heijden (1981, 1992) can neither be considered as an 
‘early’ nor a ‘late’ selection view. In line with a ‘late’ selection claim, 
the model suggests that before selection takes place, visual informa- 
tion is automatically and in parallel registered and processed into an 
identity code. Yet, retrieval of this identity code can only occur by 
means of the position of the object, suggesting that attention operates 
via spatial locations, a claim in line with an early selection view. 
According to Van der Heijden (19921, selection operates on an ‘early’ 
representation using position to select one identity among a number 
of available identities. Visual selection takes place, not because there 
is a limited capacity to process information, but because there are 
many potential targets for action and each time a particular object has 
to be selected among others. 

The basic structure of Van der Heijden’s model (1992) consists of 
an input module which sends information in parallel to two indepen- 
dently operating channels: an identity and a position channel. Identity 
processing occurs in parallel, yet without position information from 
the position channel, the identity information cannot become avail- 
able. Through a feedback loop from the position channel to the input 
module, a particular location in the visual field will be addressed 
implying that the identity of the information at the selected location 
becomes available for responding. The location channel feeds back in 
parallel the location information of all stimuli represented in the 
input module; yet, the position that receives additional activation is 
thought to be selected. In other words, selective attention is the 
process of feeding back particular location information to the input 
module. Important is that the location channel has no access to the 
identity of the elements in visual field, suggesting that selective 
attention can in principle only operate through position information. 
Location information is needed to select identified information. 

To this basic (data-driven) structure a higher center is added to 
account for findings such as endogenous location cuing and selection 
based on primitive features such as color. The (top-down) higher 
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center operates directly on the location channel or operates through 
other modules (e.g., color module) which activates the location con- 
taining the particular feature. 

The model proposed by Van der Heijden is based on findings from 
partial report and location cuing experiments. Yet, the model is also 
applicable to visual selection in visual search. The data-driven struc- 
ture of Van der Heijden’s model is to some extent similar to the view 
developed in this paper. In the present view, primitive features can be 
processed in parallel without capacity limitations and also location is 
the entity on which visual selection is based (in our view, a shift of 
focal attention to a location implies that the object at that location is 
selected). Yet, in our view, after selection, additional processing goes 
on before the identity of the object becomes available whereas Van 
der Heijden assumes that after selection identify becomes available 
without additional processing. 

With respect to top-down control, both views claim that only 
through the ‘location system’, visual selection can be affected in a 
top-down way (in our view ‘endogenously direct spatial attention to a 
location is visual space’). Also both views assume that if information is 
coming from feature modules, this information affects the ‘location 
system’ before it will affect selection. Van der Heijden assumes that 
these feature modules can be modulated in a top-down way (changing 
the criterion), whereas the present view suggests that effect on the 
‘location system’ (in our view ‘causing an automatic shift of spatial 
attention to the location of the unique feature’) is automatic and not 
subject to cognitive control. 

Van der Heijden’s theory is compatible with the results of the 
earlier discussed visual search experiments if it is assumed that the 
position channel automatically activates the location of the largest 
feature difference present in the input module (possibly calculating 
the differences among features within each module) implying that the 
odd item is automatically selected first. If attention is captured by a 
target, a response will be given; otherwise attention is ‘withdrawn’ and 
‘moves’ to the target; in Van der Heijden’s view by means of top-down 
control. 

The above analyses suggest that both views are very similar expect 
that the terminology used is quite different (e.g., ‘position channel’ 
versus ‘spotlight’; ‘the higher center can activate a relevant position in 
the location channel’ versus ‘subjects can endogenously direct spatial 
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attention to a location in visual space’, ‘location system’ versus spot- 
light of attention‘). Yet the views differ with respect to the extent of 
parallel processing. Van der Heijden assumes that unlimited capacity 
processing is not limited to primitive features as the present view 
assumes, but that all objects (identity channel) and all locations 
(location channel) are fully identified in parallel without any capacity 
limitations. 

5.2.4. FIT and related accounts 
Like the space-based theories discussed above, various models 

dealing with visual search (e.g., FIT, Treisman and Gelade 1980; 
guided search model, Cave and Wolfe 1990; Hoffman’s two-stage 
model, Hoffman 1978, 1979; Julesz’s texton theory; Bergen and Julesz 
1983) also presume a special role of spatial attention. Although 
features may be registered preattentively without attention, focused 
spatial attention (e.g., the spotlight of attention) directed serially to 
locations in visual space, is necessary in order to combine information 
from different feature maps into complex object representations and 
is necessary to locate items in the visual field. Treisman (1988) 
provides evidence that visual attention operates by selecting stimuli in 
particular locations: identification of targets defined by primitive 
features was well above chance even though the target was mislocated. 
Yet, mislocated conjunction targets were not identified at levels above 
change. In addition, Nissen (1985; see also Isenberg et al. 1990) 
presented four items varying in location, color, and shape. In one 
condition, subjects had to report the color and shape of items cued by 
location. This condition showed that responses for color and shape 
were basically independent. In another condition, subjects had to 
respond to the location and shape for items cued by color. In this 
condition, localization of the cued item was necessary in order to 
correctly report the correct shape. This study indicates that in order to 
report the shape of an item which is cued by a color, spatial attention 
is necessary. Yet, recently Bundesen (1991) showed that the findings 
of Nissen (1985) can also be interpreted as evidence for the view 
which assumes that selection based on color or shape is independent 
of location information. Tsal and Lavie (1988) presented circular 
displays for 100 msec containing a mixture of three red, three green, 
and three brown letters. Subjects had to report the first item of a 
given color, and then any other letter they could identify. If attention 
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was allocated to the location to the first reported letter, letters 
adjacent to the first letter should be reported more frequently than 
other letters. Similarly, if attention would be allocated to the color of 
the first reported letter, letters of the same color (irrespective of their 
position) should be reported more frequently than other letters. The 
results showed that subjects reported items that were close in space to 
the first reported letter, suggesting that the direction of attention to a 
relevant spatial location is a mandatory process that takes place 
irrespective of the dimension according to which the stimulus was 
initially selected for processing (e.g., color and shape). 

According to the FIT and related accounts, the attentional spotlight 
selects objects in their location allowing the conjoining of features. 
Briand and Klein (1987) addressed the question whether the alloca- 
tion of attention in the FIT is the same attentional mechanism as the 
direction of attention in covert orienting tasks like those of Posner 
(1980). Theoretically, such a question denotes whether the second 
attentive stage involved in visual search tasks is equivalent to the 
covert direction of attention in the visual field. If this were correct, 
then, in line with the two-stage model, covert orienting to a location in 
the visual field would imply that the first preattentive stage is by- 
passed so that items at the location focused directly enter the second 
stage of attentive processing. Briand and Klein’s (1987) experiments 
showed that the effect of a central cue was the same in feature and 
conjunction conditions (both costs and benefits implying the involve- 
ment of attention); whereas a peripheral cue gave costs and benefits 
in the conjunction condition but not (very little) in the feature condi- 
tion. Because in the FIT the detection of a simple feature is supposed 
not to require attention while conjunction targets require focal atten- 
tion, it is then concluded that the spatial attention involved in the FIT 
is equivalent to exogenously controlled attention. Although this con- 
clusion has been considered as too tentative (Treisman 19881, the 
findings of this study fit nicely the model outlined in section 4.1.2 
which suggested a special role for the spatial distribution of attention 
as a filtering device (see also Theeuwes 1991b). If it assumed that, 
when attention is spread out over the visual field, the unique feature 
in the feature condition attracts attention automatically, the exoge- 
nous cue cannot have much effect on the detection of the feature 
target (i.e., hardly any costs-benefits). In the conjunction condition, in 
which the target does not pop out, the exogenous cue will produce 
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large costs and benefits. In case of an endogenous cue, subjects are 
forced to focus their attention to a location in the visual field before 
display onset. When attention is directed to a invalid location, the 
unique feature falls outside the attentional spotlight and cannot 
attract attention anymore (see Theeuwes, 1991b, for similar effect). 
Reshifting attention to the valid location will take time and produce 
costs. For the conjunction condition exact the same reasoning holds, 
explaining why the same costs and benefits are found in conjunction 
and feature conditions when using an endogenous cue. 

In conclusion, in visual search, the operation of attentive processing 
involves the serial direction of the ‘spotlight of attention’ (Posner and 
Cohen 1984) to locations in the visual field. The direction of the 
‘spotlight of attention’ can be considered as the same attentional 
phenomenon as occurring in covert orienting tasks (e.g., Posner 1980; 
Posner et al. 1980) in which, independent of eye movements, attention 
is exogenously shifted toward a particular location (Briand and Klein 
1987). Because a target defined by a single discriminable feature 
already attracts attention automatically, target detection does not 
benefit much from the advance direction of attention. Targets defined 
by properties that do not pop out (i.e., conjunction target, semanti- 
cally defined targets) benefit from the advance direction of attention. 

6. An integrative summary 

The present paper outlined a framework which allowed a consistent 
interpretation of a great deal of experimental data. It is realized that 
some interpretations allow counterinterpretations, yet the view advo- 
cated here is tenable and seems to provide the most parsimonious 
explanation for many findings. This section will summarize the present 
viewpoints along the lines of three (interrelated) sources of controver- 
sies in the field of attention. Finally, the relation between the present 
approach and various other ‘perceptual’ approaches will be discussed. 

6.1. Top-down versus bottom-up processing 

It is assumed that the strategic control over ‘what’ is selected in the 
visual field is limited, yet, ‘where’ (from which location) it is selected 
from, can be controlled strategically. Subjects can strategically control 
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visual selection by varying the span of spatial attention in the visual 
field. Dependent on the task demands, attention can be spread out 
over the entire visual field (or a portion of the visual field) or be 
focused on a specific location. If attention is spread out, preattentive 
parallel processing will occur; within the beam of spatial attention, 
top-down selectivity is not possible: the item producing the highest 
bottom-up difference signal within any stimulus dimension will attract 
attention, and therefore will enter the second stage of attentive 
processing implying that the item is selected. It is assumed that the 
bottom-up activity consists of a difference signal for each feature 
dimension separately depicting how different an item at a certain 
location is from all other items in the visual field with respect to a 
certain dimension (cf. Cave and Wolfe 1990). The preattentive process 
cannot reveal the origins of the difference signal (whether the item 
differs in color, shape, brightness etc). Hence, the processing focus is 
directed toward the location with the highest activity. Thus, within the 
beam of attention, perceptual selectivity (i.e., what enters the second 
stage of processing) is determined entirely by the input. Koch and 
Ullman’s (1985; Ullman 1984) model is similar to the present view. 
According to their model, visual information occupying the position of 
the highest salience or conspicuity, is marked and passed on to the 
‘central representation’ that is responsible for further stimulus analy- 
sis. 

The present account assumes a genuine filtering by location in 
suggesting that the filter may be operationally set to encompass 
multiple objects. The deployment of visual spatial attention may be 
the only mechanism for selection, that is, there are no additional 
mechanisms for selection within the deployment of attention. Because 
visual attention is specifically spatial, other kinds of apparent filtering 
may in fact operate indirectly. For example, if a task requires selection 
by a unique color, the preattentive process automatically extracts the 
positions of the items which differ in color, causing a shift of attention 
to the spatial sites of the uniquely colored items. 

Evidence suggesting parallel processing of conjunctions of features 
and semantic identities is not overwhelming. With respect to parallel 
conjunction search, it was speculated that the occasionally found 
almost flat search functions are obtained because subjects adjust the 
attentional beam, which allows a strategy in which a conjunction 
target occasionally will pop out (group scanning strategy, Treisman 
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and Gormican 1988). With respect to the parallel processing of 
so-called semantic identities, it was speculated that in most cases, the 
target is distinguished from non-targets on the basis of some basic 
feature (or set of features) which can be extracted preattentively in 
parallel. 

The endogenous or exogenous direction of attention on a location 
in the visual field acts like a spatial filter, restricting the encoding of 
items to those appearing at the focused location and blocking out 
information from all other parts in the visual field. This filter is far 
from perfect implying that items close to the focus of attention or 
items having a relatively high saliency (i.e., abrupt visual onsets and 
offsets; Breitmeyer and Ganz 1976; Theeuwes 1990; Yantis and Jonides 
1984) occasionally break through (e.g., Broadbent 1982). Obviously, 
items breaking through which also require some action will produce 
larger interferences (Eriksen and Eriksen 1974). Because focusing 
attention acts like a filter, preattentive processing of other locations 
cannot occur. Items appearing on the location on which attention is 
focused are assumed to enter the second stage of focal processing. 

6.2. Early versus late selection 

The view advocated here is that attentional selectivity operates at 
an early perceptual level. It is suggested that preattentive processing is 
limited to the extraction of low-level perceptual characteristics. Shift- 
ing focused spatial attention to a location represents the only way by 
which information in the visual field is selected for further processing. 
Shifts of focused attention may occur exogenously when, within the 
beam of attention, a highly salient item is present, or, endogenously, 
when subjects focus their attention to a location in visual space. The 
‘late-selection’ claim that all stimuli are processed regardless of atten- 
tion (Duncan 1981) seems to apply to the present account to some 
extent: low-level perceptual operations on stimuli occurring within the 
attended area are also processed without attention and as a conse- 
quence, cannot be controlled strategically. 

4.3. Automatic versus controlled processing 

The present view assumes that, within the attended area, preatten- 
tive processing (i.e., the calculation of the difference signals for each 
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stimulus dimension at each location) and the subsequent shift of 
focused attention are automatic processes because they fulfil both the 
load insensitivity and the unintentionality criterium of automaticity 
(Theeuwes 1991~). Alternatively, since the size of the attended area 
can be varied strategically, it may be argued that the preattentive 
process is not completely under the control of stimulation: informa- 
tion outside the attended area is not processed at all. The endogenous 
direction of attention in the visual field is a controlled process since it 
requires effort and is not under the control of stimulation. 

6.4. Relation to other approaches 

The present view which claims that the operations of the first stage 
are purely bottom-up driven and are limited to the extraction of 
low-level perceptual characteristics, followed by a second stage which 
allows detailed perceptual analysis is similar to Marr’s (1982) compu- 
tational approach of vision. Marr recognized two types of early repre- 
sentations in vision: the primal sketch which is a representation of the 
incoming image, and the 23-D sketch, which is a representation of 
surfaces in three dimensional space. These early visual representa- 
tions are assumed to be viewer-centered, bottom-up driven, and they 
are essentially local descriptions that represent properties such as 
depth, orientation, color, and the direction of movement. The extrac- 
tion of more complicated units and the description of spatial relations 
among the elements is not achieved at this early level (Ullman 1984). 
Marr (1982) viewed the organization of the visual system as modular 
(e.g., Barlow 19861, suggesting that for example, color, motion, depth, 
and shape are processed independently of each other; a view very 
similar to the FIT (Treisman and Gelade 1980). This view also 
appears to be supported by physiological evidence (e.g., Livingstone 
and Hubel 1987; Maunsell and Newsome 1987). As suggested by 
Fodor (1983) special-purpose modules have many advantages: they 
allow a fast and mandatory coding of relations within dimensions 
without possible cross-talk from other dimensions. Note, though, the 
present approach indicates that the output of these modular systems 
may cause interferences at the second stage of processing. As ad- 
dressed earlier, the present approach is related to the texton theory 
(Bergen and J u esz 1 1983), the geon theory (Biederman 1987), and 
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various theories on visual search (Cave and Wolfe 1990; Hoffman 
1978, 1979; Treisman and Gelade 1980). 
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