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SELECTIVE ATTENTION IN THE VISUAL FIELD

Stellingen

Jan Theeuwes



STELLINGEN

Binnen de "beam of attention" berekent het visuele systeem voor elke stimulus-

dimensie van ieder object, de mate waarin dat object verschilt van ieder ander

object in het visuele veld. Het object dat het meest afwijkt wordt automatisch

geselecteerd (dit proefschrift).

2. Het richten van aandacht naar een plaats in het visuele veld werkt als een

spatieel filter; alleen informatie aanwezig op die plaats wordt verwerkt (dit

proefschrift).

3. De zin van fundamenteel wetenschappelijk onderzoek: l'art pour l'art.

4. Mensen die onderzoeksgeld hebben te besteden, krijgen meer en meer invloed

op de inhoud, de uitvoering en de publikatie van het onderzoek. Een gevolg

van deze ontwikkeling is, dat onderzoek vaak niet wordt beoordeeld op de

wetenschappelijk kwaliteit, maar op de mate waarin het onderzoek tegemoet

komt aan de politieke en economische belangen van de geldschieters.

5. Vooralsnog is er geen wetenschappelijke evidentie dat het algemeen "rijden

met lichten aan overdag" veiliger zou zijn (Riemersma & Theeuwes, 1990,

Verkeerskunde, 5, 268-271).

6. 'Toegepaste wetenschap" dient te bestaan uit het toepassen van fundamenteel

wetenschappelijke bevindingen bij het oplossen van dagelijkse problemen.

7. It is generally claimed that liberty consists in the power to do what one wants

to do. Yet, 'When I can do what I want to do, there is liberty for me, but I

can't help wanting what I do want' (B.F. Skinner, 1971, Beyond Freedom and

Dignity, p.41).



8. Het toenemende gebruik van verbale protocollen baart zorgen. The

information verbal reports provide may' be valuable evidence of the state of

some mechanism within the man, but not necessarily of the mechanism which

is producing his bodily responses. The importance of making this clear is that

some people (especially non-psychologists) still hold the view that verbal

reports provide an extra insight into human behaviour which is not available

for animal behaviour... " (D.E. Broadbent, 1958, Perception and

Communication, p.48).

9. Het mooiste experiment is eenvoudig, kent weinig variabelen, is technisch

simpel, is gemakkelijk te repliceren, en geeft resultaten die theoretisch gezien

verwacht hadden kunnen worden.

10. Het verplicht sluiten van winkels op het moment dat de koopkrachtige

werkenden in de gelegenheid zijn boodschappen te doen, geeft aan hoe

stompzinnig regelgeving in Nederland kan zijn.

Jan Theeuwes

Amsterdam, 10 april, 1992
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CHAPTER 1

VISUAL SELECTIVE ATTENTION: A THEORETICAL ANALYSIS



1. Introduction

The identification of objects in the visual environment plays an important adaptive
role in every-day 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 process of selecting part of
simultaneous sources of information, either by enhancing the processing of some
objects and/or by suppressing information of others, is traditionally referred to as

"selective attention" (Johnston & 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
f_the eyes. It uses experimental 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 confines 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 assumed 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 theoretical 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 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 & 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., Lévy-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 (1977), 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, 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 saccadeJs made toward a.
particular location, attention moves to that location before the onset of the saccade
(Posner & 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 experiments, it has been shown that
movements of attention can occur without making eye-movements (e.g., Eriksen &
Hoffman, 1972; Posner, Snyder & Davidson, 1980). 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; Posner et al. 1982) or a zoom lens

(Eriksen & 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 demonstrated that responses to stimuli falling inside
the attentional beam are faster and more accurate than responses to stimuli falling



outside the beam of attention (e.g., Posner, 1980; Posner et al, 1980; Van der
Heijden, Wolters, Groep & Hagenaar, 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 spme nbjgcts jtnd reduced processing of other objects in the

visuajjigld. 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 important tool for studying visual selection in tasks
requiring a high ecological validity, it should be realized that foveal 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-
procgssing ofjpatidjnformation outside the line of sight is rather limited because of
a reduced retinal sensitîvïtyin the periphery? As thé eccentricity ot a target mcreasesT
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, Wandell, & Cornsweet, 1984). The density of
cones 5° from the center of the fovea is about 1/10 that of the foveola (a circular
area 1 1/3° in diameter; LaBerge & Brown, 1986). Therefore, when investigating
postretinal processes such as selective attention, it is crucial that effects of retinal
sensitivity are not confounded with effects of the operation of selective attention.

This drop in accuracy is even more dramatic when other objects are present in the
visual field. Bouma (1970) showed that the recognition 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

probability 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, generally referred to as lateral masking, is

characterized by three properties (1) lateral masking is more pronounced in the
periphery than in the center of the visual field (see e.g., Bouma, 1970, 1978) (2) the
masking effect of the surrounding item diminishes as the space between target and
mask is increased (e.g., Eriksen & Eriksen, 1974) (3) A mask placed on the
peripheral side is more effective than a mask placed on the foveal side (e.g.,
Andriessen & 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 & 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 inappropriate 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 (1983) 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 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 influential accounts of visual selection and attention, notably:
Treisman's "feature integration theory" (FIT; e.g., Treisman & Gelade, 1980;
Treisman, 1988; Treisman & Sato, 1990), Julesz's "texton" theory (e.g., Bergen &
Julesz, 1983; Julesz, 1971), Cave and Wolfe's (1990; Wolfe et al, 1989) "guided
search" model, Hoffman's two stage model (1978, 1979) and various "late selection"
accounts (e.g, Duncan, 1980; Duncan & 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
properties 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
1. Preattentive parallel search
The most direct evidence that at least some perceptual operations occur in parallel is
provided by visual search tasks (Egeth, Jonides & Wall, 1972; Neisser, Novick &
Lazar, 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 &
Souther, 1985; less than 10 ms per item: Treisman & Gormican 1988), 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 (Treisman & 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 nontargets) pops-out of the display regardless of how many

nontargets are present.

Although inferences from linearly increasing search functions have been cruized
(Townsend, 1972), flat RT functions can only be reconciled 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, 1980). As the number of non-targets increases, so does
the chance that a nontarget is mistaken for the target simply on grounds of

probability (Eriksen & Spencer, 1969).

Preattentive parallel processing has been characterized by three basic properties (Folk

& Egeth, 1989; Posner & Snyder, 1975):



(1) Preattentive 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 automaticity, stating that automatic processes are not
affected when concurrent information load is increased (e.g., Neumann, 1984).
(2) Preattentive processing is spatially parallel operating simultaneously at various
locations across the visual field. The absence of a display effect can only be
understood when it is assumed that preattentive search takes place acrosjjdUocations
in uie^visuaLSgld^at_thejsajnc_time (Townsend, 1972)T 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 & Gormican, 1988)
(3) Preattentive processing operates independent of strategic control. Evidence for the
property that preattentive search operates independent of strategic control is rather
ambiguous._It refers to the unintentionality criterion of automatic processes, which
states that "automatic processes are under the control of stimulation rather than
under the control of the intentions (strategies, expectancies, plans) of the person"
(Neumann, 1984, p. 258). Note that if this claim was 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 have claimed that the preattentive stage does not
operate solely data-driven: knowledge about the target to be found may give
additional top-down activationsjn the relevant feature map (Cave & Wolfe, 1990),
may bias and alter the initial weights given to the items in the visual field (Duncan &
Humphreys, 1990), or may inhibit feature maps which represent a nontarget value
(revised FIT, Treisman & Sato, 1990).

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 (Sternberg,
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

8



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 identifications (e.g., T between Us). 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 independent 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, 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

Jjresented here (see, e.g., Duncan & Humphreys, 1989), especially in conditions in
which there is not a large difference between target and non-targets (Treisman &
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 & 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.
(1) 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
response 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 &
Gelade, 1980); is necessary for conducting finer discriminations on potential targets
(Hoffman, 1978, 1979); is required for the localization of objects in the visual field
(Treisman & Gelade, 1980; Cave & 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 perceptual overload (Kahneman & 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 & 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 imph'es 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 nontargets (Duncan & 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, 1990), 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 & 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

10



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, 1980).

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 primitive
features, thereby establishing candidate objects for later identification. 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 demonstrated 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 & Julesz, 1983; Treisman & Gelade, 1980). Thus, Treisman and Gelade
(1980, exp. 1) showed that search for a blue letter or an "S" among brown "Ts" 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 increased 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 supported by a variety of other findings,

11



including physiological recordings from specialized populations of neurons (e.g.,
Livingstone & Hubel, 1988), perceptual aftereffects (Houck & Hoffman, 1986);
texture segregation determining the properties that parse a scene into figure and
ground (e.g., Beck, 1967; Pashler, 1988); and illusory conjunctions in-which the
features from one object are conjoined with the features from another simultaneously
present object (Treisman & Schmidt, 1982).

Given these findings, Treisman has proposed a feature integration theory of
preattentive and attentive processing (FIT; Treisman & Gelade, 1980; revised FIT,
Treisman & 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
hypothesized 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 & Souther, 1985). Thus, for example in
the color dimension, 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") 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
"O" between "Q's") (Treisman & 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 & 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 located.

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
prespecified" feature map. Thus, deciding whether a red target between green non-
targets is present in the display, can be based solely on preattentively 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

12



identifying the target, responses can simply be based on detection of a single

difference among features (Folk & Egeth, 1989; Pashler & 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, p.226), 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, Nelson & Houck, 1983; Neisser, Novick & Lazar, 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 & 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 (1985a) study, target elements (1 through 4) were horizontal or vertical Une

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 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 performed 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
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responding. Using a similar same-different paradigm with RT as dependent measure,
Folk and Egeth (1989) challenged this claim and suggested that feature identities are
processed and are simultaneously available for responding at the preattentive level.
Yet, this conclusion seems not quite substantiated by their data. In fact, their
experiment 1 (and exp. 4 of Egeth, Folk & Mullin, 1989) replicated Sagi and Julesz'
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 Fashler & 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 (1985 a; Julesz'
texton theory, Bergen & 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 primitive 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
features 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 simultaneously available for responding. Along similar Unes, 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 identification of all items, it is also feasible that the parallel stage only
computes differences among features (see e.g., guided search model, Cave & Wolfe,
1990; Theeuwes, 1991c, 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 representing how different each element is from each of the other
elements within a particular feature dimension (e.g. color dimension, form dimension
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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 & Humphreys (1987) are compatible 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 & 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 decision 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 therefore be
selected. It will, then, appear as if full identification took place 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
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irrelevant color; yet, search for color was hindered by the presence of the irrelevant
form. These findings suggest that the differences between 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 detection 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
advocated 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 & Deutsch, 1963) which claims that all
stimuli receive complete perceptual processing before selection takes place.

Properties of processing operations: As indicated earlier, it is unclear whether
preattentive parallel processing operates independent of strategic control. The
implication of no strategic control is that the preattentive process starts calculating
differences among features for each of the feature dimensions (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
expectations, 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 & 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
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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 dimensions. 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 "O" 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. Experiment 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 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 orientation of the target line segment. Note
that the task, used in these experiments, is concerned with what Duncan (1985) has
called "compound 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 competition (e.g., Van der Heijden, 1992) and post-
perceptual response bias (e.g., Duncan, 1980). The target line segment was always
located in a hem which was unique within a certain dimension (e.g., the target une
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
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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
performed 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 fiat 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 discriminabih'ties 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 interfered; yet, when
the color difference was reduced (searching for orange between orange/yellow) the
presence of a unique form greatly interfered.

The study of Theeuwes (1991c) 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
(1991c) study, subjects knew only 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 experiment.
Again, as found in the 1991c 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 an
separate activation for color, for form, for brightness etc. Similar to the guided search
model of Cave & Wolfe (1990), 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
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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 criterion, 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 exceeding 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, search
proceeds serially to the next-most 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 example, 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-discriminated 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 unintentional 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 preattentive process because,

this information 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
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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 (1984) 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 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 signalling a contrasting item in the relevant target-
defining module, and ignore the others. Yet, if the distractor is in the same feature
dimension 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 activation levels (caused by differences in form, color, etc)
as well, so that only the item in the task relevant dimension (e.g., the target
dimension) 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 involving search for primitive features as well. In the Cave

and Wolfe guided search model (1990), top-down activity depends on the knowledge
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
distractors that are unique in other dimensions. In the revised FIT (Treisman & Sato,
1990) 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 nontarget value can inhibit the
associated locations in the master map, reducing the activity in all nontarget locations.
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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 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 (1991c), 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 relevant map would result in perfect selectivity.

In summary, during preattentive parallel search top-down selectivity towards a
particular stimulus dimension (Theeuwes, 1991c) 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 perceptual load thereby
satisfying the load-insensitivity criterium. In addition, 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 processing, 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 theories 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 & 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
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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 the
position of the target Une segment. In the control condition, there was parallel search
for the unique item which revealed the position of the target Une 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 Une 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, irrespective 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 an uniform distribution over the
entire field to a highly focused concentration (Eriksen & Yeh, 1985; Eriksen & St.
James, 1986). As a metaphor, the size of the area of concentration is supposed to vary
like a zoom lens (Eriksen & 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 aU
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.

22



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 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 & Jonides, 1990) showing that endogenous focusing of attention
to a location in visual space precluded attention attraction by abrupt visual onsets
(experiment 1) and offsets (experiment 2) 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 unfocused, 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 particular 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 & Eriksen, 1974; Eriksen & Hoffman, 1972; Eriksen &

Schultz, 1979) in which it was shown that nontarget 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, 1989),
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 &
Johnston, 1990) easily lead to what Broadbent (1982) called "the breakthrough of the
unattended". It should be mentioned that the effects reported by Eriksen and
colleagues (Eriksen & Eriksen, 1974; Eriksen & Hoffman, 1972) also have been
explained without assuming attentional processes; nontargets closer to the target
produce more interference because they fall on positions of higher retinal acuity than
nontargets further away (Van der Heijden, 1992).

The earlier discussed findings that subjects cannot selectively attend to either the
color or form dimension (Theeuwes, 1991c, in press) is in line with the notion of
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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 accomplished 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 nontargets 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, activation 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-nontarget discriminability. 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 then when searching 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 obtained 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 & Gelade, 1980; Treisman &
Schmidt, 1982). Conjunction search gave linear functions relating search time to the
number of items in the display, suggesting a serial check of each nontarget. 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 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 nontargets 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
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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 & 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, Virzi and Garbart (1984), subjects searched for a red "O"
in between 4, 14, or 24 nontargets, consisting of a mix of an equal number of red N's
and black O'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 nontargets 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 Sat, indicating that the FTTs 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. Obviously, 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. 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 voluntary restrict search to the more salient of the
two subsets. As argued earlier, whether this is 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 problematic for the FIT.
They found parallel (or close to parallel) search functions for color-motion
conjunctions and parallel search for different 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
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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 primitive
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, Driver and Crisp (1988; McLeod, Driver,
Dienes, & Crisp, 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 8 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 & 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, Juola, & Atkinson, 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 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, Riddoch,
and Quinlan (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 Ts). Humphreys et al. (1989)

showed that there was hardly a display size effect when searching for an inverted T
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among upright Ts. Duncan and Humphreys (1989) claimed that the slopes of the
search functions for feature search (a tilted "T" among upright'T') were more or less
the same as for within-object conjunction search (search for a "L" among upright
nontarget "Ts"); although their data indicate that feature search always provided
flatter slopes than conjunction search. Duncan and Humphreys (1989) showed that
large letters give flatter slopes than small letters, and that the heterogeneousness of
the nontargets set (e.g., search for an L among nontarget Ts rotated 180° and 270°)
had a large effect on the slopes. Because these experiments show that under certain
circumstances, stroke "conjunctions" 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 (nontargets) information is added to the display
(next section outlines their model).

Finally, experiments conducted by Wolfe, Cave, and Franzel (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 msec/item (Wolfe et al., 1989, exp.l)
suggesting that from individual to individual, search varies from serial to almost
parallel. The finding that there are 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; Wolfe et al. 1991) used rather large
displays (up to 36 items) which were arranged "at any of 36 locations in slightly
irregular 6 by 6 displays" (p.420). Note that Treisman (Treisman & Gelade, 1980)

used displays in which items "were scattered over the card in positions which
appeared random" (Treisman & Gelade, 1980, p. 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 hi
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
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(unfortunately, Wolfe et al. 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 Wolfe guided search model: Cave and Wolfe (1990; Wolfe et al., 1989;
Wolfe, Yu, Stewart, Shorter, Friedman-Hill & Cave, 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
distractors and candidate targets. Thus, for example, when the target is a red X
among red O's and green X's, a parallel feature maps 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
accordance 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 distractors may obtain a high activation directing attention

to the wrong location. As pointed out earlier, the bottom-up component is determined
by calculating 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 activations.

Treisman and Sato's Revised FIT: 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
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slope and intercept) than when the target was unknown, it was hypothesized that
subjects can organize their search by restructuring the display, thereby inhibiting
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 distractors from the
search process and searching the other set in parallel (as suggested by Egeth et al.
data, 1984), the revised FIT suggests that "feature inhibition" takes place implying that
inhibition is generated in several feature maps coding nontarget features, resulting in
a reduced activity at the nontarget locations.

Duncan and Humphreys (1989) similarity theory: A rather different account of visual
search is provided by Duncan and Humphreys (1989) in which the similarity between
targets and nontargets plays a crucial role. First, search difficulty (the slope of the
function relating performance to the number of nontargets) increases with increasing
similarity between target and non-targets. Second, difficulty increases with decreasing
nontarget similarity (Duncan & Humphreys, 1989). Similar to the Cave and Wolfe
and revised FIT models, Duncan and 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 dichotomy
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 proportion 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
perceptual grouping controlled by such considerations as shared brightness, color,
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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 certain circumstances e.g., relatively
large display sizes as in Pashler (1987) and Wolfe et al. (1989), or when searching for
conjunctions involves a special type of feature e.g., movement and depth as in
Nakayama and Silverman (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 alternative theories for the FIT all incorporate some top-down mechanism on the
parallel preattentive stage so that nontargets which are very dissimilar to the target
do not have the same probability of entering the attentive stage, as nontargets 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,
1991c). In these experiments, subjects could not ignore the distractor in the irrelevant

dimension although the distractor was maximally dissimilar from the target.

It should 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 & Gormican,
1988) when searching for conjunction targets, then, possibly dependent on the lay-out
of the display, the target might occasionally be surrounded by nontargets 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 underestimated,
giving relatively flat slopes. The efficiency of the strategy depends on the -from trial-
to-trial changing- relative position of target and nontargets, possibly explaining the
observed large variability of results within and between experiments and subjects.
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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 discriminations require the conjunctions of different features. Yet,
there is even evidence that suggests that search for targets which are semantically
different from nontargets may proceed in parallel. Such findings have been taken as
support for late selection theories (e.g., Allport, 1977; Duncan, 1980, 1981; Duncan &
Humphreys, 1990; Shiffrin & 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 & Gelade, 1980; Cave & 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 mentioned.

In various visual search experiments it has been shown that the slope of the search
function depends on the categorical relationship between target and nontarget (Egeth
et al, 1972; Gleitman & Jonides, 1976, 1978; Jonides & 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 & Gleitman, 1976). 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 distractors. 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 & Treisman, 1984; Neumann, 1984).

According to this line reasoning, the parallel stage separates the target from
nontargets on the basis of some simple feature, rather than on the basis of some

31



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 arguments have been raised by Duncan (1983) and Rabbitt
(1967). Also, Theeuwes (1991a) provided evidence against the late selection account.
In one of his experiments subjects searched for a letter among a variable number of
digits. The control experiment showed relatively a 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
nontarget 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, 1973), it was impossible to reject all nontargets 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 & Shiffrin, 1977; Schiffrin &
Schneider, 1977) in which targets and distractors 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 & 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 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 nontargets (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 type 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) experiment 4d, a previously
valid CM target interfered because attention was unintentionally attracted to its
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location. As Hoffman (1986) suggested, 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 word-stroop color effect; e.g., Kahneman & Henik, 1981;
Kahneman & Treisman, 1984). Hie hypothesis that an automatic target causes a shift
of spatial attention is confirmed by an experiment of Hoffman et al. (1983, exp.3), 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 because visual quality interacted with response factors.

Finally, experiments performed by Van der Heijden and his colleagues (e.g., Van der
Heijden, 1975; Van der Heijden, La Heij & Boer, 1983) suggest parallel processing of
simultaneous stimuli, conceivably of letters identities. In a redundant-target paradigm,
it was shown that more than one target can contribute simultaneously to target
identification. 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 Fs were presented. In a yes-no task, subjects pressed "yes" in
case of one or more E's and "no" in case of Fs. 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 analyses of RT distributions, it was shown that the findings in the 'yes-no' tasks
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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, Folk and Mulklin (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, a RT decrease with increasing number of targets was found, a
result which could not be attributed to random favored position artifacts. In another
experiment, 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 a 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, Yantis and Egeth
(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 O or a green red X were presented, a redundancy gain was
found suggesting that red Xs 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 nontargets. 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 are
processed in parallel, as for example suggested by the FIT. For example, in Van der
Heijden et al. (1983) experiments, subjects only responded to the letter "E" and
refrained from responding to the letter "P. The letter "E" can obviously be
discriminated from the letter "F" purely on the bases of a single 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 (1990) 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
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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
distinguishing target from nontargets 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 (1982) claims
"the popularity of late selection does not stem from any empirical evidence. Rather it
seems to be one of separation between different academic communities" (p.281).

5 The special role of spatial attention

5.1 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 & 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 dimensions
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 discriminative power to separate target from nontargets.

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 luminance detection
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(Bashinski & Bacharach, 1980; Posner, Nissen & Ogden, 1978; Posner et al, 1980),
identification (e.g., Eriksen & Hoffman, 1972; van der Heijden, Wolters, Groep, &
Hagenaar, 1987), and discrimination (e.g. Downing, 1988), 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 position 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 & 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 & Van Gelder, 1979). It has been
demonstrated that the endogenous and exogenous shift of attention are often not
comparable (Briand & Klein, 1987; Jonides, 1981; Müller & Rabbitt, 1989). With
exogenous orienting, attention is reflexively drawn to a location in space 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 processing of visual information taking place (Klein

& Hansen, 1990). The next section will discuss different theoretical explanations
which can account for the findings on spatial cuing.

5.2 Different theoretical accounts

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 & Pinker, 1985; Eriksen & Hoffman, 1973;
Posner, 1980, Shulman, Remington & Mclean, 1979; Tsal, 1983). Two properties are
implicit in the metaphor. First, attention is limited in spatial extent (Yantis, 1988),
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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 involvement of attention in order to identify the
stimulus (Bergen & Julesz, 1983; Hoffman, 1978, 1979; Treisman & Gelade, 1980;
Wolfe et al. 1990), or to select among different responses (Allport, 1980; Duncan,
1981; Duncan & 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
voluntary 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 &
Mohler, 1976) relationship between these systems. Thus, attention is like an 'internal
eyeball (Skelton & Eriksen, 1976) or, attention is the 'mind's eye (Jonides, 1981,
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 & Pinker, 1985, Eriksen & St.
James, 1986; Posner, 1980, Shulman, Remington & Mclean, 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 longer time to move longer

distances (eg., Eriksen & Murphy, 1987; Murphy & Eriksen, 1987; Sagi & Julesz,
1985a, 1985b; Skelton & Eriksen, 1976). Recently, Kwak, Dagenbach & Egeth (1991)
provided strong evidence for the second claim in a task in which focal attention was
required for identification (matching rotated Ts and Ls). It was shown that the

distance between 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 & 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 & St. James, 1986) suggested a "zoom lens" model
that emphasized the variable size of the spotlight, indicating that attention, conceived
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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
increasingly 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 attention. According to the gradient model of attention (LaBerge
& 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 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 more narrow the peak, the stronger
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,
Hoffman and Eriksen (1973) and Eriksen and Hoffman (1974) subjects responded to
one out of 12 letters which were positioned 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 nontarget 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 'empty1 visual field has a beneficial effect on recognition has been

demonstrated many times (e.g. latency, Eriksen & Hoffman, 1973, 1974; Hoffman,
1975; accuracy, Van der Heijden et al. 1987). The finding that foreknowledge of
location affects the identification of stimuli even in an empty field in which no visual
selection is necessary suggests that spatial location operates early in vision facilitating
perceptual processing (e.g., van der Heijden et al., 1987). 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
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themselves real stimuli which may be admitted to, or rejected from, further processing
by the attentional system, a claim recently substantiated by Müller and Humphreys
(1990).

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 resources 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 & 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 & Bacharach, 1980; Downing, 1988; Hawkins,
Hillyard, Luck, Moulaua, Downing, Woodward, 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 attributed to difference 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 (d'). For example, Bashinski and Bacharach (1980) showed in
a luminance detection task that spatial cuing affected detection sensitivity but not
decision processes. Similar results were provided by Downing (1988) and Hawkins et
al., (1990). On the other hand, Müller and Findlay (1987) claimed that spatial cuing
only affected decision biases and not sensitivity. Recently, Müller 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 an 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
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the distance from the attentional focus (e.g., Laberge, 1983; Laberge & Brown, 1989;
Downing & Pinker, 1985), 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 (Müller & 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 subject to decay. The cued location is assigned priority over
targets at uncued locations, which compete for selection. Because the attentional
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 (Müller & 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 & 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 bas a special status for visual selective attention (see
also, Laberge, Brown Bash & Hartley, 1991). In line with the spotlight theory, near
distractors 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 distractors fall outside the spotlight and are therefore ineffective
(Broadbent, 1982). This reasoning is in line with the earlier developed view (section
3.3.1) 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 & 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 distractors that moved with the target produced more interference than
stationary letters that were near the moving target. It appeared that movement was a
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strong feature for perceptual grouping. Yet, a whole series of recent experiments by
Kramer, Tham and Yeh (in press) demonstrated that the effects reported by Driver

and Baylis (1988) could not be replicated.

A study conducted by Juola, Bouwhuis, Cooper and Warner (1991) also challenges
the spotlight type of theories. Subjects responded to a target letter which appeared
between nontarget 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 ringlike areas of anticipated stimulus
location.

Studies performed by Klein and Hansen (1990; Klein & Hansen, 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 experiments with asymmetric response probabilities fail to show the
spotlight effect for the improbable stimulus/response combinations. Although 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). Typically,
subjects had the tendency to give the probable response to the improbable stimulus at
the cued location. In studies by Lambert (1987; Lambert & Hockey, 1986) in which
subjects expected particular 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 do 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
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similar experiment and suggested a hierarchical-processing model of attentional
selectivity. In this model shape and location information is processed simultaneously,
yet at different processing rates such that 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 nontarget 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 as well. 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, p. 54) notes that "late selection theorists might respond that any

difference in selective efficiency of different selection cues may be due to differential
ease of retrieving them from a post-categorical representation, or searching for them
in such a representation".

2. Late selection accounts
Late-selection accounts do not assume a special role for location (Duncan, 1980;
Humphreys & Duncan, 1989). For example, the earlier outlined theory of Humphreys
and Duncan (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 more or
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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 Duncan 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 component 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 & 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 Müller and Humphreys (1990) interpretation of the cuing effect
although 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 a early selection view, selection has
to take place before full identification 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 speeding 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
example not discussed because they do not influence the selection of items, but the
recognition processes of already selected items (note that Johnston & Dark, 1986
review on selective attention does include priming).
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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 information 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 hi line with an early selection view. According to Van der Heijden
(1992), 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 independently 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 available. 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 the 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 center operates directly on the location channel or
operates through other modules (e.g., color module) which activates the location
containing 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
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visual search. The data driven structure 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 identity 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 in 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 a 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 analyses above suggest that both views are very similar except 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 attention to a location in visual space", "location
system" versus "spotlight 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.
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4. FIT and related accounts
Like the space-based theories discussed above, various models dealing with visual
search (e.g., FIT, Treisman & Gelade, 1980; guided search model, Cave & Wolfe,
1989; Hoffman's two stage model, Hoffman, 1978, 1979; Julesz' texton theory; Bergen
& 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, Nissen
& Marchak, 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 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

46



the question whether the allocation 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 would be 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 bypassed 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 hi feature and conjunction conditions (both costs and
benefits implying the involvement of attention); whereas a peripheral cue gave costs
and benefits in the conjunction condition but not (very little) in the feature condition.
Because in the FIT the detection of simple feature is supposed not to require
attention while conjunction targets require focal attention, it is then concluded that
the spatial attention involved in the FIT is equivalent to exogenously controlled
attention. Although this conclusion has been considered as too tentative (Treisman,
1988), the findings of this study fit nicely the model outlined in section 3.3 which
suggested a special role for the spatial distribution of attention as a filtering device
(see also, Theeuwes, 199 Ib). If it assumed that, when attention is spread out over the
visual field, the unique feature in the feature condition attracts attention
automatically, the exogenous 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 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 a endogenous cue.

In conclusion, in visual search, the operation of attentive processing involves the serial
direction of the "spotlight of attention" (Posner & 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 & Klein, 1987). Because a
target defined by a single discriminable feature already attracts attention
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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,
semantically 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 advocated here is tenable and seems to provide
the most parsimonious explanation for many findings. This section will summarize the
present viewpoints along the Unes of three (interrelated) sources of controversies 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 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 (c.f., Cave & 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 analysis.

The present account assumes a genuine filtering by location in suggesting that the
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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 an 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 &
Gormican, 1988). With respect to the parallel processing of socalled semantic

identities, it was speculated that in most cases, the target is distinguished from
nontargets 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 & Ganz, 1976; Theeuwes, 1990) occasionally breakthrough (e.g.,
Broadbent, 1982). Obviously, items breaking through which also require some action

will produce larger interferences (Eriksen & 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. Shifting 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
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their attention to a location in visual space. The 'late-selection' claim that all stimuli
are processed regardless of attention (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 consequence, cannot
be controlled strategically.

6.3 Automatic versus controlled processing
The present view assumes that, within the attended area, preattentive processing (i.e.,
the calculation of the difference signals for each 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, 1991c). 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: information 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) computational approach of vision. Marr recognized two types
of early representations in vision: the primal sketch which is a representation of the
incoming image, and the 2 '/2 - D sketch, which is a representation of surfaces in
three dimensional space. These early visual representations 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
extraction 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, 1986), suggesting that
for example, color, motion, depth, and shape are processed independently of each
other; a view very similar to the FIT (Treisman & Gelade, 1980). This view also
appears to be supported by physiological evidence (e.g., Livingstone & Hubel, 1987;

Maunsell & 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
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interferences at the second stage of processing. As addressed earlier, the present
approach is related to the texton theory (Bergen & Julesz, 1983), the geon theory
(Biederman, 1987), and various theories on visual search (Cave & Wolfe, 1990;
Hoffman, 1978, 1979; Treisman & Gelade, 1980).
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Two experiments were conducted which tested the effect of two different types of cues on the
allocation of attention in the visual field. Subjects responded to a target appearing either 6.5 " to
the right or to the left of fixation in a field filled with small randomly positioned line segments.
The target form was either a circle or diamond in which a horizontal or vertical line segment was
positioned. Subjects made a speeded discrimination response on the basis of the orientation of this
line segment. In the first experiment, there was always one target at each trial. In the second
experiment, both circle and diamond were presented left or right of fixation simultaneously
whereby the line segment only appeared in one of the forms. In different conditions, the most
likely target location (left or right) and form (circle or diamond) were cued. Control conditions
served as a baseline for determining costs and benefits. Reaction time measures showed that the
validity of the location cue resulted in both costs and benefits, whereas the validity of the form
cue had no such effects. The results cannot be reconciled with the claim of zoom lens theories that
spatial attention can switch between different modes of operations. They are also at odds with
theories that claim that attention has no spatial locus. The results are consistent with a simple
spotlight theory in which spatial attention involves selecting a particular restricted area of the
visual field for which the perceptual efficiency is enhanced.

It is widely accepted that visual selective attention can be directed to
non-fixated locations in visual space. Space-based theories (Eriksen and
Hoffman 1973; Hoffman and Nelson 1981; Posner et al. 1980) claim
that at a given moment attention is focussed on a particular area of
visual space and that within that area the quality of the perceptual
representation is enhanced. This spotlight metaphor is supported by
many authors (e.g., Broadbent 1982; Downing and Pinker 1985; Erik-

* I would like to thank J.B.J. Riemersma and A.F. Sanders for comments on earlier drafts of the
manuscript. I am also grateful to the two anonymous reviewers for helpful criticism and
suggestion on the second experiment.

Requests for reprints should be sent to J. Theeuwes, TNO Institute for Perception, P.O. Box
23, 3769 ZG Soesterberg, The Netherlands.
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sen and Hoffman 1973; Eriksen and Yeh 1985; LaBerge 1983; Posner
1980; Posner et al. 1980; Remington and Pierce 1984; Shulman et al.
1979; Tsal 1983a), albeit in varying degrees of concreteness and dif-
ferences in specific properties. The operations of the 'mental spotlight'
can be inferred from performance differences between expected
(attended) and unexpected (unattended) spatial locations (e.g., Posner
1978; Posner et al. 1980).

According to space-based theories, only location cues improve atten-
tional focussing (Posner et al. 1980), whereas non-spatial cues remain
ineffective. For example, Posner et al. (1980) showed that the validity
of information concerning the position of the target was associated
with both costs and benefits whereas neither costs nor benefits were
found when the validity of form information was manipulated. In their
experiment subjects made a speeded detection response to target letters
appearing in an empty field. It should be noted that form information
might affect performance at a later stage of processing than involved in
spatial attention. With regard to attentional focussing, however, space-
based theories claim that effects of advance information about the
target location are different from effects of advance information about
non-spatial target properties. Two different space-based theories can
account for the advantage of spatial information over other kinds of
information.

First, a simple spotlight theory claims that effective utilization of
that spatial information is related to the spatial attention mechanism
that operates analogously to a beam of light. It is argued that a spatial
cue energizes an 'attentional spotlight' which can be moved about the
retinal image independent of the point of fixation. According to this
view, attention is focussed on a relatively narrow region of the visual
field. When a target appears at an unattended location, the spotlight
focus has to be shifted to the other location. Reaction time (RT)
increases as the focus must shift more in order to become aligned with
the target (e.g., LaBerge 1983; Shulman et al. 1979; Tsal 1983a).

Second, an alternative space-based account for the effective utiliza-
tion of spatial information is provided by zoom lens theories that
conceive of spatial attention as a processing resource that can be
somewhat arbitrarily directed to an area in the visual field (e.g., Eriksen
and St. James 1986; Eriksen and Yeh 1985; Jonides 1983; Treisman
and Schmidt 1982). According to this view, attention can vary from an
uniform distribution over the entire field to a highly focussed con-
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centration (Eriksen and St. James 1986; Eriksen and Yeh 1985).
Attention may vary in terms of the size of the area of concentration but
cannot be directed to separate areas in the visual field at the same time
(e.g., Eriksen and Yeh 1985; Posner et al. 1978). When spatial informa-
tion is provided the system will switch to its focussed mode concentrat-
ing all attentional resources in a circumscribed area of the visual field,
leaving no or little resources left for simultaneous or parallel processing
of remaining display locations. When no spatial information is pro-
vided attentional resources are distributed more uniformly over the
visual field.

In contrast to space-based spotlight or zoom lens models, other
theories claim that the effect of advance information about target
location is due ta an increase in general knowledge serving separation
of signal and noise (e.g., Duncan 1981). According to this view, spatial
cues are effective not because they are a special kind of cue but only
because spatial cues bear more discriminative power. Differences in
performance between types of cues - spatial as well as non-spatial -
merely reflect quantitative differences in cue discrirninability rather
than qualitative differences (Duncan 1981; Lappin and Uttal 1976).
Visual selection can be facilitated by any type of cue as long as it
provides discriminative power. According to Duncan (1981) target
detection or recognition is dependent upon the efficiency of different
selection schedules. When a display is presented, different criteria can
be used to select relevant information into a limited attentional bot-
tleneck. These criteria can be set according to knowledge provided
prior to display onset. In this view, attention has no special spatial
locus and the mental spotlight pointing to a certain location is only a
way to think about attention. '

In a recent review, Eriksen and Murphy (1987) have discussed the
evidence about spotlight theories and they concluded that ' the issue of
whether attention has a spatial locus in the visual field is still not
resolved'. In a similar discussion Yantis (1988) has argued that some
studies providing evidence for the spotlight analogy are inconclusive.

This is further illustrated by studies of Lambert and Hockey (1986)
in which it has been shown that visual selection can be facilitated by
advance information about the target form. In their study subjects
made speeded orientation judgements toward simple horizontally and
vertically oriented diamond and elliptical shapes. Form cuing had an
effect only when subjects used a 'form-only' strategy in which they
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attended only to the form cue and tried to ignore the location cue.
Without explicit form strategy instructions Lambert and Hockey (1986)
found no facilitating effects of the form cue. It should be noted,
however, that in their study form information might not provide much
discriminative power since, first, the cue did not contain the exact form
of the target and, second, there was no actual need for selecting the
target since the target was always presented in an empty field. Lambert
(1987) has also reported results which are inconsistent with a simple
spotlight theory. His claim is that attentional focussing can profit from
specific combinations of category and location. Although Lambert
(1987) rejected the possibility that expectancy of a category affects
performance at a later stage of processing, the results of his experiment
do not exclude this possibility.

The present study is concerned with the question to what extent
visual attention has a spatial focus, or, that alternatively, the full
display can be pre-attentively processed and that advance location
information is at best a more effective cue in selecting the target.
According to this last hypothesis, other target relevant properties
should have facilitating effects similar to spatial information although
perhaps less effective. In the present study two different cues are used;
one providing information about target location and the other about
target form.

In both experiments subjects responded to a target surrounded by
small horizontal and vertical random line segments. The target had
either the form of a large circle or diamond in which a horizontal or
vertical line segment was positioned. Subjects made a speeded dis-
crimination response with regard to the orientation of the line segment
appearing in the circle or the diamond. Targets appeared either at the
right or left of a central fixation point. Prior to display onset a warning
signal appeared at the center of the visual field and, dependent upon
the condition, it contained either a form or a location cue. Both cues
had a cue validity of about 75%. On location invalid trials the target
appeared at the alternative location. On form invalid trials the form in
which the target appeared was different from the cued one. A control
condition, in which a neutral cue was presented, served as a baseline
for determining costs and benefits. Upon cuing, the display was pre-
sented for 80 msec. It should be noted that neither cue provided any
information concerning the signal requiring response, i.e., the horizon-
tal or vertical line segment.
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Three hypotheses can be tested. First, if the location cue is provided,
the simple spotlight theory predicts that the spatial spotlight will be
directed to that location. If the target appears at the expected location,
reaction time will be relatively short, because of the relatively high local
processing power. If the target appears at the invalid location, costs are
expected due to the fact that the attentional spotlight has to be shifted
to the other location. When an area is not focussed by attention, a
simple spotlight theory presumes that perception is ineffective, so that
shifting attention to that location is mandatory. By virtue of the
spotlight mechanism, RT benefits should be accompanied by equiv-
alent RT costs for switching the spotlight to the other location (e.g.,
Posner 1978; Posner et al. 1980). In case of the form cue, a simple
spotlight theory predicts neither costs nor benefits since the form cue
cannot be used to. set the attentional spotlight (e.g., Posner et al. 1980).

Alternatively, theories regarding attention as an attentional capacity
being distributed over a continuous range in the visual field predict
benefits due to the form cue, and benefits as well as costs due to the
location cue. In such a zoom lens theory (e.g., Eriksen and St. James
1986; Eriksen and Yeh 1985; Jonides 1981, 1983), processing resources
are dispersed more uniformly over the visual field implying that the
attentional spotlight is kept wide until the target is detected. The
detection of the target initiates a (possibly automatic) shift of spatial
attention. When the zoom lens is operating in the wide mode, pre-at-
tentive parallel processing of the whole display takes place in order to
select the input for focal processing. During this pre-attentive stage,
characterized by automatic processing, the form cue serves as a prime
and, hence, facilitates the detection of the target. In case of an invalid
form cue, no costs will be observed since costs can only arise from
controlled processing (e.g., Posner 1978). In the case of a location cue,
the zoom lens theory predicts benefits as well as costs because this cue
can 'zoom in' the lens and direct it to an appropriate area of the visual
field.

Finally, Duncan's hypothesis does not assume specific spatial atten-
tion and, therefore, predicts that the direction of the effects of form
and location cuing are not qualitatively different. Yet, it is possible that
there are differences in the effectiveness of the cue which will be
reflected by quantitative performance differences. Thus, dependent
upon the cue, the size of the effect on reaction time may differ.
However, this hypothesis predicts no qualitative differences in effects
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on reaction time. If one type of cue produces costs and benefits the
other type should also have costs and benefits. Alternatively, if one
type of cue has only a facilitating effect, the other type should also
have only a facilitating effect. Thus, if both cues produce the same
pattern of results it is plausible to assume that there is only one type of
processing according to which target detection takes place.

In summary, the simple spotlight theory predicts costs and benefits
for location cuing and neither costs nor benefits for form cuing. The
zoom lens theory predicts costs and benefits for location cuing, but
benefits and no costs for form cuing. Duncan's hypothesis predicts
both costs and benefits for location as well as form cuing or no costs
and benefits in either case.

Experiment 1

In order to provide a conclusive test of these alternative hypotheses, a stimulus field
was used in which only a single target appeared on a textured background. Because
there is only a single target, it might be argued that stimulus selection is not involved.
Yet, studies carried out in various types of setting, have revealed that selective attention
can be focussed along a location dimension, even when only a single target is present
(e.g. Bashinski and Bacharach 1980; Eriksen and Hoffman 1973; Posner et al. 1980).
The first experiment addresses the question whether focussing of selective attention is
also possible along a form dimension.

Method

Task and stimuli
In a trial three frames were presented in successive order. The first frame contained

a fixation dot (0.3°) at the center of the field presented for 1500 msec. The second
frame presented a cue for 340 msec, superimposed upon the fixation dot. The third
frame contained an 80 ms stimulus field of approximately 96 random horizontal and
vertical line segments (0.65 °C) in which the target form (a 2° circle or a diamond)
appeared either 6.5 ° to the left or right of the fixation dot. In the center of the target
form a horizontal or vertical Une segment appeared, identical to the distractor line
segments. The orientation of the Une within the target form determined the appropriate
response key. The subject was asked to make a speeded response by pressing the left
key with his left hand thumb in case the target line was horizontal and the right key
with his right hand thumb when the target line was vertical.

In the location cue condition a 1° horizontal bar pointed to the location where the
target was Ukely to appear. In the form cue condition the most likely target form was
presented at the fixation point. A vaUd form cue matched the exact shape and form of
the target. In 75% of the trials the cue provided correct information about the location
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stimulus
80ms

cue
340ms

fixation point
1500ms

Fig. 1. Example of a sequence of events during a trial.

or the form of the target. In the remaining 25% of the trials the information provided
by the cue was invalid. The location control condition contained a horizontal bar
providing no information about the target location. In the form control condition the
circle and diamond were superimposed and displayed together providing no informa-
tion about what target form would appear in the stimulus field. Type of cue (location
or form) was varied between blocks. Fig. 1 provides the sequence of events during a
trial in which a valid form cue was given.

Apparatus
An S-R interface with external clocks (accuracy 1 msec) connected to an IBM AT-3

with video-digitiser (Matrox inc.) controlled the timing of events, generated video
pictures and recorded reaction times. The correctness of the response was verified
on-line and when an error was made a warning tone was generated by an audio
generator. The visual stimuli appeared on a 35 X 23 cm TV monitor (Barco, CDCT
2/51) and had a luminance of 7.0 cd/m2 on a background of 0.02 cd/m2.

The subject sat alone in a sound-attenuated, dimly-lit 2 X 2 X 2 m cubicle (Amplisi-
lent) in front of a table with two response keys. The left and right key (1x1 cm) were
mounted 5.5 cm apart on a 45 ° C tilted response panel. The stimuli appeared on a TV
monitor 88 cm from the subject's eyes and perpendicular to the line of sight. The
position of the subject's head was fixated by a chinrest. An intercom was used to
communicate with the subject.

Subjects

The experiment involved 8 male subjects who ranged in age from 20 to 25 years. All
subjects were right handed and reported having normal or corrected-to-normal vision.
Subjects were paid for participation.
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Experimental design and procedure
The design of the experiment was a two factor within-subjects design: type of cue

(location, form), cue validity (valid, neutral, invalid). Type of cue was presented in
separate blocks on two consecutive days for which the order and time of presentation
was counterbalanced across subjects and time of the day. On each day each subject
received 4 practice, 6 cue and 4 neutral blocks of 64 trials each. In the cue sessions the
cue provided valid information in 75% of the trials. For the location condition this
implied that in 75% of the trials the correct information about the location where the
target would appear was given by the cue (left or right of fixation). In the remaining
25% of the trials the location cue was invalid implying that the target appeared at the
other location. For the form condition the cue provided in 75% of the trials correct
information of what the target form would be (circle or diamond). In the remaining
25% of the trials the form cue was invalid implying that the target form was the other
alternative. The neutral condition served as a control for determining the effect of
validity for each type of cue.

An experimental session lasted approximately 15 minutes and contained three
blocks of 64 trials each of which 48 were valid and 16 were invalid. A neutral session
lasted 10 minutes and consisted of 2 blocks of 64 trials. Each subject contributed a
total of 640 location cue and 640 form cue trials on two different days of which for
each cue condition 48 X 6 = 288 were valid trials, 16 X 6 = 96 were invalid trials and
64 X 4 = 256 were neutral trials.

Each morning and afternoon two subjects were run in alternating sessions (cue and
neutral) for which the order was counterbalanced across subjects. Before the experi-
ment started subjects received instructions. They were asked to press the appropriate
response key to the stimulus with their thumbs which were resting on the response
keys. It was stressed that the responses had to be made as quick and accurate as
possible. Every trial a warning beep provided feedback about errors. It was emphasized
that they should fixate the central dot and maintain this fixation throughout the trial.1

In addition, subjects were instructed to use the cue information in order to reduce
reaction time. Subjects were told that the cue was valid in about 75% of the trials.
During practice the experimenter provided feedback about reaction time and errors.
Before a session started it was indicated what condition would be used during that
session. Three minutes were allowed for dark adaptation. Between blocks of 64 trials
there was a two minutes break.

1 It is recognized that the cue-display interval used in the present study does not preclude the
possibility of eye movements towards the cued direction. However, in similar type of studies, eye
movements have been recorded (e.g. Posner et al. 1978; Shulman et al. 1985). Based on these
results, it has been argued that careful monitoring of eye movements is not mandatory since when
subjects are instructed to fixate the central fixation point, they seldom make eye movements of
more than one degree (Posner et al. 1980). In addition, various studies involving different types of
locationg cuing techniques at longer cue-display intervals have been performed without the
control of eye movements (e.g. Juola et al. 1987; Lambert 1987; Lambert and Hockey 1986;
Prinzmetal et al. 1986).
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Results

Median correct response times were calculated for each subject for each of the 6
factor combinations. An ANOVA with individual median reaction times for correct
trials as cells showed a significant main effect of cue validity (F(2,14) = 4.7; p < 0.05),
and a significant interaction between type of cue and cue validity (F(2,14) = 6.6;
p < 0.01).

The results are presented in fig. 2. The upper panel represents response latencies
averaged over subjects as a function of cue validity for location and form cuing. The
lower panel shows errors subjects as a function of cue validity for location and form
cuing. The figure shows that cue validity had an effect on the location cue condition
only. The validity of the form cue did not affect response time at all, implying that the
form cue could not be effectively used in this task. It is important to note that the
benefits of a valid location cue are proportional to the costs attributed to an invalid
location cue. In order to achieve homogeneity of the error variance, an arcsine
transformation was performed on the mean error rate per cell. This transformed data
was entered into the same analysis of variance as the response time data. Neither the
effects of type of cue and cue validity nor the interaction between both variables were
significant, indicating that accuracy did not offset the significant effects obtained with
the response latencies.
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Fig. 2. Reaction time and percentage errors as a function of cue validity for location and form cue
in experiment 1.
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In order to test specific effects of the interaction between type of cue and cue
validity subsequent Newman-Keuls tests were carried out. The result showed signifi-
cant RT differences between all levels of validity for location cuing (p <0.01). No
differences were found between any of the validity levels of form cuing and the invalid
location cuing, implying that the mean RT for form cuing was not faster than the RT
for the invalid location cue.

Discussion

The data clearly show that performance depends upon the type of cue presented.
Location cuing results in both RT costs and benefits, whereas form cuing has no such
differential effect. Comparing these results with the predictions outlined earlier, sug-
gests that the simple spotlight theory of attention can most easily account for these
data. In line with the predictions of the spotlight theory is the finding that form
information did not facilitate detection. When non-spatial information is provided - in
case of the form cue and the neutral location cue - the cue cannot direct the spotlight
to a certain area.

The results are neither in accordance with the zoom lens nor with Duncan's
hypothesis. The pattern of costs and benefits for the form cue is quite different from
the pattern predicted by both hypotheses. Especially the finding that a valid form cue
did not facilitate performance poses difficulties for either theory. Yet, before accepting
the conclusion that form information is not an effective cue in directing of attention,
one should consider at least three alternative explanations which would make this
conclusion less viable. First, it may be that a stimulus onset asynchrony (SOA) of 340
ms is too short to fully extract the form information provided by the form cue.
Consequently, processing of the form cue might still proceed while the stimulus field is
presented. Obviously, this would result in long response latencies for the form condi-
tions. Second, one might argue that the form cue had no effect because there was no
stimulus selection. Since the display consisted of a single target on a textured back-
ground, one might claim that there was no need for selection. According to this
reasoning, form cuing effects occur only when there is competition between possible
targets (e.g., Juola et al. 1987; Tsal 1983b). As argued by Tsal (1983b), selection
schedules are only applicable as long as relevant from irrelevant items have to be
distinguished. Third, it is possible that subjects were not capable of discriminating
between the two forms since these were presented at a rather large retinal eccentricity.
In this case it is apparent that form information cannot be a useful cue in directing
attention.

Experiment 2

Experiment 2 was designed to investigate the three alternative explanations as
discussed above. First, in addition to the SOA of 340 ms used in the first study, the
present experiment employed an additional SOA of 500 ms so as to examine whether
form cuing requires a longer encoding interval.
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Second, in order to increase the relative importance of the form cue, both forms
were presented simultaneously at both sides of fixation. Only the target form contained
a line segment whereas the competing non-target form was empty. Similar to the first
experiment, both location and form cue contained information about the likely position
or form of the target. Since discrimination between relevant and irrelevant information
is necessary, it can be argued that selection is based upon the efficiency of selection
schedules (e.g., Tsal 1983b), so that form information can be utilized as a cue in
distinguishing relevant from irrelevant information.

Third, in order to test the possibility that subjects were not capable of discriminat-
ing the two forms at the large retinal eccentricity, in the present experiment, subjects
had an additional test in which they were required to identify the form of the target.

Method

Task and stimuli
The task was the same as the one used in experiment 1 with the exception that,

instead of one form, both forms were presented simultaneously at either side of
fixation. The target form contained the line segment while the other form was empty.
Again, in 75% of the trials the cue provided correct information about the location or
the form of the target. The control condition was similar to that of experiment 1.

Apparatus
The apparatus was the same as for experiment 1.

Subjects
The experiment involved 10 right handed male subjects who ranged in age from 19

to 26 years. Subjects were paid for participation.

Experimental design and procedure
The design of the experiment involved a three factor within subjects design: type of

cue (location, form), SOA (340 ms, 500 ms) and cue validity (valid, neutral, invalid).
Type of cue was presented in separate blocks on two consecutive days for which the
order and time of presentation was counterbalanced across subjects and time of days.
Cue and control sessions were blocked by SOA. The running order of cue and control
sessions was balanced across 10 subjects by use of two 4x4 Latin squares. For the
remaining two subjects two presentation orders were randomly picked from another
4x4 Latin square. On each day each subject received 4 practice, 6 cue and 4 neutral
blocks of 96 trials each. An experimental session lasted approximately 20 minutes and
contained three blocks of 96 trials each of which 72 were valid and 24 were invalid. A
neutral session lasted 12 minutes and consisted of 2 blocks of 96 trials. Each subject
contributed a total of 576 location cue and 576 form cue trials on two different days of
which for each cue condition 76 X 6 = 432 were valid trials, 24 X 6 = 144 were invalid
trials and 96 x 4 = 384 were neutral trials. Half of these trials had a SOA of 340 ms,
the other half had a SOA of 50 ms.
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The general procedure was similar to experiment 1. In addition to this procedure, an
additional control condition was carried out which tested subjects were capable of
discriminating the two forms at the eccentricity used in the experiment. After comple-
tion of the experiment, subjects received a further 64 trials in which only one form
appeared either left or right of the fixation point. As in the first experiment, the
stimulus field was presented for 80 ms, an interval too brief to allow eye movements.
Subjects were asked to say aloud which of the two forms (circle or diamond) has been
presented in the stimulus field. Accuracy was used as dependent measure.

Results

Median correct response times were calculated for each subject for each of the 12
factor combinations. An ANOVA with individual median reaction times for correct
trials as cells showed a significant main effect of cue validity (F(2,18) = 7.2; p < 0.01),
and a significant interaction between type of cue and cue validity (F(2,18) = 4.3;/? <
0.05). The main effect of SOA and each of its interactions fell far short of significance.

The results are shown in fig. 3. The upper panel represents the means of median
correct response times as a function of cue validity for location and form cuing. The
lower panel shows errors across subjects as a function of cue validity for location and
form cuing. For the location cue condition, the figure shows a similar pattern of results
as found in experiment 1: benefits when the location cue is valid and costs when it is
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Fig. 3. Reaction time and percentage errors as a function of cue validity for location and form cue
in experiment 2.
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invalid. As in experiment 1, the data reveal that the form cue had detrimental effects
on performance implying that, also in this task, the form cue could not be used
effectively. However, reaction times for the neutral form condition differ from those of
the first experiment, in that performance in both control conditions is about the same.

As in experiment 1, an arcsine transformation was performed on the mean error rate
per cell and entered into an analysis of variance. Again, neither significant main effects
nor interactions were found indicating that the response latency differences are not due
to a speed-accuracy trade-off.

As in the first experiment, the data comprising the interaction between type of cue
and cue validity were subjected to subsequent Newman-Keuls tests. The results showed
no significant differences between either neutral conditions and the valid location
conditions. All these conditions differed significantly from both valid and invalid form
cuing and invalid location cuing conditions (p < 0.05). This result implies that the RT
in case of an invalid location cue was about equal to the RT in either form cue
condition. The effect of cue validity for location cuing showed that the difference
between the effects of neutral and invalid location cuing was significant (p <0.01)
whereas the difference between the effects of valid and neutral location cuing just fell
short off significance (p = 0.085).

The results of the control task revealed that each subject, at all of the 64 trials, was
capable of correctly identifying the circle and diamond. This result shows that subjects
can discriminate the two forms even when presented at such a large eccentricity.

Discussion

The experiment replicates the basic finding of experiment 1 - location cuing results
in both costs and benefits, whereas form cuing has no cost-benefit effects on RT. This
provides further evidence that visual selective attention is space-based in that attention
is selectively allocated to a location in the visual field. Again, the simple spotlight
theory proves to be the most parsimonious account of the present findings.

The experiment also suggests that none of the alternative explanations can account
for the lack of form effects. First, although encoding an informative cue may take more
time than a neutral cue (e.g. Jonides and Mack 1984), the lack of significant interaction
between the effects of SOA and of cue validity suggests that the cue was fully analyzed
within the SOA of 340 ms. In addition, the data show that neither form nor location
cuing is more effective at longer SOA's, implying that both form and location
information can be fully extracted at an interval of 340 ms.

Secondly, the adding of a competing form to the display did not change the effects
of the form cue. As in experiment 1, the form cue had detrimental effects on
performance and produced a RT as slow as in the case of an invalid location cue.
Adding the competing form increased the discriminative power of the form cue since
the specific form information might provide the basis for separation of signal and
noise. Notwithstanding the feasibility of form effects, the present experiment clearly
shows that advance knowledge of the target form did not help in selecting the target.

Although the second experiment replicates the essentials of the results of experiment
1, two differences merit comment. First, in the second experiment, RT costs and
benefits for the location cue are not fully symmetrical. Conceivably, this may be due to
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relatively fast responding in the neutral condition, since the total effect of validity is
similar to that observed in experiment 1. Second, the experiments differ in the
magnitude of form cuing effects. In experiment 1, form cuing resulted in neither costs
nor benefits, whereas substantial form costs were found in experiment 2. Since
cost-benefit comparisons are made against a neutral condition, these differences might
be due to a change in the baseline performance of the form cue condition. However,
instead of trying to explain these differences in terms of differential attentiveness or
processing strategy (e.g. Jonides and Mack 1984), one can presume that this variation is
due to random experimental noise.

In either case, however, the differences in results between the experiments do not
particularly bear on the conclusions reached before, in that symmetrical costs and
benefits are only found when location cuing is applied. Both experiments typically
show that form cuing only produced detrimental effects on performance.

General discussion

The results of both experiments strongly favor the spotlight theory in
which focussing visual attention involves selection of a particular
restricted spatial area of the visual field so as to obtain an enhanced
perceptual efficiency for that area. In line with the spotlight notion is
the finding that benefits for the focussed area are accompanied by
comparable costs for alternative areas. When the spotlight is set to the
correct location latencies are shorter than for trials in which attention is
directed elsewhere. However, when the target is located away from the
focus of attention, RT increasaes with distance the spotlight must
travel to become focussed with the target (Posner 1980; Shulman et al.
1979; Tsal 1983a). When both costs and benefits are observed it is
likely that selective attentional processes are involved (Posner 1978).

The results pose difficulties for the zoom lens theory. When a
location cue is provided the zoom lens theory predicts that the lens
would 'zoom in' at the cued location. When a non-spatial cue is
provided, attentional capacity is dispersed more uniformly over the
visual field, enabling pre-attentive parallel processing so as to facilitate
selecting input for focal processing. It was predicted that the form cue
would serve as a prime and therefore facilitate target detection. Since
pre-attentive processing is supposed to be automatic only, benefits are
predicted. The data clearly show that processing is not facilitated by
non-spatial information which is at odds with the zoom lens theory.

The results are also contrary to Duncan's theory in which effects of
form and location cuing are assumed to be due to the same processing
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mechanism. The data show that type of cue (form or location) has
differential effects on RT. Only spatial information can be used to set
and therefore speed up processing. Since only a single target was
presented in experiment 1, one still could argue that the form cue does
not provide sufficient discriminative power to affect processing speed.
In the second experiment, the form cue provided information that
could serve to discriminate between target and non-target, in which
case selection might be based on the efficiency of selection schedules
(e.g., Tsal 1983b). Yet, if any, there was a negative effect of form
primes, irrespective of cue validity.

Duncan (1981) contends that even when unoccupied, spatial location
are always serially searched. Consequently, Duncan (1981) expects the
same results irrespective of whether the stimulus field contains a single
target or a target among distractors. Hence, one might argue that the
first experiment comprised a more decisive test of Duncan's hypothesis.
The second experiment, however, demonstrates that even when the
discriminative power of the form cue is enhanced, attention cannot use
form information as a criterion for selection.
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Four visual search experiments examined the allocation of attention in a multi-item display with a
salient stimulus difference. If, irrespective of its relevance to performance, an item with a unique
property attracts attention, it can be said that the unique property automatically captures
attention. Alternatively, if capturing attention depends on the relevance of the unique property it
would suggest that subjects are capable of engaging in active filtering. In the experiments, subjects
searched visually for a horizontal Une segment positioned in either one of the 4, 8 or 16 surrounds,
arranged in an imaginary circle around the fixation point. In each trial, there was always one
surround that differed from the others. The data showed that attention was not automatically
attracted to the exceptional form (experiment 1) or exceptional color (experiment 2). The control
conditions showed that form and color differences could serve as the basis for active allocation of
attention to the unique item. Attention capturing is occasionally observed when the surround
changes abruptly in form (experiment 3) but not when it changes abruptly in color (experiment 4).
Implications of these findings are discussed in relation to theories of attention that distinguish
between a first, parallel stage of perceptual processing followed by a second stage of limited
capacity. The results are compatible with the notion that pre-attentive processing is under
strategic control and can be stopped by filtering on a spatial basis. The results are related to the
specific properties of the transient channels in the visual system.

On the basis of various experimental results, Treisman and Gelade
(1980) proposed the so-called 'feature integration theory of attention'.
Central to this theory is the claim that perception is composed of two
functionally independent stages (Treisman 1988). At the first pre-atten-
tive stage, basic features are automatically coded, independently and in

* This research was supported in part by the Road Safety Department of the Dutch Ministry of
Transport and Public Works, The Netherlands.

I would like to thank J.B.J. Riemersma, A.F. Sanders and two anonymous reviewers for
helpful criticism and comments on earlier drafts of the manuscript.

Requests for reprints should be sent to Jan Theeuwes, TNO Institute for Perception, P.O. Box
23, 3769 ZG Soesterberg, The Netherlands.

83



J. Theeuwes / Perceptual selectivity

parallel, by means of feature modules such as color, size, shape, and
orientation. At the second stage of focal processing, integration takes
place across feature modules. Pre-attentive search involves search in
which attention is widely distributed over the whole display whereas
attentive processing is narrowly focused and serially directed to one
item at a time (Treisman and Gormican 1988). Attention can vary
along a continuum from completely divided attention spread over the
entire display to sharply focused attention to one item at a time.

In a typical task, the stimulus consists of a spatially large display
which contains many items and which is presented with an unlimited
exposure duration. When subjects search for a target defined by a
single feature i search time appears to be independent of the number of
items in the display: the distinctive feature automatically 'pops-out'
from the background and captures attention (Treisman 1988). One
might assume that in an unrestricted search situation, a shift of spatial
attention is usually followed by an eye movement to the salient location
(e.g., Posner 1980).

Search for a target defined by a conjunction of features depends on
search which involves the operation of focal attention. In this case,
search time typically reflects serial focusing of attention mediated by
multiple eye movements (Treisman and Gormican 1988).

All these studies show that subjects are capable of searching selec-
tively for a target when uniquely defined by a basic feature. A crucial
question for this theory is whether, irrespective of relevance, any locally
salient item 'pops-out' from its background. In other words, does a
unique item 'pop-out' even when it has an equal probability of being
the target as any other item in the display?

This question has recently been addressed by Jonides and Yantis
(1988) who found that a visually presented salient item does not
automatically capture attention. In their study, a visual search task was
carried out in which one item was unique among other items with
respect to either color or intensity. The target probability was equal for
all items, so that the unique item was the target on only 1/n of the
trials, n representing the number of items in the display. Since the
unique item and the target were unrelated, there was no benefit for the
subject to intentionally allocate attention to the physically salient item.
If the unique item would still capture attention, there would be
evidence that a salient stimulus difference in color or intensity causes
an involuntary shift of attention. The work of Jonides and Yantis
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showed, however, that a difference in stimulus luminance or color did
not elicit a shift of spatial attention whereas an item unique with
respect to stimulus onset was capable of capturing attention (Jonides
and Yantis 1988; Yantis and Jonides 1984).

Despite the importance of their results, it should be noted that the
experimental setting of Jonides and Yantis differs from that of Treis-
man in that Jonides and Yantis used small displays not requiring
multiple eye fixations. In contrast, search in Treisman's type of tasks
usually involved multiple eye fixations within the display in each of
which search might be either parallel or serial. Thus, in Treisman's
tasks the serial scan might reflect successive eye movements and
fixations rather than serial focusing of attention. Finding no increase of
search time with the number of items, however, always suggests parallel
search across the whole display within a single fixation.

There are still other reasons to consider the results of Jonides and
Yantis with care. First, the observed results would be artifactual when
subjects were incapable of perceiving the difference in color or inten-
sity. Jonides and Yantis (1988) controlled for this possibility in a
separate study (experiment 3) in which the uniquely colored item was
always the target. Although they claimed that subjects were capable of
immediately focusing attention to the uniquely colored item, the slopes
of their search function deviated significantly from zero. In addition,
their argument that uniqueness of color, and presumably also of
intensity, is a sufficient condition for active allocation of attention but
not for capturing of attention is based upon statistically unevaluated
comparisons between experiments. Second, in the Jonides and Yantis
study, the number of errors increased with display size suggesting that
their subjects were biased towards a negative response i.e., with increas-
ing display size the subjects were more likely to respond 'no target'.
Although Jonides and Yantis claim that there was no significant
speed-accuracy trade-off, this conclusion is unclear. For example, in
the color 'target present-unique' condition, the proportion of errors
almost doubled with increasing display size up to 15.3%. Since in this
last condition their 8 subjects only performed 12 trials each, these
sizeable error proportions render the data somewhat doubtful. Yet,
their findings are of considerable theoretical importance and conse-
quently in need to be confirmed and extended to search situations
involving large displays in which eye movements are allowed.

The present study aims at contributing to this issue by investigating
85



J. Theeuwes / Perceptual selectivity

whether a salient difference in form automatically attracts attention to
its location. Subjects searched for a horizontal target Une segment
pointing either to the left or to the right. The target line segment was
surrounded by either a circle or a diamond, a number of which were
presented within a virtual circle around the subjects' fixation point. In
a trial, all surrounds were either all circles or all diamonds with the
exception of one, i.e., one circle among diamonds or one diamond
among circles. There were either 4, 8, or 16 surrounds covering respec-
tively a quadrant, a semi circle or a full circle. In one of the surrounds,
the target Une segment was presented, whereas non-target line segments
appeared in the remaining surrounds. The probability of a target une
segment was the same for all surrounds. In the control condition, the
target une segment appeared always in the unique surround providing a
search condition in which performance is likely to be independent of
the number of elements in the display.

Two hypotheses can be tested. First, if the unique surround auto-
matically 'pops-out' from the background and attracts attention (e.g.,
Hoffman 1979,1986; Treisman 1988), search time will be relatively fast
for trials in which the unique surround happens to contain the critical
line segment. The time to detect the target should be independent of
the number of items in the display, i.e., a performance similar to the
control condition. This would be clear evidence for spatial attention as
a bottom-up automatic process. In trials where the target Une segment
is in a non-unique surround, search time should increase with display
size according to a serial scan.

Second, if directing spatial attention depends on whether focusing
the unique surround is relevant to the task, one expects that as such
search is not affected by the presence of a unique surround. There
should be a serial search, showing an increase in search time as the
number of non-targets increases.

The present study also included a control condition in which the
unique surround always contained the target. In contrast to Jonides
and Yantis (1988), this allows a direct statistical comparison between
conditions in which allocation of attention to a unique item is differen-
tially related to task relevance. To rule out the possibiüty of a speed-
accuracy trade-off due to target uncertainty, uncertainty was eliminated
by presenting^ a target on all trials. Finally, all subjects performed a
large number of trials in each condition.
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Experiment l

Method

Task and stimuli
The sequence of events on a trial was as follows: First, a fixation dot (0.3°) was

presented at the center of the field for 1800 msec. Five hundred msec prior to
presentation of the stimulus the fixation dot increased in size (2°) so as to serve as a
warning. The stimulus field was response terminated but with a maximum of 5 sec. The
stimulus field consisted of 4, 8 or 16. elements which were centered around the fixation
point in an imaginary quarter, half or full circle of 10 ° visual angle in diameter. The
elements consisted of 1.4° circle or diamond surrounds in which 0.5° horizontal line
segments were positioned. In each display, one surround was unique in comparison to
the other surrounds, i.e., a diamond among circles or a circle among diamonds. The
horizontal line segments appearing in a surround were enclosed by two small vertical
anchor Unes (0.2°). The target Une segment had only one anchor. The side without an
anchor determined the appropriate response key (left or right). Fig. 1 shows two
examples of display size 16. In a block of trials, a circle appeared equally often among
diamonds as a diamond appeared among circles so as to prevent consistent mapping.
The target Une segment appeared equally often at each possible location.

target in unique surround target in non-unique surround

Fig. 1. Examples of display size 16. The left panel represents a typical trial in which the target line
segment is positioned in the unique surround (trial type 'unique'), the right panel represents a
typical trial in which the target line segment is not positioned in the unique surround (trial type

'non-unique'). Correct response for the left panel is 'left', for the right panel 'right'.
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Apparatus
An SR interface with external clocks (accuracy 1 msec) connected to an IBM AT-3

with video-digitiser (Matrox Inc.) controlled the timing of the events, generated video
pictures and recorded reaction times. The response panel, 45 degrees tilted, consisted of
a left and right response key (1x1 cm) which were mounted 5.5 cm apart. When an
error was committed, a warning tone was generated by an audio generator. The stimuli
appeared on a 35 X 23 cm TV monitor (Barco, CDCT 2/51) and had a luminance of
6.7 cd/m2 on a background of 0.02 cd/m2.

Subjects were tested in a sound attenuated, dimly-lit 2 X 2 X 2 m cubicle (Amplisi-
lent) with their heads resting on a chinrest adjusted to a comfortable height. The TV
monitor was located at eye level, 115 cm from the chinrest. An intercom was used for
communication with the subject.

Subjects
Sixteen subjects ranging in age from 18 to 26 years participated in the experiment.

Eight subjects were randomly assigned to either the experimental or the control
condition. All had normal or corrected-to-normal vision and were right-handed and
were paid for their participation.

Experimental design and procedure
The design of the experiment was a two-factor within-subject design (display size

and trial type) with a between-subjects control condition. Subjects received eight blocks
of 192 trials each. For the experimental condition, there were two types of trials: those
with the target Une segment positioned in the unique surround (unique), and those with
the target line segment positioned in any other surround (non-unique). In order to
ensure that the location of the target Une segment was unrelated to the position of the
unique surround, the target line segment appeared equally often in all surrounds. This
impUes that the target Une appeared in the unique surround at \/n trials in which n
represents the display size. In the control condition, the unique surround always
contained the target Une segment so that form uniqueness was a reUable cue for target
search. Table 1 shows the number of trials per block of each trial type for the
experimental condition and for the control condition.

Table 1
Number of trials per block of experimental and control conditions.

Display size

16

Experimental condition
Trial type

Unique 16(128) 8 (64) 4 (32)
Non-unique 48(384) 56(448) 60(480)
Total 64(512) 64(512) 64(512)

Control condition
Total 64(512) 64(512) 64(512)
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Fig. 2. Mean median search time for non-unique, unique and control trials of experiment 1 as a
function of display size.

An experimental session lasted approximately 20 minutes and consisted of 192 trials
with a 2-minute pause after 96 trials. Each block started with 3 dummy trials. Table 1
shows the total number of trials performed by each subject in parentheses.

Subjects were run in alternating sessions. Before the start of the experiment subjects
were instructed to visually search for the target line segment and to press the
appropriate response key with their thumbs which were resting on the response keys.
No information was provided about the relation between the unique surround and
target Une segment. The subjects were instructed to respond as fast as possible while
keeping errors to a minimum. A warning beep provided feedback about errors. Each
subject had one practice session consisting of 192 trials.

Results

Median correct response times were calculated for each subject for each combina-
tion of factors. The mean results over subjects are presented in fig. 2.

Separate analyses of variance were performed on the experimental and control
conditions, and on the comparison of both. For the experimental conditions, an
ANOVA with individual median response times for correct trials as cells showed a
main effect of display size (F(2,14) = 230; p < 0.001). Neither trial type nor its
interaction with display size reached significance. The results clearly show that the
unique surround did not cause an automatic shift of spatial attention. An ANOVA
performed on the correct individual median response time of the control condition
revealed a main effect of display size (F(2, 14) - 8.0; p < 0.01). A comparison of 'trial
type unique' of the experimental condition with the control condition, showed a
reliable effect of unique versus control (F(l, 14) = 38.2; p < 0.001). In addition,
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display size interacted with this factor (F(2, 28) = 76.7; p < 0.001). Error rates in all
conditions were quite small and never exceeded 2%.

In order to determine the slopes of the search function, the individual median
response times were submitted to a linear regression analysis. The increment in
response time for the non-unique condition was 82.2 msec per item whereas the
increment for the unique condition was 71.9 msec per item. The lack of a significant
difference between the unique and non-unique function slopes (f(44) = 0.96) provides
additional evidence that the unique surround does not automatically attract attention.
The slope for the control condition was 4.5 msec per item, which is only marginally
different from a zero slope (f(22) = 1.81; p < 0.10). This finding of an almost zero
slope in the control condition indicates that the form difference is salient and can be
perceived. It implies that subjects will and can use form differences when it is
advantageous to their task.

Discussion

The results confirm and extend those of Jonides and Yantis (1988) who showed that
an item that is uniquely defined by a difference in brightness or color does not
automatically attract attention. None of the possible limitations of Jonides and Yantis'
results proved a limiting factor. The data provide also evidence that in a display which
allows multiple eye movements, a salient form does not have another status than any
other item in that display. Yet, one might argue that a difference in form is visually not
as salient as a difference in color and intensity as manipulated by Jonides and Yantis
(1988). For example, in free visual search it has been shown that color coding is more
effective than other features like size and shape (Carter 1982; Williams 1967). There-
fore, it is possible that visually more salient attributes such as differences in color do
capture attention in conditions where the display remains visible and search involves
multiple eye movements of large displays. Experiment 2 was conducted to test this
hypothesis.

Experiment 2

Method

Task and stimuli
The task was the same as the one used in experiment 1. The display consisted of

colored circles which were presented on a white background of 30 cd/m2 The circles
were either red or blue (CIE Jty-chromaticity coordinates of respectively 0.598/0.358
for red and 0.159/0.088 for blue) and were equal in luminance (6.5 cd/m2) so as to
ensure that the stimuli only differed in color. The target line segment and fixation point
were presented in black. Instructions were the same as in experiment 1.

Apparatus
The apparatus was the same as in experiment 1.
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Subjects
Sixteen paid subjects ranging from 17 to 27 years, participated in the experiment.

Eight subjects were randomly assigned to either the experimental or the control
condition. All had normal or corrected-to-normal vision, reported having no color
vision defects and were right-handed.

Experimental design and procedure
Design and procedure were similar to experiment 1. There were two types of trials:

those with the target line segment positioned in the uniquely colored circle, and those
with the target line segment positioned in any other surround.

Results and Discussion

Median correct response times were computed for each subject for each combina-
tion of factors. The results over subjects are shown in fig. 3.

For the experimental conditions, an ANOVA with individual median response times
for correct trials as cells showed a main effect of display size (F(2,14) = 92.5;
p < 0.001). Neither trial type nor its interaction with display size reached significance.
An ANOVA performed on the correct individual median response time of the control
condition showed a main effect of display size (F(2, 14) = 20.1; p < 0.001). As evident
in fig. 3, this effect is due to a reduction in search time with increasing display size,
suggesting that search for the unique color is somewhat easier as more items are
present. A comparison between the experimental and the control conditions revealed
an effect of unique versus control (F(l, 14) = 71.7; p< 0.001) and of display size
(F(2, 28) = 44.1; p < 0.001). In addition, these two factors interacted (F(2, 28) = 53.9;
p < 0.001). The error rates in all conditions never exceeded 2%.
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Fig. 3. Mean median search time for non-unique, unique and control trials of experiment 2 as
function of display size.
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The results are very similar to those of experiment 1. The absolute RTs were faster
and search functions (63.2 msec/item for non-unique and 55.1 msec/item for unique)
were shallower in the current experiment, which probably reflects the fact that the
target-background discriminations are easier. However, this did not change the pattern
of results. The slope difference for the non-unique and unique search functions was not
reliable (/(44) = 0.79) indicating that an item uniquely defined by color does not
automatically attract attention. Yet, when relevant to the search task, the color
difference can be used to actively direct attention. The slope for the control condition
was -2.8 msec/item, which is not different from a zero slope (t(22) = 0.93), indicating
that the uniquely colored item was highly salient. The data suggests that within a single
fixation, search proceeds spatially parallel across the whole display revealing the
location of the .uniquely colored item. These and the control condition data of
experiment 1 resemble the typical results of Treisman and colleagues (Treisman and
Gelade 1980; Treisman and Gormican 1988) which show no effect of display size for
the detection of targets that are defined by a unique feature.

In conclusion, search involving eye movements in a large display is not affected by
the presence of a visually salient color or form feature when this feature is irrelevant
for the search task. The results confirm and extend those of Jonides and Yantis (1988),
and indicate that an item having a unique feature does not automatically 'pop-out'
from the background. When this feature is relevant for search, it is used to actively
direct spatial attention to the location of the target.

Experiment 3

Experiment 3 was designed to investigate the automatic attention attraction phe-
nomenon, reported by Yantis and Jonides (1984). Their study showed that an item with
abrupt stimulus onset was capable of bottom-up capturing of attention. They argued
that this was due to visual transient channels specialized for the detection of visual
onset (Jonides and Yantis 1988; Miller 1989; Todd and Van Gelder 1979). However, it
could be that the visual channels are not activated by abrupt onset per se but by any
abrupt change. Therefore, the present experiment addresses the question whether
abrupt stimulus change is another instance of automatic attention attraction. Experi-
ment 1 showed that a unique surround could be clearly perceived, but that nevertheless
it was not treated differently from any other item in the stimulus field. Experiment 3
follows up on this finding, by changing the unique surround into a non-unique one 260
msec after stimulus field onset. Two alternative hypotheses can be tested. If stimulus
change has the property of attention attraction and the target line segment is located in
the changing surround, the time to detect the target will be independent of the number
of items in the display. Alternatively, if stimulus change does not automatically attract
attention, search for the target line segment located in the changing surround will be
the same as search for the target line located in any other surround.
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Method

Task and stimuli
The task was the same as the one used in experiment 1 with the exception that the

unique surround changed to a non-unique surround 260 msec after stimulus onset.
Instructions to the subjects were the same as in the previous experiments.

Apparatus
The apparatus was the same as in the previous studies.

Subjects
Sixteen paid subjects ranging from 18 to 25 years, participated in the experiment.

Eight subjects were randomly assigned to either experimental or control conditions.

Experimental design and procedure
Design and procedure were similar to the previous studies. There were two types of

trials: those with the target Une segment positioned in the changing surround, and
those with the target line segment positioned in any other surround.

Results

Mean median correct response times are shown in fig. 4. The same ANOVA as in
experiment 1 was performed on the individual median RTs for correct trials. For the
experimental conditions large effects were found. For display size, F(2,14) = 615; for
trial type, F(l, 7) = 112; for the interaction display size X trial type, F(2,14) = 64.9;
all ^s < 0.001. Contrary to experiment 1, the results indicate that search time was
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Fig. 4. Mean median search time for non-unique, unique and control trials of experiment 3 as a

function of display size.
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affected by trial type. The interaction suggests that with increasing display size, this
trial type effect becomes more pronounced. Fig. 4 shows that search time for the
unique condition is smaller than for the non-unique condition implying that time to
find the target line segment is reduced when this line segment is located in the changing
surround.

For the control condition a significant main effect of display size was found
(F(2,14) = 5.9; p < 0.05). A comparison between the experimental and control condi-
tion showed an effect of unique versus control (F(l, 14) = 25.1; p < 0.001). Display
size interacted with this factor ( F(2, 28) = 44.2; p < 0.001). Again, both for the
experimental and control conditions error rate was small and never exceeded 3%.

These results suggest that the search time function for the unique condition is
equivalent to neither non-unique nor control search time function. This result is
confirmed by the t-test on increments of response times. The slope of the non-unique
function was 81.5 msec per item which is significantly different from the slope of the
unique search function which was 36.3 msec per item (t(44) = 8.3; p < 0.001). The
slope for the control condition was 5.9 msec per item which is significantly less than
the slope of the unique function (/(44) = 6.1; p < 0.001). Together the results imply
that the stimulus change does neither induce a complete attraction of attention nor a
complete serial linear search.

Search time distributions
Although it is possible to assume that the search function of trial type 'unique'

could fit another theoretical search model, it is more parsimonious to consider the
possibility that this search function is due to attention attraction on some and serial
search on other trials. It is important to note that after the change from a unique to a
non-unique item, there is nothing in the display that reminds of this change. Therefore,
a failure to perceive the stimulus change should always lead to serial search of the
entire display.

In order to test this hypothesis, the overall search distributions for these conditions
were analyzed. Only the display size 16 was analyzed because for this display size, an
actual circular serial scan can be expected. In order to control for individual differences
in the search time distribution, a baseline time was calculated for each subject and
condition. This baseline time was the mean correct RT for each individual at display
size 4. Each correct RT of display 16 was divided by this baseline time. For the
acquired search time index, the cumulative search distribution was computed for each
of the three conditions. Fig. 5 shows the three distributions.

Fig. 5 shows that the cumulative non-unique search distribution approximates a
straight Une implying a uniform distribution of search times. This result is expected
because the target line segment was randomly positioned in the stimulus field suggest-
ing that the number of search time observations in each class interval should be about
equal. For the control search distribution, almost 85% of all search time observations
are in the first 5 class intervals implying that the target line segment is found in a single
glance, immediately after stimulus presentation. Again, the unique distribution is
situated somewhere in between the two distributions.

In order to test the hypothesis that the unique search distribution consists of a linear
combination of the non-unique and control distribution, the actual unique distribution
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Fig. S. Search time distribution for non-unique, unique and control trials of experiment 3 for
display size 16.

was predicted by means of the observed non-unique and control distributions. Differ-
ent weights were used in order to minimize Chi-square. The minimum Chi-square was
found when the unique search distribution was predicted by 75% of the non-unique
and 25% of the control condition distribution (x2(18, JV = 250) = 27.13, 0.05 <p<
0.10). The fact that there is an almost non-significant difference between the predicted
and observed distribution indicates that the unique distribution is fairly well predicted
by a linear combination of the non-unique and control search distributions. Fig. 6
presents the observed and predicted cumulative search distribution.

If it can be presumed that the non-unique function represents a fair estimate of
serial search1 and the control condition resembles attention attraction search, this
analysis suggests that, for display size 16, in about 25% of the trials attention was
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Fig. 6. Fitted and observed search time distribution for unique trials of experiment 3 for display
size 16. The fit is based on 75% of the non-unique distribution and 25% of the control distribution.

It is important to remark that the non-unique search distribution does not represent a perfect
serial search because for trials in which attention is captured by the changing surround, search
does not start at a random position but at a location where the target is not located.
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attracted to the changing element, while in 75% of the trials there was serial search of
the entire display.

Discussion

The data indicate that stimulus change tends to elicit a shift of attention to the
position where the changing surround is located. However, the shift does not always
occur in which case search proceeds in a serial way. A similar suggestion comes from
Yantis and Jonides (1984) to account for the non-zero slope of the attention capturing
function in the case of abrupt stimulus onset. However, in their study the failure to
capture attention was estimated to about 10% of the trials. The results of the present
Chi-square analysis suggests that the stimulus change only attracted attention in about
25% of the trials. It should be noted, however, that the presently used paradigm does
not preclude the possibility that subjects moved their eyes while the change occurred.
Because of saccadic suppression, the change might remain unnoticed. In addition,
active direction of spatial attention to a location in the visual field could have reduced
the attention attracting property of elements at other places in the stimulus field (e.g.,
Eriksen and Hoffman 1973; Humphreys 1981). Yet, instructions in experiments 1 and 3
were similar, so that the difference in search performance in both experiments can only
be attributed to the attention attraction properties of the abrupt change.

Experiment 4

Experiment 3 showed that abruptly changing the unique form into a non-unique
form tends to elicit a shift of attention to the spatial location of the item having the
form change. It was argued that such automatic attention capturing was related to
special properties of transient channels specialized for the detection of change (e.g.,
Todd and Van Gelder 1979). Since it is unclear whether abruptly changing the color
also produces such attention attraction tendencies, the present experiment provides
such a test. Given the finding of experiment 2 that the unique color could be clearly
perceived, the uniquely colored item was abruptly changed in a non-uniquely colored
item 260 msec after stimulus presentation. Two hypotheses can be tested. If any
stimulus change - including color - has attention attracting properties and the target
line segment is located in the changing surround, time to detect the target will be
independent of the number of items in the display. Alternatively, if changing the color
does not automatically attract attention, search for the target line segment located in
the changing surround will be the same as for that target line segment located in any
other surround.

Method

Task and stimuli
The task was the same as the one used in experiment 2 with the exception that the

unique color changed to a non-unique color 260 msec after stimulus onset. Instructions
to the subjects were the same as in the previous studies.
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Apparatus
The apparatus was the same as in experiment 2.

Subjects
Sixteen paid subjects ranging from 17 to 28 years, participated in the experiment.

Eight subjects were randomly assigned to either experimental or control conditions. All
had normal or corrected-to-normal vision, reported having no color vision defects and
were right-handed.

Experimental design and procedure
Design and procedure were similar to the previous experiments. There were two

types of trials: those with the target line segment positioned in the color changing
circle, and those with the target Une segment positioned in any other circle.

Results

The mean median RTs are presented in fig. 7. For the experimental conditions,
there were main effects of display size (F(2,14) = 88.7; p < 0.001) and trial type
(F(l, 7) = 12.4; p < 0.01). The interaction between display size and trial type failed to
reach significance (F(2,14) = 3.5; p = 0.058) suggesting that the changing color did
not attract attention automatically.

For the control condition, there was no effect of display size (F(2,14) = 1.1;
p = 0.35), suggesting that within a single inspection of the entire display, attention
immediately was directed to the item changing in color. A comparison between the
experimental and control conditions showed a main effect of unique versus control
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Fig. 7. Mean median search time for non-unique, unique and control trials of experiment 4 as a

function of display size.
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(F(l, 14) = 35.01; p < 0.001) and of display size (F(2, 28) = 23.6; p < 0.001). These
two factors also interacted (F(2, 28) = 14.6; p < 0.001). Error rate never exceeded
1.5%.

These data suggest that the search time function for the unique condition is not
different from the non-unique search time function, a result which is confirmed by
additional /-tests on the slopes of the response times. The slope of the non-unique
function was 62.0 msec per comparison which does not differ from the slope of the
unique search function which was 45.9 msec per comparison (f(44) = 1.6). The slope
for the control condition was 5.5 msec per comparison which is not significantly
different from a zero slope (f (22) = 0.95).

The results indicate that an abrupt color change does not automatically attract
attention, although fig. 7 suggests that, for display size 16, search occasionally starts at
the item changing in color. However, this effect is not significant and thus unlike the
result reported in experiment 3 in which an abrupt change in form was applied.

Discussion

The results indicate that visual change per se is not enough to attract attention
automatically. The present finding that abruptly changing the color of equiluminant
stimuli does not capture attention seems to be in accordance with recent physiological
and psychophysical evidence for separate color and luminance processing in the visual
system. Pathways selective for color are mainly found in the parvocellular layers of the
lateral geniculate nucleus, whereas luminance or movement-selective components reside
mainly in the magnocellular layers (Livingstone and Hubel 1988). These two systems
have quite different properties. For example, the color selective parvo system is
relatively slow and has a tonic (sustained) response whereas the color blind magno
system is fast and mainly responds to temporal changes. This physiological evidence is
corroborated by psychophysical experiments on movement perception. For example,
Cavanagh et al. (1984) found that the perceived velocity of moving red and green
equiluminant sinewave bars was substantially slowed. The gratings often appeared to
be static. Subjects only appreciated some motion because they occasionally noticed that
the bars had changed position. Although changes in the position of the bars were
clearly visible, they did not seem to be moving.

If the visual system responds to abrupt stimulus change because of the activity of
the faster and more transient magno system, one can expect that only sudden changes
in stimulus luminance can capture attention. Stimulus onset and stimulus change entail
such abrupt changes in luminance whereas no luminance changes are involved when
equiluminant stimuli change in color. The studies on perceptual movement discussed
above suggest that the actual change of color may even not be perceived at all, simply
because the color selective parvo cells are not fast enough to respond. If subjects
cannot perceive the color change, this would imply for the control condition that the
color difference and not the color change is used to selectively direct attention to
appropriate location. This implies that parallel processing of the entire display and
subsequent attentional focussing can be complete in less than 260 msec.
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General discussion

Experiments 1 and 2 show that salient but static discrepancies in
form or color do not automatically 'pop-out' from their background.
When beneficial for search, however, these features can be used to
direct spatial attention. Experiment 3 shows that an abrupt transient
change of form induces an unavoidable 'pop-out' suggesting that
attention is drawn to the source of change. Yet, it is not stimulus
change per se that captures attention attraction. As shown in experi-
ment 4, changing the color of equiluminant stimuli has no attention
attraction properties.

The results can be described in terms of the two modes of selection
distinguished by Broadbent (1970, 1971). Stimulus set is the selection
of certain items on the basis of some distinct and conspicuous physical
property. Response set relates to the meaning of the stimulus, and
refers to high priority responses even when the evidence in their favor
is not particularly strong.

This relates to Broadbent's (1958) distinction between a first, parallel
stage of perceptual processing and a second stage of limited capacity.
Later, Neisser (1967) also distinguished two levels of perceptual analy-
sis referred to as pre-attentive and focal attention. The first, pre-atten-
tive level is conceived of as a system that operates automatically and in
parallel across all elements in the display. In the second, focal attention
level targets are processed in greater detail.

Selective responding to one out of many items in the display is likely
to depend on which selection mode is dominant. If it is assumed that
perceptual analysis invariably starts with pre-attentive parallel
processing, it is clear that stimulus set has the main function of
rejecting irrelevant items so as to direct spatial attention to the ap-
propriate location. In the present study the control condition provides
such a situation. In the experimental conditions, however, stimulus set
was unrelated to the location of the item requiring a response and this
seems to prohibit the operation of the pre-attentive process. This led to
a serial scan, i.e., the salient item did not receive a priority treatment
over any other item in the display. According to this line of reasoning,
the attention capturing effect as occasionally observed in experiment 3
can be considered as a 'breakthrough of the unattended' (Broadbent
1982), possibly because of some special properties of visual channels
sensitive for stimulus change and movement (Todd and Van Gelder
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1979; Yantis and Jonides 1984). Yet, experiment 4 shows that these
transient channels do not respond to abrupt equiluminant changes in
color.

Crucially for the present discussion is the earlier mentioned assump-
tion that a 'pop-out' evokes an eye movement to the location of the
attention shift since discriminating the target line segment presumably
needs near foveal acuity. It is well known from experiments with
tachistoscopic presentation that attention can shift to a spatial location
in the absence of an eye movement (e.g., Posner et al. 1980). Yet, there
seems to be a close functional relationship between attention shifts and
eye movements (e.g., Posner 1980; Shulman 1984). For example, Klein
(1980) proposed that subjects shift attention to a region of space by
preparing a saccade to that region. In tasks concerned with free visual
search of large displays (e.g., Carter 1982), the size of the visual lobe (or
conspicuity area) of an object plays a crucial role. It is assumed that as
soon as a fixation falls within a conspicuity area of a particular object,
the sensory attributes of object controls selective attention and elicits
an involuntary eye movement to the object (Engel 1977). By voluntary
control the tendency of fixating the object can be suppressed. Reming-
ton (1980) has expressed a similar view suggesting that attentional
movements and eye movements are elicited by the same system but can
be separately controlled.
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Early and late selection theories of visual attention disagree about whether identification occurs
before or after selection. Studies showing the category effect, i.e., the time to detect a letter is
hardly affected by the number of digits present in the display, are taken as evidence for late
selection theories since these studies suggest parallel identification of all items in the display. As
an extension of previous studies, in the present study two categorically different targets were
presented simultaneously among a variable number of nontargets. Subjects were shown brief
displays of two target letters among either 2, 4 or 6 nontarget digits. Subjects responded 'same*
when the two letters were identical and 'different' otherwise. Since the 'same-different' response
reflects the combined outcome of the simultaneous targets, late-selection theory predicts that the
time to match the target letters is independent of the number of nontarget digits. Alternatively,
early-selection theory predicts a linear increase of reaction time with display size since the
presence of more than one target disrupts parallel preattentive processing, leading to a serial
search through all items in the display. The results provide evidence for the early-selection view
since reaction time increased linearly with the number of categorically different nontargets. A
control experiment revealed that none of the alternative explanations could account for the
display size effect.

One of the most principal theoretical issues of visual attention
research today concerns the locus of selective attention (e.g., Yantis
and Johnston 1990). According to early selection theories (e.g., Broad-
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bent 1971, 1982; Neisser 1967) only a preliminary analysis of basic
features can be conducted in parallel over the visual display. For full
identification of the stimulus, however, a second stage of limited capac-
ity is needed. Selective attention controls which stimuli have access to
the limited capacity stage, and thus which stimuli are fully identified. It
can be argued that selection is based on spatial location (e.g., Theeuwes
1989; Tsal and Lavie 1988).

Alternatively, late selection theories (e.g., Allport 1977; Duncan
1980, 1981; Posner 1978; Shiffrin and Schneider 1977) assume that all
perceptual encoding, including identification, proceeds in parallel over
the visual field. These theories claim that selection occurs 'late' in
processing, primarily to select between competing response tendencies
arising from multiple stimuli (Allport 1980).

The debate between early and late selection theories is concerned
with the extent of parallel processing: late selection theory claims that
all perceptual encoding is conducted in parallel whereas early selection
theory claims that parallel processing is limited to only simple physical
features. Most direct evidence that perceptual operations are parallel
comes from visual search tasks in which subjects have to detect a target
among a variable number of elements in a display (e.g., Shulman 1990).
If the time to detect a target is independent of display size, search is
assumed to occur in parallel. If the time to detect a target increases as a
linear function of the number of nontargets, search is assumed to be
serial.

Visual search studies showing that time to detect a target depends on
the categorical relationship between target and nontargets are usually
taken as support for the late selection view. Thus the time to detect a
letter is hardly affected by the number of digits in the display (Egeth et
al. 1972). This finding is referred to as the category effect, and suggests
that characters are processed in parallel with unlimited capacity (e.g.,
Duncan 1980; Hoffman 1979; Garner 1973). However, search for a
target among nontarget items of the same category shows the typical
effect of display size suggesting a serial scan through all items of the
display (Egeth et al. 1972; Gleitman and Jonides 1976, 1978; Jonides
and Gleitman 1972, 1976). For example, Jonides and Gleitman (1976)
obtained an RT function of 29.9 msec/item for searching for a within-
category target, whereas a relatively flat RT slope of 9.9 msec/item was
found for detecting a categorically different target.

A common explanation of the category effect is that relevant items
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are separated from irrelevant items on the basis of category informa-
tion. According to this late selection view, all items in the display are
identified and categorized in parallel, without requiring selective atten-
tion. Categorization would always accompany identification (Duncan
1985), which relates to Taylor's (1978) claim that identification and
categorization of digits and letters occur simultaneously and that either
type of information is derived directly and independently from the
visual features of a character. Similarly, Posner (1978) has claimed that
when a stimulus is presented, its identity, name and various aspects of
meaning are automatically analyzed, irrespective of the intentions of
the subject. In this way, the category effect can easily be explained:
since all items in a display are fully identified in parallel, the category
of the target letter is available and there is no need to perform any
further operations on items already categorized as nontargets. Since
nontargets can be rejected in parallel without spending any processing
resources, there will be no effect of the number of nontargets for a
between-category search (e.g., Duncan 1983).

Yet, one can also account for the category effect without the radical
conjecture that all stimulus characteristics are encoded in parallel up to
and including a semantic level. Instead only those features might be
processed in parallel which are needed for categorizing a character as
digit or letter. In a subsequent stage, full identification might take place
(Broadbent 1982), which requires directing spatial attention to the
location of the target (Hoffman 1978). Jonides and Gleitman (1976)
claimed that preattentive processing tags the categorically different
item, enabling a subsequent shift of focussed attention to the location
of the tagged item for detailed processing. Phenomenally, the item that
automatically attracts attention seems to 'pop out' from its background
(Hoffman et al. 1983; Hoffman 1986; Jonides and Gleitman 1976;
Neisser et al. 1963; Treisman 1988), similar to a red target popping out
from blue nontargets (Kahneman and Treisman 1984). The hypothesis
that digits pop out from a background of letters and automatically
attract attention has been confirmed by the study of Hoffman et al.
(1983), in which it was shown that detection of a digit among letters
was accompanied by an increased ability to perceive shapes in the
vicinity of the digit. A similar conjecture was made by Sagi and Julesz
(1985a, 1985b) who claim that local detection of differences among
features might proceed in parallel, while actual target identification
requires focal attention. Hence, naming a target requires serial inspect-
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ion by focal attention, whereas knowing a target's position is mediated
by parallel processing (Sagi and Julesz 1985a).

All these studies used a display in which a single target item could be
present among categorically different nontargets. Contrary to these
studies, there appear limits in identifying several stimuli at once when
multiple targets are presented simultaneously (e.g., Duncan 1980). For
example, in a study of Francolini and Egeth (1979), subjects searched
for a specific digit among both digits and letters. Time to detect a digit
not only increased with increasing numbers of within-category non-
targets (digits), but also with the number of categorically different
nontargets (letters), implying that subjects were unable to reject all
categorically different nontargets when searching selectively for digits.
It was concluded that identifying categorically different items in paral-
lel was not possible when multiple within-category items were pre-
sented at the same time.

Both early and late-selection theories recognize the limit of perceiv-
ing simultaneous targets, yet they provide quite different explanations.
According to the late-selection view, capacity limits only arise when
simultaneous targets each are associated with distinct responses
(Duncan 1980, 1981, 1985). In such a view, selection takes place 'late'
in processing, primarily to select between different responses evoked by
different stimuli (Allport 1980; Keele and Neill 1978). For example, in
a study of Duncan (1980) accuracy for detecting a target at the 12 and
6 o'clock display position was much less when the other position also
contained a target than when it contained a nontarget. Accuracy of
detecting a target is reduced when there are other targets in the display,
whereas simultaneous nontargets do not have such an effect. However,
it can be argued that the late-selection view predicts no capacity
limitations when a single response can be used for the combined
outcome of simultaneous targets. Thus, in a 'same-different' version of
a target detection task, Donderi and Zelnicker (1969) found that the
time to determine whether or not a varying number of geometric shapes
(2-13) were all the same, was independent of the number of shapes
presented. The number of targets did not have any effect because the
'same-different' task required no separate response for each of the
simultaneously presented targets.

According to the early-selection view, the limit of perceiving simulta-
neous targets does not arise from response selection, but is due to a
disruption of preattentive parallel perceptual processing. In this view,
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in case of a single categorically different item, attention is drawn to the
location of the discrepant item. Because attention is captured automati-
cally by the discrepant item, phenomenally, that item seems to pop out
from its environment (Hoffman et al. 1983). However, when two or
more categorically different items are present, these cannot 'pop out'
simultaneously because attention cannot be divided between two or
more locations at the same time (e.g., Posner et al. 1980; McCormick
and Klein 1990). This might disrupt the efficiency of the parallel
process, and search might proceed in, at least partially, a serial manner
(e.g., Francolini and Egeth 1979).

The present study is concerned with the extent to which two simulta-
neously presented targets of the same category can be identified in
parallel among a background of categorically different nontargets.
Subjects responded 'same' when the two target letters among a variable
number of digits were identical and 'different' otherwise. This 'same-
different' version of target detection ensures that the response is not
merely based upon successful discrimination of a few target features
(e.g., Folk and Egeth 1989) but, instead, that targets have to be fully
identified. In addition, only one overt response is required for the
two-target combination.

According to late-selection models, all items in the display are
identified in parallel, and targets pass into the limited capacity decision
system (Duncan 1983). Although it might be possible that simultaneous
targets cause difficulty, the parallel rejection of all nontargets can be
assumed to be perfect (Duncan 1985). As argued by Duncan, 'It is hard
to detect simultaneous targets, yet the number of simultaneous non-
targets is rather unimportant' (1980: 284). Therefore, based on first
level preattentive processing, only target letters will be available for the
second level of processing. Hence, the time to decide whether the two
letters match will be independent of the number of digits in the display.

Alternatively, according to early-selection models, categorization may
proceed in parallel but attention has to be shifted to the location of the
item before it can be identified. Since attention cannot be divided
between locations, the presence of multiple targets interferes with the
operation of the 'pop-out' mechanism of categorically tagged targets.
This might lead to a complete disruption of parallel preattentive
processing, leading to a serial search through all locations that possibly
contain the targets. Hence, the time to decide whether the two letters
match will increase linearly with the number of nontargets.
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Experiment 1

Method

Task and stimuli
Throughout a block of trials subjects fixated a dot (0.3°) at the center of the

stimulus field. In order to warn the subject, a high tone was presented 300 ms before
stimulus presentation. The stimulus field remained on for 200 ms, which is sufficient to
prevent effects of eye movements. In a trial, two letters were presented with a variable
number of digits in a circular display with a 2° diameter. Elements were presented at
one out of 8 possible positions which were equally spaced on the circumference and
were 0.8° of angle apart. Both targets appeared equally often at each of the 8 possible
locations for each condition. The remaining positions were randomly filled with either
2, 4 or 6 randomly chosen digits. On each trial, the two target letters were chosen from
the »et (D, K, P) which were the same target letters as used by Gleitman and Jonides
(1978). In half of the trials the target letters were the same, in the other half the target
letters were different. Digits were chosen randomly from the set 2 through 8. Letters
and digits were approximately 0.4° of angle in height.

Apparatus
The stimuli were presented on an Olivetti monochrome CRT, and an Olivetti M24

microcomputer controlled the stimulus presentations and collected responses. The
'shift' keys on the left and right side of the computer keyboard were used as response
keys, and subjects pressed the appropriate key with the index finger of either the left or
the right hand. The stimuli were presented in black against a green background with a
luminance of approximately 2.1 cd/m2 and 31.8 cd/m2, respectively. Subjects were
individually tested in a sound-attenuated, dimly-lit room with their heads resting on a
chin rest adjusted to a comfortable height. The CRT was located at eye level,
approximately 60 cm from the point of viewing.

Subjects
Ten subjects, ranging in age from 17 to 24 years participated in the experiment. All

had normal or corrected-to-normal vision and were right handed. They were paid for
their participation.

Experimental design and procedure
The design of the experiment was a two factor within-subject design (display size: 4,

6, 8 and response type: 'same' and 'different'), combinations of which were randomized
within blocks. Following a practice session of 336 trials, each subject completed four
experimental sessions, each consisting of three blocks of 112 trials. There were short
rests between blocks of trials. An experimental session lasted approximately 25
minutes. Each subject had a total of 224 trials in each condition. Half of the subjects
responded to 'same' trials with the right index finger, and to 'different' trials with the
left index finger. This assignment was reversed for the other half of the subjects.

Two subjects were run in alternating sessions. The instruction was to indicate
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Fig. 1. Mean median reaction time and error rates for 'same' and 'different' responses as
function of display size in experiment 1.

whether the two letters appearing in the visual field were the 'same' or 'different' by
pressing one of two appropriately labeled buttons on the computer keyboard with their
index finger. Subjects were instructed to respond as fast as possible while minimizing
errors. In case of an error, the computer beeped to inform the subject. If no response
was made after 2000 ms, the trial was counted as an error.

Results

Median RTs and error rates were computed for each subject in each condition. The
data of one subject were eliminated in view of an error rate exceeding 20% in at least
one experimental condition.

The mean median reaction time (RT) and error rate over subjects for 'same' and
'different' responses at each level of display size is shown in fig. 1.

Median correct RTs for each subject were the cells of a within-subject ANOVA with
response type (same and different) and display size (4, 6, and 8) as main factors. The
effect of response type (same-different) was significant (F(l, 9) = 9.4; p < 0.05), as
was the effect of display size (F(2,18) = 105; p < 0.01). Also, the interaction of
response type and display size was significant (F(2, 18) = 8.8; p < 0.01). The results
show a clear display size effect suggesting that reaction time increases linearly with the
number of nontargets.

In order to determine the slopes of the RT function, the individual median RTs
were submitted to a linear regression analysis. The mean slopes of the function of
response type 'different' and 'same' were 29.2 and 22.3 msec, respectively. After
reducing the between-subject variance by using individual median RT of display size 4
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as a baseline time, the differences in RT slopes showed the same pattern of results as
the analysis of variance. There was a significant difference between the 'different' and
'same' slope functions (f(50) = 2.32; p < 0.05). In addition, both slopes were statisti-
cally different from a zero slope (f(25) = 13.45 and 12.71 for 'different' and 'same'
reactions, respectively; p < 0.01).

In order to achieve homogeneity of the error rate variance, the mean error rate per
cell was transformed by means of an arcsine transformation. The transmitted data were
entered into the same analysis of variance as performed on the RT data. The results
revealed a significant effect of display size (F(2,18) = 25.2; p < 0.01), response type
(/"(I, 9) = 10.0; p< 0.05) and a significant interaction between display size and re-
sponse type ( F(2,18) = 6.9; p < 0.01). The main effect of display size denotes that, as
evident in the figure, error rates tended to mimic reaction time, suggesting that the
increase of reaction time with display size cannot be attributed to a speed-accuracy
trade-off.

Discussion

The results show a clear display size effect for searching for categorically different
targets among a variable number of nontargets. The failure to obtain selective search
for letters among digits is demonstrated by the non-flat display-size functions. The RT
slopes found in the present study were 22.3 and 29.2 ms/comparison respectively for
'same' and 'different' responses. These search functions are unlike the relatively flat RT
slope of 9.9 ms/comparison as reported by Jonides and Gleitman (1976), which is
thought to represent parallel search across all items in the display.

However, comparing the presently found search functions to previous results might
be problematic because the present task involves a same-different decision which is
unlike common category search tasks in which subjects have to decide whether a target
is present or not. In addition, it has to be ascertained that the present slopes are large
because two targets are presented simultaneously, and not because of some characteris-
tic of the present display arrangements. Experiment 2 involving a same-different
judgment task in which a single target was to be detected was conducted to test these
possibilities. If the alternative explanations suggested above do not hold, this control
experiment should reveal parallel search across the whole display demonstrated by a
relatively flat search function.

Experiment 2

Method

Task and stimuli
The task was similar to the one used in experiment 1. Rather than presenting both

target letters simultaneously, on each trial 1000 ms before display onset, one target
letter was presented for 500 ms at the center of the stimulus field. This was followed by
the presentation of the fixation dot which remained throughout a trial. The display
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Fig. 2. Mean median reaction time and error rates for 'same' and 'different' responses as
function of display size in experiment 2.

consisted of one target letter presented at each of the 8 possible locations for each
condition. The remaining positions were randomly filled with either 3, 5, or 7 randomly
chosen digits.

Apparatus
The apparatus was identical to that in experiment 1.

Subjects
The experiment involved 8 right-handed subjects ranging in age from 18 to 28 years.

Experimental design and procedure
The design was virtually identical to that of experiment 1. Subjects were instructed

to indicate whether the target letter presented before display onset was the same or
different as the target letter present in the stimulus field.

Results

Median correct reaction time and error rate over subjects are shown in fig. 2.
An ANOVA with individual median reaction times for correct trials as cells showed

a main effect of response type (F(l, 7) = 14.7; p < 0.01) and display size (F(2,14) =
32.1; p < 0.01). The mean slope of the search function of response type 'different' and
'same' 8.3 and 8.8 ms, respectively. Both slopes were statistically different from a zero
slope. For response type 'different' (f(22) = 8.83; p < 0.01) and for response type
'same' (t(22) = 5.08; p < 0.01)
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After an arcsine transformation, the error rate per cell was entered into the same
analysis of variance as performed on the RT data. None of the factors was significant
suggesting that the response latency differences are not due to a speed-accuracy
trade-off.

Discussion

The control experiment shows that search for a single letter among a variable
number of digits results in relatively flat search function which suggests parallel search
across all items in the display. This finding indicates that neither peculiarities of the
same-different judgment task nor of the display configurations can account for the
display size effect found in experiment 1 (29.2 and 22.3 ms per comparison, respec-
tively).

The RT slopes of the control experiment (8.3 and 8.8 ms per comparison for
'different' and 'same', respectively) are comparable to those reported for between-cate-
gory search, e.g., 9.9 and 9.2 ms per comparison (Jonides and Gleitman 1976; Gleitman
and Jonides 1976, respectively). It should be noted that completely flat search functions
are never obtained, because for reasons that have nothing to do with attention, small
performance decrements with display size can be expected (e.g., Duncan 1980). Thus
even when a target is defined by a clear stimulus difference i.e., color, similar
performance decrements are reported. For example, search for a red letter among a
variable number of green letters gives a search function of 11.5 ms/item (Jonides and
Yantis 1988: exp. 3).

General discussion

The results of the present study are in line with the early selection
theory: only a preliminary analysis of basic features can be conducted
in parallel over the visual display, permitting categorization of char-
acters as letters or digits. In order to identify a character a subsequent
stage of limited capacity is needed. Since it can be assumed that
selection is based on spatial location (e.g., Tsal and Lavie 1988;
Theeuwes 1989), this limit mainly arises because attention cannot be
divided between two locations at the same time (e.g., Posner 1980).

Experiment 1 reveals that categorically different nontargets interfere
when two targets are presented simultaneously. This suggests that it is
impossible to fully reject all nontargets in parallel, which is inconsistent
with the late-selection theory (Duncan 1980, 1981). The usual late-
selection account for capacity limits of perceiving simultaneous targets
does not apply to the present study, since the two targets did not
require distinct responses. In the present study, one response reflected
the combined outcome of the simultaneous targets.
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One still could defend the late-selection account by claiming that the
detection of a target already involves a decision. In such a view, ' target
detection decisions' are more important than distinct responses to
either target. Although theoretically viable, such an argument weakens
the late-selection account since, similar to an 'early' selection concep-
tion, it assumes a perceptual role for attention. And even in view of this
argument, it cannot explain the present findings since this version of
late-selection theory would still not have predicted interference from
simultaneous nontargets.

In conclusion, the category effect, often cited as evidence in support
of late-selection theory, diminishes as soon as two targets are presented
at the same time. Since the present study used a single 'same-different'
reaction in response to the two targets, the absence of the category
effect cannot be attributed to competition between the responses
arising from the multiple targets. Therefore, in line with the early-selec-
tion view, the limit on the perception of simultaneous targets occurs
before full stimulus identification. The limit should be considered as
perceptual, and not decisional as contended by late-selection theory.

Of additional interest of the present data is the finding that the RT
for responding 'same' and 'different' shows the typical 'fast-same'
effect, a phenomenon which is the basis for long contentious debates
among 'same-different' judgment theories (e.g., Pareil 1985). Two
different theories are widely accepted. First, Krueger (1978) has pro-
posed a 'noisy operator' hypothesis that assumes that the 'fast-same'
effect is due to rechecking that is performed for 'different' judgments.
The reason why rechecking is necessary for 'different' judgments is that
internal noise is more likely to result in spurious mismatches of features
than in spurious matches. Second, Proctor's (1981) hypothesis attri-
butes the 'fast-same' effect to inhibition arising from competing identi-
fication codes. Identical stimuli activate only one naming response,
whereas different stimuli activate two. The two activated name codes
mutually inhibit each other, resulting in slower responding.

Both versions of 'same-different'judgment theories seem to relate to
the 'early-late' selection issues discussed above. The 'fast-same' effect
according to Krueger (1978) seems to relate to the early-selection
account of limits of perceiving simultaneous targets since both views
attribute these effects to perceptual interference. Alternatively, Proctor's
(1981) account of the 'fast-same' effect relates to late-selection theory
because both views assume interference at response selection. Neither
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theory, however, can account for the 'fast-same' effect as observed in
the present study, since both models predict a reduction of the 'fast-
same' effect with increasing display size. In line with Krueger's theory,
one expects that internal noise increases with display size, leading to an
increase in the number of 'same' trials for which a recheck is necessary.
The data, however, show relatively faster (experiment 1) or similar
(experiment 2) 'same' responding with increasing display size. Yet, in
line with Krueger's account, both experiments show relatively fast and
error prone 'same' responding and slow and more accurate 'different'
responding. According to Proctor (1981), introducing more noise is
thought to increase the number of mismatching features leading to an
increased response priming of 'different' responses relatively to 'same'
responses. Therefore, this theory would also predict slowed 'same' and
speeded 'different' judgments. It should be realized, however, that at
least in experiment 1, the observed 'fast-same' effect increase with
display size can be due to trading accuracy for speed. Clearly, the
difference in responding 'same' and 'different' is important in dis-
tinguishing competing models of 'same-different' judgment theories.
However, it is not of primary concern of the present study, and does
not particularly bear on the conclusions reached above.
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Exogenous and endogenous control of attention:
The effect of visual onsets and offsets
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TWO Institute for Perception, Soesterberg, The Netherlands

Two experiments were carried out to investigate the relation between exogenous and endogenous
control of visual attention. Subjects searched for a target letter among three nontarget letters
that were positioned on an imaginary circle around a fixation point. At different cue-display in-
tervals, a centrally located arrowhead cue reliably indicated the location of the target letter. At
different SO As, a peripheral line segment near one of the letters was either abruptly switched
on (Experiment 1) or abruptly switched off (Experiment 2). Presenting the central arrowhead after
display onset prevents attention from being focused in advance on the critical location. In this
unfocused attentional state, both onset and offset transients attracted attention. When the cen-
tral arrowhead was available in advance, the focusing of attention prior to display onset precluded
attention attraction to the location of the onset or offset transient. Contrary to an offset tran-
sient, an onset transient presented at the attended location disrupted performance, indicating
that an onset within the spotlight of attention attracts attention. The results are reconciled by
means of the zoom-lens theory of attention, suggesting that outside the focus of attention, abrupt
transients are not capable of attracting attention. Since the size of the zoom lens is under voluntary
control, it can be argued that transients do not fulfill the intentionality criterion of automaticity.

It is well known that selective visual attention can be
voluntarily directed to nonfixated locations in visual space.
As a metaphor, this endogenous control of visual selec-
tivity has been described as a spotlight (see, e.g., Broad-
bent, 1982; Posner, Snyder, & Davidson, 1980) or a zoom
lens, suggesting that attention can vary from a uniform
distribution over the entire field to a highly focused con-
centration (Eriksen & Yeh, 1985). Endogenous attentional
selectivity can be inferred from performance differences
in detecting signals at expected (attended) and unexpected
(unattended) spatial locations (Posner, 1980; Posner et al.,
1980). Typically, a central cue (e.g., an arrowhead) point-
ing to the likely target location can direct attention to that
location. Relative to a neutral cue, spatially valid cues
result in benefits, measured in shorter latencies and less
errors, and spatially invalid cues result in costs, measured
in longer latencies and more errors.

Alternatively, attention can be controlled by external
factors. Yantis and Jonides (1984) demonstrated that the
visual system is selectively sensitive to an abrupt onset
of visual stimuli. Their visual search experiments showed
that an item with abrupt onset was always processed first,
resulting in fast identification of onset stimuli compared
to no-onset stimuli. These results were interpreted as evi-
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A. F. Sanders, Steven Yantis, and an anonymous reviewer for help-
ful comments and suggestions on an earlier draft of the article. Cor-
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dence that abrupt onset exerts control over the allocation
of attention such that it draws attention to its location. Be-
cause the number of simultaneous no-onset items did not
affect reaction time, it was claimed that abrupt onset has
an automatic effect as it satisfies the load or interference
criterion of automaticity (e.g., Jonides, Naveh-Benjamin,
& Palmer, 1985; LaBerge, 1981; Neumann, 1984; Yantis
& Jonides, 1990). This criterion states that "automatic
processes operate without capacity and they thus neither
suffer nor cause interference" (Neumann, 1984, p. 257).

Jonides and Yantis (1988; Yantis & Jonides, 1984) have
demonstrated that stimulus onset transients are capable
of attracting attention. Miller (1989) showed that atten-
tion is not controlled by abrupt onset per se, but that all
abrupt changes in the visual field (i.e., visual transients),
are capable of attracting attention. Miller's experiments
showed that an abrupt offset transient has indeed some
power to attract attention.

Jonides (1981) used peripheral cues with abrupt onsets
to indicate likely target positions and showed that such
cues elicit an exogenous shift of attention to the indicated
location. Jonides (1981) found that a concurrent memory-
load task affected only endogenous orienting in response
to a central cue, whereas exogenous orienting in response
to a peripheral cue was not affected. Jonides claimed that
the attention-capturing power of the peripheral cue was
unaffected by the increased demands on processing ca-
pacity, a finding that satisfies the load criterion of automa-
ticity. In his second experiment, Jonides (1981) showed
that subjects who were told to ignore either a central or
a peripheral cue were unable to ignore the peripheral cue.
This result indicated that one cannot suppress orienting
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to a peripheral cue. Because the attention-capturing
property of a peripheral cue seems not to be subject to
voluntary control, it satisfies the intentionality criterion
of automaticity (Jonides etal., 1985; LaBerge, 1981;
Yantis & Jonides, 1990). This criterion states that "au-
tomatic processes are under the control of stimulation
rather than under the control of the intentions (strategies,
expectancies, plans) of the person" (Neumann, 1984,
p. 258).

Although there seems to be convincing evidence that
abrupt onset transients satisfy the load criterion of automa-
ticity (Yantis & Jonides, 1984), it remains unclear whether
abrupt onsets are also automatic in the sense of the inten-
tionality criterion. If attention is uniformly distributed over
the entire field, it is likely that an abrupt onset captures
attention that cannot be controlled by the subject. On the
other hand, if attention is highly focused on a particular
location, abrupt onsets may cease to attract attention. The
latter result would indicate that abrupt onsets outside the
spotlight of attention cannot capture attention, suggest-
ing that abrupt onsets do not always fulfill the intention-
ality criterion of automaticity.

This question was recently addressed by Muller and
Rabbitt (1989) in a study in which subjects were instructed
to attend a location cued by a central arrowhead. At vari-
ous moments after the appearance of the arrowhead, a
peripheral box surrounding one of the four possible tar-
get locations flashed for 50 msec. Although voluntary al-
location modulated the extent to which a peripheral flash
captured attention, Muller and Rabbitt concluded that al-
locating attention to a location could not prevent a shift
of attention to the abruptly changing flash. Clearly, these
results provide evidence for the claim that abrupt onsets
are genuinely automatic in the sense of the intentionality
criterion.

Recently, however, Yantis and Jonides (1990) reported
contrasting results. In their experiments, an abrupt onset
did not overcome the voluntary allocation of attention.
When attention was allocated to a valid location, reac-
tion time to that location was not affected by the presence
of an abrupt onset somewhere else in the stimulus field.
It was concluded that abrupt onsets do not fulfill the in-
tentionality criterion of automaticity, suggesting that
abrupt onsets are only partially automatic in the sense of
Kahneman and Treisman (1984).

Although these studies yielded contrasting results, they
differed in a number of ways. Müller and Rabbitt (1989)
used a long cue-to-target stimulus onset asynchrony (SOA)
(600-1,200 msec) and a relatively low cue validity (50%).
As has been argued by Yantis and Jonides (1990), these
conditions might have precluded full attentional focusing,
permitting attentional capturing by the flashing boxes on
some trials. In addition, the results might have been con-
taminated because there was no control for stimulus off-
set of both the central and the peripheral cue. It has been
argued that offsets also have the ability to capture atten-
tion (Miller, 1989).

The procedure employed by Yantis and Jonides (1990)
also differed slightly from that of a typical cuing para-
digm. Rather than having an exogenous cue with a clear
onset, their stimulus field always contained one item with
onset among three items without onset, which were pro-
duced by way of the no-onset procedure developed by
Todd and Van Gelder (1979). In this procedure, stimuli
with camouflaging line segments are presented in advance
of the target display. At the moment of presentation of
the stimulus field, the camouflaging line segments are re-
moved so that the stimulus field appears without any local-
ized abrupt onset. In Yantis and Jonides's (1990) studies,
simultaneous with the disappearing line segments, one
item was presented at an empty location leading to an
abrupt onset at one of the stimulus field locations. Despite
the elegance of this procedure, it does not permit the anal-
ysis of the time course of exogenous activation, because
the abrupt onset is linked to the presentation of the whole
stimulus field.

It is also worth noting that the experiments of Yantis
and Jonides (1990) contain a confound induced by the no-
offset paradigm. In their procedure, subjects intention-
ally focused attention on the potential target location.
When the stimulus field was presented, one item appeared
with abrupt onset, while the remaining items were pre-
sented by removing the camouflaging line segments. Since
these events happened simultaneously, it is possible that
subjects were capable of maintaining voluntary allocation
of attention to the likely target position because of stimu-
lus offset at the attended location. Since offsets also have
the power of attracting attention (Miller, 1989), it might
well be that the stimulus onset in Yantis and Jonides's
(1990) study did not capture attention, because this was
prevented by competing offsets at the attended location.
Obviously, this interpretation would severely limit Yantis
and Jonides's conclusions.

The two experiments to be reported here were designed
to test the intentionality criterion of visual transients. This
was done by analyzing the time course of facilitation or
inhibition of a central cue pointing to the target position
relative to a peripheral transient that was randomly as-
sociated with the target location. If a peripheral transient
captures attention even when subjects focus their atten-
tion on some particular location, then the transient satis-
fies the intentionality criterion, which states that capture
cannot be prevented. According to Kahneman and Treis-
man's (1984) levels of automaticity, abrupt transients
would fulfill the criteria of strongly automatic perceptual
processing, suggesting that processing is neither facili-
tated by focusing attention on a stimulus, nor impaired
by diverting attention from it (p. 42). Alternatively, if
focusing a location in the visual field precludes abrupt
transients from disrupting performance, then they can-
not be considered as strongly automatic. Such a result
would suggest that events outside the spotlight of atten-
tion are not capable of breaking through and therefore do
not disrupt processing at the attended location. In Experi-
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ment l, the effect of abrupt onset transients was examined;
Experiment 2 was undertaken to replicate Experiment 1
with abrupt offset transients.

EXPERIMENT 1

Experiment 1 was carried out to investigate whether
stimulus onset disrupts processing when attention is fully
focused on a particular location. In view of the discussed
difficulties with earlier studies, there was an exact con-
trol of stimulus onset and offset of both the central cue
and the peripheral bar marker. In addition to the relatively
brief central cue-to-display SOA of 200 msec used by
Yantis and Jonides (1990), the present study included a
long SOA of 600 msec, since it has been claimed that op-
timal attentional focusing is obtained with relatively long
SOAs (Muller & Findley, 1988; Muller & Rabbitt, 1989).

On each trial, subjects searched for a target letter among
three nontarget letters, which were positioned on an imag-
inary circle around the fixation point. All letters were
presented by means of the no-onset procedure developed
by Todd and Van Gelder (1979). With variable central
cue-to-display SOAs (-600, -300, or 200 msec), a cen-
tral arrowhead with gradual onset reliably indicated the
location of a critical letter.1 Because the central cue was
always valid, attentional focusing toward the cued loca-
tion is supposed to be optimal (Yantis & Jonides, 1990,
Experiment 3). At variable peripheral marker-to-display
SOAs (-160, -80, 0, 80 msec, or none) a line segment
near one of the letters was abruptly switched on (cf. Erik-
sen & Hoffman, 1973). The location of the peripheral on-
set was randomly associated with the location of the crit-
ical letter. In this way, the only nonsymmetric abrupt
change in the visual display was the peripheral onset.

The strong automaticity hypothesis claims that, regard-
less of the subject's state, an abrupt onset at a noncued
location should capture attention and slow the reaction to
the critical letter. Alternatively, if voluntary allocation
of attention can overrule the attention attraction of the
peripheral onset transient, this transient should not affect
performance.

Method
Task and Stimuli. The trial events are shown in Figure 1. The

stimulus display and task were similar to those of Yantis and Jonides
(1990). In a trial, five frames were presented in successive order.
The first frame contained a fixation dot (.2°) at the center of the
visual field for 500 msec, which served as a warning for the be-
ginning of the trial. Along with the fixation dot, the second frame
contained four figure-eight premasks, which were presented 4.2°
from the center fixation dot at the ends of an imaginary plus sign.
The premaslcs (.9° X .6°) were always presented 1,000 msec be-
fore display onset. The third frame displayed a triangular arrow-
head of 1.4° in length and .8° in width at the center of fixation.
This arrowhead served as a central cue that reliably indicated (cue
validity, 100%) the position of the critical letter. In order to minimize
possible attention-capturing effects of abrupt onset, the arrowhead
was gradually presented. The luminance of the arrowhead increased
stepwise for 100 msec, with increments situated 20 msec apart. The
beginning of the gradual arrowhead onset started at one of the three
possible SOAs: -600, -300, or 200 msec. Along with premasks

and the central cue, the fourth frame contained the peripheral on-
set, which was a line segment (.3° x .6°) presented on the outside
of the imaginary plus sign. The separation of the nearest contours
of peripheral onset cue and stimuli was .5° (cf. Eriksen & Hoff-
man, 1973). Apart from the control condition in which there was
no peripheral onset, there were four possible peripheral marker-
to-display SOAs: -160, -80, 0, or 80 msec. The fifth frame dis-
played the stimulus field in which, along with the cue and the periph-
eral marker, the leners were presented. These leners were E, H,
P, S, and U, which were obtained by removing two line segments
of each of the seven-segment figure-eight premasks. At a viewing

-* 5-

Figure 1. Example of trial events. The central arrow points with
100% validity to the location of the target (in this case, toe letter E).
The line segment with abrupt onset is positioned randomly with
various SOAs near one of the four letters.
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distance of 90 cm, the letters subtended .9° in height and .6° in
width, and they were 4.5° apart, center to center. The target letters
to be discriminated were E or H, corresponding, respectively, to a
left and a right response key. These keys were pressed by the thumb
of the left or the right hand, respectively. Each display contained
one target letter (E or H) among three nontarget letters (P, S, U).
After responding, the display was extinguished for 500 msec.

Apparatus. An S-R interface with external clocks (accuracy,
1 msec) connected to an IBM AT-3 with video-digitizer (Matrox)
controlled the timing of the events, generated video pictures, and
recorded reaction times. The response panel, 45° tilted, consisted
of a left and a right response key (1x1 cm), which were mounted
5.5 cm apart. When an error was made, a warning tone was gener-
ated by an audio generator. The stimuli appeared on a 35 x 23 cm
TV monitor (Barco, CDCT 2/51) and had a luminance of 10.0 cairn1

on a black screen of 0.5 cd/m2.
The subjects were tested in a sound-attenuated, dimly lit

2 X 2 X 2 m cubicle (Amplisilent) with their heads resting on a chin-
rest adjusted to a comfortable height. The TV monitor was located
at eye level, 90 cm from the chinrest. An intercom was used for
communication with the subject. An infrared light and camera
directed at the subject's eyes provided on-line information about
eye movements.

Subjects. Twenty-four subjects ranging in age from 18 to 26 years
participated in the experiment. Eight subjects were randomly as-
signed to each of the three SOA central cue conditions. All had
normal or corrected-to-normal vision, were right-handed, and were
paid for their participation.

Experimental Design and Procedure. The central cue-to-display
SOA condition (-600, -300,200 msec) was varied between sub-
jects. The peripheral onset-to-display SOA condition (-160, -80,
0, 80 msec), including the control condition without peripheral on-
set, was varied within subjects and blocks. Within each block, the
target was an E on half of the trials and an H on the other half.
The target letter appeared at each location equally often, implying
that each location was indicated by the central cue equally often.
On 25% of the trials, the peripheral onset appeared near the target
location (trial type: target location); on 75% of the trials, the
peripheral onset appeared near one of the nontarget locations (trial
type: nontarget location).

Each subject participated in nine experimental sessions. An ex-
perimental session lasted approximately ft min and consisted of
160 trials, with a short break after 80 trials. In order to avoid warm-
up effects, each block started with 3 dummy trials. To rule out after-
effects of errors, a wrong response was followed by a randomly
chosen dummy trial, which was not recorded.

Before the start of the experiment, the subjects were instructed
to search for an E or an H and press the appropriate response keys
with their thumbs, which were resting on the response keys. It was
emphasized to the subjects that they should fixate the central dot
and not move their eyes at any time during the experiment.2 To
ensure that subjects followed the instructions, eye movements were
monitored on-line by means of an infrared camera during practice
sessions. The subjects were asked to use the central cue to direct
attention to the indicated location. It was stressed that a steady fix-
ation and the use of the central cue would reduce their reaction times
and make the task easier. The subjects were instructed to respond
as fast as possible while keeping their errors to a minimum. Each
subject had one practice session of 160 trials.

Results
Mean response times were calculated for each subject

for each of the factor combinations (trial type, SOA periph-
eral onset, SOA central cue). Mean correct RTs are shown
in Figure 2. Separate analyses of variance (ANOVAs)
were performed on the three central cue SOA conditions.

For the central cue SOA of 200 msec, reliable effects
were found for both peripheral onset SOA [F(3,2I) =
14.9, p < .01] and trial type [F(l,7) = 10.3, p < .05].
In addition, the interaction between these variables was
reliable [F(3,21) = 7.2, p < .01]. Since the central cue
starts to appear 200 msec after display onset, attention
cannot be focused in advance on the critical location. As
is evident in Figure 2, under these circumstances the
peripheral onset captures attention since there is a reli-
able lower mean reaction time for the trials in which there
is a peripheral onset near the target location relative to
the trials in which there is an onset near a location con-
taining a nontarget. Comparison of the means of the differ-
ent peripheral onset SOA conditions for each trial type
with the control showed reliable differences between the
conditions with an onset near the nontarget with the con-
trol [Dunnett's t tests, r(28) > 4.43, p < .01—except
for the SOA of -80 msec, f(28) = 1.92]. In addition,
the conditions in which the onset appeared 160 or 80 msec
before display onset near the target location differed sig-
nificantly from the control condition [f(28) > 2.56,
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p < .05]. These results suggest that, relative to the con-
trol condition, the peripheral onset produced fast respond-
ing when the onset appeared near the target location and
slow responding when the onset appeared near a nontarget
location. This finding is important, since it shows that even
when there is no benefit to intentionally attend to the
peripheral onset, the onset attracts attention.

For the condition with the central cue SOA of
—600 msec, there were significant effects for both periph-
eral onset SOA [F(3,2l) = 16.8, p < .01] and trial type
[F(l,7) = 66.9, p < .01]. In addition, there was an inter-
action between these variables 1/1(3,21) = 16.5, p < .01].
A similar pattern of results was found for the peripheral
onset SOA of -300 msec. Again, peripheral onset and
trial type were significant [f(3,21) = 16.5, p < .01, and
F(l,7) = 39.7, p < .01, respectively]. The interaction
between these variables was also reliable [F(3,2\) = 9.7,
p < .01]. As is clear from Figure 2, relative to the SOA
200-msec condition, the effects are reversed, revealing
that a peripheral onset only interferes when occurring at
the attended location. Subsequent Newman-Keuls tests
(all ps < .05) showed that for the central SOA of
-600 msec, all levels of peripheral onset SOAs at non-
target location and the peripheral SOA of -160 msec at
target location differed significantly from the other
peripheral onset SOAs at target location. The same pattern
of results was found for the central SOA of -300 msec,
except that there was no reliable difference anymore be-
tween SOA -80-msec conditions. These results suggest
that the distracting effects of a peripheral onset are reduced
when it clearly occurs before display onset.

The lack of any difference between the control condi-
tion and conditions in which the onset occurs at the non-
attended location [Dunnett's t tests, r(28) < 2.08, except
for the SOA central cue of -300 msec with peripheral
onset of 80 msec, r(28) = 2.63], suggests that a periph-
eral onset at a nonattended location does not affect per-
formance when attention is focused prior to display on-
set. The overall error rates were 2.5%, 2.0%, and 2.1%
for central cue SOAs of -600, -300, and 200 msec,
respectively.

Since it was recently suggested (Warner, Juola, &
Koshino, 1990) that extensive practice can reduce the au-
tomatic attention capture by abrupt onsets, an additional
analysis was conducted in which the nine sessions of 160
trials each were divided into three separate blocks of 480
trials each. For each central SOA condition, separate
ANOVAs were run with factors of peripheral onset SOA,
trial type, and trial block. As expected, practice produced
a main effect of trial block in each analysis. However,
this factor was not involved in any interaction, suggest-
ing that practice did not change the attention-attraction
properties of the abrupt onset.

Discussion
The results clearly failed to show an effect of abrupt

onset at nonattended locations, which confirms the results
of Yantis and Jonides (1990). As is evident from Figure 2,
attentional focusing prior to display onset (central cue

SOAs of -600 and -300 msec) eliminated attentional
capturing of the peripheral onset at nontarget locations.
However, attentional capturing was apparent when prior
focusing was not possible (central cue SOA of 200 msec).
Figure 2 (right panel) shows that for the central cue SOA
200-msec condition, attention was captured by the abrupt
onset. When the onset appeared near the target location,
responses were faster than in the control condition; when
the onset appeared near a nontarget location, responses
were slower than in the control condition. The finding
of costs and benefits relative to the control condition sug-
gests that search consistently started at the location of the
abrupt onset. When this location contained the target,
responses were fast; when this location contained a non-
target, responses were relatively slow.

On the other hand, when attention was focused prior
to display onset, a peripheral onset at a nontarget loca-
tion did not affect performance at all: RTs for these con-
ditions were identical to the RT of the control condition.
Since focusing precludes attention capturing, abrupt on-
sets do not satisfy the intentionality criterion of automa-
ticity. Contrary to the claim of the strong automaticity
hypothesis (e.g., Müller & Rabbitt, 1989), the present
study shows that the extent to which abrupt onsets cap-
ture attention is under the control of the subject's inten-
tions rather than under the control of stimulation, a con-
clusion similar to that of Yantis and Jonides (1990). In
addition, presenting an abrupt onset near a nontarget lo-
cation during endogenous focusing (peripheral onset SOAs
of -160 and -80 msec) does not disrupt processing. The
presentation of an abrupt onset near a nontarget location
during processing of the target (peripheral onset SOA of
80 msec) does not affect performance either. Hence, the
previously raised limiting factor of the procedure of Yantis
and Jonides (1990) concerning simultaneous onset and off-
set proved not to be tenable.

The present experiment extends previous findings in that
abrupt onsets do interfere when occurring within the at-
tended area. As is clear from Figure 2 (left and middle
panel), large interference effects are found when an abrupt
onset is presented in close temporal proximity to display
onset. The large effect at the peripheral onset SOA of
0 msec suggests that the offsets of the camouflaging line
segments at the attended location cannot prevent attention
being distracted by the peripheral onset. When the abrupt
onset occurs 160 msec before display onset, the interfer-
ence effect caused by the abrupt onset is eliminated.

Together, these results suggest that the extent to which
abrupt onsets interfere depends on the size of the spot-
light. Within the spotlight of attention, abrupt onsets do
interfere. The central cue enables subjects to change the
size of the spotlight from unfocused covering of the en-
tire field to a state in which attention is focused on a
specific location.

EXPERIMENT 2

Experiment 1 showed that within the spotlight of atten-
tion, a peripheral abrupt onset attracts attention despite
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the presence of competing offsets of the camouflaging line
segments. Even an offset at the attended location could
not prevent attention from being captured by the nearby
peripheral onset. This result is consistent with Jonides and
Yantis's conclusions (1988) that onset transients are unique
in their ability to attract attention. Recently, however,
Miller (1989) has suggested that any abrupt change in the
visual field is capable of attracting attention, a conclu-
sion that has been supported by Theeuwes (1990). In ad-
dition, psychophysical studies have shown that subjects
are sensitive to abrupt onset as well as offset (e.g., Breit-
meyer & Ganz, 1976). Miller (1989) has shown that the
effect of abrupt onset in attracting attention attenuates
when nontargets contain more offsetting line segments.
Miller concluded that attention was controlled by the to-
tal display change rather than exclusively by abrupt onsets.

It should be noted that Miller's (1989) conclusion that
offsets have some power to attract attention is based on
the demonstration that onset capability to attract attention
is reduced when the background contains sufficient offset
transient distractors. Hence, there is no direct evidence
that offset transients are capable of attracting attention to
a location in the visual field.

Experiment 2 was designed to investigate this issue.
Together with the premasks, four peripheral line segments
were presented at all four locations. At variable SO As,
one of the line segments was abruptly switched off, caus-
ing a nonsymrnetrical offset in the visual field. As in Ex-
periment 1, three different central cue SOA conditions
were used in order to explore the effect of visual offsets
in various endogenous cue conditions.

Method
Task, Stimuli, and Apparatus. The task, the stimuli, and the

equipment were the same as in the previous experiment.
Subjects. Twenty-four new subjects ranging in age from 17 to

27 years participated in the experiment. Random groups of 8 sub-
jects were assigned to each of the central SOA conditions. All had
normal or corrected-to-normal vision, were right-handed, and were
paid for participation.

Experimental Design and Procedure. The procedure and de-
sign were identical to those of the previous experiment. Because
practice did not alter any of the effects, the subjects performed six
instead of nine experimental sessions.

Results and Discussion
Figure 3 shows the mean RTs for correct responses as

a function of peripheral offset SOA. The ANOVA for the
central SOA 200-msec condition showed reliable effects
for peripheral SOA [F(3,21) = 4.8, p < .01] and trial
type [F(l,7) = 62.0, p < .01]. The interaction between
these variables was also significant [F(3,21) = 12.1,
p < .01]. Again, conditions in which the offset occurs
at target location clearly before display onset (peripheral
SO As of -160 and -80 msec) differed significantly from
the control condition [Dunnett's t tests, r(28) > 4.98,
p < .01]. When the offset occurred at a nontarget loca-
tion, the SOA - 160-msec condition differed reliably from
the control [r(28) = 3.35, p < .01]. Together, these
results show that an offset is capable of attracting atten-
tion to a location in the visual field.

For the central cue SOAs of -600 and -300 msec,
none of the factors manipulated was significant, suggest-
ing that neither an offset at the nonattended location nor
an offset at the attended location produces interference.
Although the SOA 200-msec condition demonstrated the
capability of offsets in attracting attention, these results
suggest that prior focusing of attention on a location
eliminates attention attraction of all peripheral offsets. The
error rates were 2.0%, 2.4%, and 1.8%, for central cue
SOAs of -600, -300, and 200 msec, respectively.

An analysis across the two experiments revealed that
in conditions in which attention could not be focused in
advance (central cue SOA of 200 msec), visual offsets
were as effective as visual onsets in attracting attention
since there was no significant effect of the factor onset
versus offset; nor did this factor interact with any of the
other variables. A comparison of the conditions in which
attention was focused prior to display onset (central SOA
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conditions of -600 and -300 msec), shows a significant
interaction between onset versus offset and trial type [cen-
tral cue SOA of-600 msec, f(l,14) = 75.5,p < .01;
central cue SOA of -300 msec, F(l, 14) = 41.6,p < .01],
suggesting that the effects of an onset near the attended
location are quite different from the effects of an offset.

GENERAL DISCUSSION

Both experiments show that when attention is unfocused,
it is drawn to a region in the visual field containing a visual
onset or offset. The delays due to visual onset and offset
are quite comparable, suggesting that visual offsets are
as effective as visual onsets in attracting attention to a lo-
cation in space.

When attention is focused prior to display onset, visual
on- or offset transients presented at nonattended locations
do not interfere. This result indicates that by voluntary
focusing, the attention-attraction effect of peripheral on-
sets and offsets can be eliminated. Since attention capture
by peripheral onsets or offsets is subject to voluntary con-
trol, these transients do not satisfy the intentionality cri-
terion for automaticity. The present findings confirm and
extend the conclusions of Yantis and Jonides (1990).

The finding that only onsets—and not offsets—produce
interference near the attended location seems puzzling,
especially because the on- and offset transients behave
similarly when attention operates in an unfocused mode
of processing. There are at least two possible solutions
to this apparent puzzle. One is that the bar marker
presented near the target letter produces lateral masking
in the sense of adverse interactions between line segments
(see, e.g., Bouma, 1978). This account seems particu-
larly viable because adverse interactions are thought to
occur at the retinal eccentricities presently used. Yet the
data suggest that this type of masking does not occur;
when the bar marker is presented well before display on-
set (SOA, -160 msec), it does not produce any interfer-
ence whatsoever. Obviously, a feature-interaction expla-
nation of lateral masking cannot account for effects that
depend on the temporal proximity between target and bar
marker. A second possible account is a lateral interfer-
ence explanation in terms of perceptual grouping and/or
distribution of attention (see, e.g., Wolford & Chambers,
1983). According to this view, the distribution of atten-
tion depends on factors such as grouping, number of items
within a group, and spatial location. The present results
suggest that the distribution of attention is also dependent
on the temporal proximity between the target and the
masking stimulus. In Experiment 1, when the bar marker
was presented in close temporal proximity to display on-
set (SOAs of 0 and 80 msec), the target and bar marker
were more likely to be perceived as a single perceptual
object, implying that some attention was drawn away from
the target and/or had to be shared by a larger perceptual
object. Presenting the bar marker well before display onset
might enable refocusing of attention to the target. Obvi-
ously, in the case of a visual offset, the sharing of atten-

tion does not occur, and all processing resources can be
directed to the target.

There exists a large difference in absolute RTs between
the conditions in which attentional focusing was possible
(central cue SOAs of -600 and -300 msec) relative to
the condition in which this was not possible (central cue
SOA of 200 msec). This finding is consistent with the
zoom-lens theory, since concentrating attention on a small
field of view is thought to increase the processing power
at that location and lead to relatively fast RTs. Yet Yantis
and Jonides's (1990) results were different in this respect.
Their Experiment 2 showed that when the central cue was
not available before display onset, responses to an item
having abrupt onset were as fast as responses to a target
located at the position focused before display onset. This
finding suggests that attention capturing by a peripheral
onset is as effective as prior attentional focusing, a result
that is at odds with the present study. The reason for this
discrepancy might be that onset in Yantis and Jonides's
study (1990) was a moderately reliable cue (50%) for the
target, since on half of the trials the target had abrupt on-
set while three nontargets were of the no-onset type. At-
tending the onset item was an efficient strategy, since it
was the target on half of the trials. This manipulation limits
Yantis and Jonides's findings, because it is hard to justify
the claim that attention was automatically and uninten-
tionally captured by the onset stimulus.

In the present study, there was no benefit in attending
to the abrupt transient since the peripheral onset was ran-
domly associated with the location of the target. Previ-
ous studies have demonstrated that, given such a statisti-
cal structure, subjects tend to match their performance
with the precise statistical structure of the task; they tend
to equalize performance across all locations. Thus, Jonides
and Yantis (1988) found that subjects equalized perfor-
mance across all items when an item with a unique color
or intensity had no higher probability of being the target
than did any other item. In line with a standard serial
search model, all the items in the display were treated
identically. Yet, employing the same statistical task struc-
ture, Jonides and Yantis (1988) demonstrated that an item
with abrupt onset was always processed first, regardless
of its identity or position. In other words, if incompatible
with the statistical structure of the task, search invariably
starts at a specific item, and then, it has been argued, at-
tention is captured by the specific item. In the conditions
with SOAs of 200 msec in Experiments 1 and 2, exactly
this was demonstrated; search always started at an item
near the onset and offset stimulus even when this item
had no higher chance of being the target than any other
item in the display. Although the stimulus event was an
irrelevant display change, attention was always shifted
first to the location containing the visual change. There-
fore, in line with previous studies (e.g., Jonides & Yantis,
1988; Yantis & Jonides, 1990), it can be concluded that
when attention is broadly distributed, both abrupt onsets
and offsets do attract attention even when there is no
benefit to do so.
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Yet these findings do not suggest that attention is cap-
tured by the peripheral event against the subject's inten-
tions. When attending to the peripheral event is harmful
for the task, the attention-capturing power of a peripheral
event might be reduced. The present study, together with
that of Yantis and Jonides (1990), suggests that such a
reduction might be obtained by advance focusing of at-
tention on a location in the visual field. Some recent
studies have demonstrated that subjects are able to sup-
press the attention attraction exerted by visual onsets.
Warner et al. (1990) showed that, after extended practice,
subjects were able to circumvent attentional capture by
a peripheral onset. In addition, Lambert, Spencer, and
Mohindra (1987) instructed subjects to avoid attending
to a peripheral onset. Their results showed that this in-
struction reduced the attention-capturing power of the
peripheral onset significantly. They concluded that orient-
ing attention to a peripheral event is automatic in the sense
that orienting wUl be executed unless there are explicit
instructions to the contrary.

In conclusion, then, in an unfocused state, attention
covers the entire visual field, which suggests that abrupt
onsets and offsets do attract attention similarly. When an
endogenous cue enables one to "zoom in" on a particu-
lar area, abrupt transients clearly outside the circum-
scribed area cease to attract attention. In line with the
zoom-lens theory of attention, such a result is expected,
since focusing results in tunnel vision of the "internal eye-
ball" (Eriksen & Yeh, 1985). In a focused mode of at-
tention, abrupt onsets near the attended location tend to
draw attention away from the target, whereas no such in-
terference is found with abrupt offsets.
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NOTES

1. Although it is realized that an exact time estimation of detection
and identification of gradual onset stimuli is difficult (Yantis & Jonides,
1990), this procedure was chosen to prevent the central cue from dis-
rupting processing. For the analysis of the time course of activation of
the exogenous onset, the exact timing of identification of the central
cue is not critical, especially because the central cue reaches its full in-
tensity well before or well after the presentation of the exogenous onset.

2. It is recognized that the cue-display intervals used do not preclude
the possibility of eye movements toward the cued location. However,
in similar studies (e.g., Müller & Rabbin, 1989), it has been shown
that subjects seldom make eye movements and that they maintain fixa-
tion reliably when this is required. A similar argument has been made
by Yantis and Jonides (1990).

(Manuscript received February 1, 1990;
revision accepted for publication July 18, 1990.)
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Cross-dimensional perceptual selectivity
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Three visual search experiments tested whether top-down selectivity toward particular stimu-
lus dimensions is possible during preattentive parallel search. Subjects viewed multielement dis-
plays in which two salient items, each unique in a different dimension—that is, color and inten-
sity (Experiment 1) or color and form (Experiments 2 and 3)—were simultaneously present. One
of the dimensions defined the target; the other dimension served as distractor. The results indi-
cate that when search is performed in parallel, top-down selectivity is not possible. These find-
ings suggest that preattentive parallel search is strongly automatic, because it satisfies both the
load-insensitivity and the unintentionality criteria of automaticity.

There is a consensus that visual perception is charac-
terized by two functionally independent and sequential
stages. At the first stage, processing is preattentive: in-
dependent of resource allocation, all separable features
are coded independently and spatially in parallel. The sec-
ond stage of attentive (focal) processing requires alloca-
tion of attentional resources, which consequently cannot
pass more than a limited amount of information without
loss of performance (e.g., Broadbent, 1958, 1982;
Neisser, 1967; Treisman & Gelade, 1980).

Preattentive processing is commonly characterized by
three basic properties: (1) it is unlimited in capacity, (2) it
is spatially parallel, operating simultaneously at various
locations across the visual field, and (3) it is independent
of top-down control (Folk & Egeth, 1989; Posner &
Snyder, 1975).

Evidence for the first two properties comes from visual
search tasks in which a target is detected equally fast, ir-
respective of the number of elements in the display.
Although there exists considerable disagreement over the
preattentive availability of semantic identity of objects
(e.g., Broadbent, 1982; Kahneman & Treisman, 1984),
it is commonly assumed that a set of primitive features
or properties of objects, such as color, shape, size, bright-
ness, and orientation, are preattentively coded in parallel.
Visual search for such properties is independent of dis-
play size, suggesting unlimited and spatially parallel
processing (Treisman & Gelade, 1980). Insensitivity to
perceptual load also suggests that preattentive processes
operate automatically since they satisfy die load-
insensitivity criterion of automaticity. This criterion states
that automatic processes are not affected when concur-

This study was supported in part by the Institute for Road Safety
Research, SWOV. I thank L. C. Boer, O. Neumann, J. B. J. Rie-
mersma, and A. F. Sanders for helpful comments on an earlier draft
of the article. I would also like to thank Lester Krueger and three anony-
mous reviewers for their excellent comments and suggestions. Correspon-
dence TOnceming this article should be addressed to Jan Theeuwes, TNO
Institute for Perception, P.O. Box 23, 3769 ZG Soesterberg, The
Netherlands.

rent information load is increased (e.g., Jonides, Naveh-
Benjamin, & Palmer, 1985; Neumann, 1984). The third
property of preattentive processing refers to the uninten-
tionality criterion of automaticity, which states that "au-
tomatic processes are under the control of stimulation
rather than under the intentions (strategies, expectancies,
plans) of the person" (Neumann, 1984, p. 258).

Recent studies suggest that this is not generally the case.
Subjects can ignore salient primitive features, such as
color, brightness, and form, when these features are ir-
relevant to their task. On the other hand, subjects appear
to detect these features preattentively when these features
are made relevant to the search task (Jonides & Yantis,
1988; Theeuwes, 1990). Therefore, preattentive process-
ing may not occur unintentionally: if relevant to the task,
preattentive processing occurs; if irrelevant to the task,
preattentive processing does not occur and search pro-
ceeds serially.

It should be noted that in these studies the salient fea-
ture was either task-relevant or task-irrelevant in an all-
or-none way: for one group of subjects, the unique fea-
ture was always irrelevant, whereas, for the other group,
the feature was always relevant to the task. This condi-
tion provides the opportunity to either shut down or ena-
ble preattentive parallel search.

The question remains whether, given the occurrence of
parallel preattentive processing, attention can still be stra-
tegically controlled. Given the observation that search oc-
curs in parallel, are subjects still capable of merely at-
tending to a task-relevant feature? In terms of properties
that are thought to define automatic processing, the present
experiments test whether visual search can proceed in
parallel (i.e., satisfy the load-insensitivity criterion) and
yet, at the same time, be selective toward the task-relevant
dimension (i.e., not satisfy the unintentionality criterion
of automaticity).

The present three experiments investigated selectivity
between different stimulus dimensions (i.e., intensity,
color, and form). Subjects viewed multielement displays
(5, 7, or 9), in which two salient items, each unique in
a different dimension, were simultaneously present. For
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different groups of subjects, one of the dimensions was
task-relevant and the other dimension served as a distrac-
tor. The task was designed such that subjects needed to
attend to the location that was cued by the task-relevant
dimension. Performance when searching for a target item
unique on a task-relevant dimension in the presence of
an item unique on the irrelevant dimension was compared
with search performance obtained in conditions in which
only a single task-relevant item was present. The latter
conditions are assumed to provide search functions that
reflect parallel search defined as the absence of an effect
of display size.

The issue investigated is whether search can be in
parallel and yet be selective with respect to dimensions
like color, intensity, and form. Such selectivity would pro-
vide evidence for theories, assuming that any stimulus
property available at the preattentive level of processing
can serve as a basis for selection (e.g., Duncan, 1980,
1981). Thus, just as advance knowledge of the position
of a target provides a cue for attentional selection, ad-
vance knowledge of any other stimulus attribute (i.e., in-
tensity, color, or form) may guide access to the limited-
capacity system. Since these theories assume that top-
down control can be selectively tuned to any stimulus at-
tribute, they predict that search for an item unique on a
relevant dimension is not hindered by the presence of a
feature unique on an irrelevant dimension. Given parallel
search defined as the absence of an effect of display size,
these theories predict the absence of an effect of a task-
irrelevant distractor.

Alternatively, theories claiming that top-down selection
is, first of all, based on the direction of attention to a lo-
cation in visual space (e.g., Eriksen & Yeh, 198S; Nis-
sen, 1985; Theeuwes, 1989) would predict that selectivity
within an attended area is no longer possible. These the-
ories suggest that the extent to which interfering infor-
mation can be blocked out depends on the extent to which
spatial filtering is possible. Recent studies (Theeuwes,
1991; Yantis & Jonides, 1990) suggest a role for spatial
filtering, demonstrating that visual onsets and offsets cease
to attract attention when subjects have the opportunity to
focus their attention prior to display onset. In the present
study, it is assumed that the task-relevant item can only
be located by parallel processing when attention is dis-
tributed across the whole visual field. Because selectivity
within spread-out beam of attention is not possible, these
theories assume that a fulfillment of the load-insensitivity
criterion (i.e., locating the task-relevant dimension by
parallel search) also will result in fulfillment of the unin-
tentionality criterion. In the present setup, this hypothe-
sis predicts that any feature, relevant or irrelevant, that
stands out from the background (i.e., color, intensity, or
form) will attract attention and thus disrupt the process-
ing of a task-relevant feature. Thus, according to loca-
tion theories, if search is parallel, it is also unintentional.
It should be noted, however, that intentional search might
occur when parallel processing is shut down, resulting
in serial search across the display (Theeuwes, 1990). Yet,

if search is parallel, an effect of distractor type is expected,
indicating that search for the task-relevant dimension is
hindered by the presence of an item unique on a task-
irrelevant dimension.

EXPERIMENT 1

Experiment 1 investigated selectivity between the stimu-
lus dimensions intensity and color. The subjects viewed
multielement displays in which the target line segment that
determined the correct response was located in one of the
display elements. For one group of subjects, the target
line segment was consistently located in a display element
that had an intensity that was either lower or higher than
the intensity of the other elements. For the other group
of subjects, the line segment was consistently located in
the display element with the unique color.

Method
Subjects. Sixteen right-handed subjects, ranging in age from 18

to 24 yean, participated as paid volunteers. Eight subjects were
randomly assigned to the intensity condition, and 8 to the color con-
dition. All had normal or corrected-to-normal vision and reported
having no color vision defects.

Apparatus. An S-R interface with external clocks (accuracy of
1 msec) connected to an IBM AT-3 with video-digitizer (Matrox
Inc.) controlled the timing of the events, generated video pictures,
and recorded reaction times (RTs). The response panel, which was
lilted 45°, consisted of left and right response keys (1x1 cm), that
were mounted 5.5 cm apart.

The stimuli appeared on a 35x23 cm TV monitor (Conrac
Model 7250 C19). The fixation point and target line segment were
presented in white (18.5 cd/m2) on a black background (.01 cd/m').
The display elements consisted of outline circles that were either
red or green (CIE jcy-chromaticity coordinates of, respectively,
.616/.357 for red and .282/.561 for green) and were matched for
luminance. Their brightness was high (7.5 cd/m') or low
(1.0 cd/m1).

Each subject was tested in a sound-attenuated, dimly lit 2 x 2 x 2 m
cubicle (Amplisilent), with his or her head resting on a chinrest
adjusted to a comfortable height. The TV monitor was located at
eye level, 118 cm from the chinrest. An intercom was used for com-
munication with the subject.

Stimuli. The stimulus field consisted of five, seven, or nine ele-
ments, equally spaced around the fixation point on an imaginary
circle whose radius was 3.4°. The display elements were red or
green and bright or dim outline circles with a diameter of 1.4°,
in which a 0.5° line segment was placed. All display elements con-
tained line segments that were tilted 22.5° to either side of the
horizontal or vertical plane. These orientations were randomly dis-
tributed in a display. In only one display element was the line seg-
ment oriented either horizontally or vertically; the orientation de-
termined the appropriate response key (left for vertical and right
for horizontal). Since the subjects responded to the horizontal or
vertical orientation of a target line segment located among slightly
tilted nontarget line segments, the task was assumed to require fo-
cal attention (e.g., Treisman & Gormican, 1988), but not high spatial
acuity.

Procedure. The sequence of events was as follows. Initially, a
white fixation dot (0.3°) was presented at the center of the visual
field. Six hundred milliseconds prior to display onset, the fixation
dot increased in size to 2° in order to warn the subject. The stimu-
lus field remained present for a maximum of 4 sec until a response
was emitted.
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For different groups of subjects, the target line segment was con-
sistently positioned either hi the display element with a unique color
or in the display element with a unique intensity. To prevent the
development of an automatic consistently mapped (CM) detection
response (see Shiffrin & Schneider, 1977) within a block of trials,
target and nontarget display elements continuously switched roles.
In the intensity condition, on half of the trials, the target line was
located in the sole low-intensity display element while all other ele-
ments were of a high intensity, and vice versa on the other trials.
In the color condition, on half of the trials, the target line was lo-
cated in the sole red display element while all other elements were
green, and vice versa on the other trials. Hence, the subjects could
locate the target line segment by searching for the discrepant dis-
play element within a certain dimension, rather than by searching
for an item with a specific value on that dimension. In a control
condition, all elements had the same intensity and the same color,

intensity
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and the target line segment presumably could only be located by
scanning the individual elements by focal attention.

Three distractor conditions were used: (1) a neutral condition in
which no distractor was present, (2) a different-dimension condi-
tion m which a distractor unique in the other dimension was present,
and (3) an identical-dimension condition in which a distractor was
present that was identical to the target. Figure 1 shows the various
display configurations.

The intensity conditions are shown on the left side of Figure 1.
Panel Al illustrates the no-distractor intensity condition in which
the target line segment was always located in the display element
having either a higher or lower intensity, relative to the other ele-
ments. Color was kept constant for a given trial—that is, all dis-
play elements had the same color (either red or green). Between
trials the color changed randomly. Panel A2 shows the different-
dimension intensity condition, which was exactly the same as the
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Figure 1. Examples of Display Sin 7. From top to bottom each panel
represents the distractor conditions no distractor, different dimension, and
identical dimension, respectively. Intensity conditions arc shown on the left;
color conditions are shown on the right.
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condition presented in Panel AI, except that the color of one of
the nontarget display elements was différent from the color of the
other elements. Panel A3 gives the identical-intensity condition,
which was exactly the same as the condition presented in Panel A1,
except that one of the nontarget display elements had the same in-
tensity as the display element containing the target line segment.
The right side of Figure 1 presents the color condition. Panel Bl
gives the no-distractor color condition in which the target line seg-
ment was always located in the circle with a unique color. On each
trial, all display elements had either a high or a low intensity. Be-
tween trials, the intensity changed randomly. Panel B2 gives the
different-dimension color condition, which was the same as the con-
dition presented in Panel Bl, except that the intensity of one of the
nontarget display elements was higher or lower than the intensity
of the other elements. Panel 63 gives the identical-dimension color
condition, which was the same as the condition presented in
Panel B l, except that one of the nontarget display elements had the
same color as the display element containing the target line seg-
ment. The target line segment appeared equally often at each of
the possible locations. The position of the unique display element
containing the target line segment in relation to the position of the
distracting display element was randomly determined.

In the control condition,"there was no unique element. The tar-
get lin« segment was located in one of the five, seven, or nine dis-
play elements, all of which had the same color (either red or green,
randomly varied between trials) and the same intensity (either bright
or dim, randomly varied between trials). The three experimental
distractor conditions (no, different, and identical distraclor) and the
control condition were presented in separate blocks, according to
a digram-balanced 4x4 Latin square. Display size was randomized
within blocks. The practice session consisted of 72 trials of the no-
distractor condition and 72 trials of the control condition. Each sub-
ject received each of the three distractor conditions and each con-

trol condition twice in separate blocks of 144 trials. Each subject
performed a total of 1,152 trials—that is, a total of 96 trials in each
display-size distractor condition.

A session consisting of 144 trials lasted approximately 10 min,
with a 1-min break after 72 trials. Each block started with three
dummy trials. Two subjects were run in alternating sessions. Prior
to the start of the experiment, the subjects were instructed to search
for the horizontal or vertical target line segment and to press the
appropriate response key with one of their thumbs, which were rest-
ing on the response keys. The subjects were informed about the
relation between the location of the target line segment and the
unique element. It was emphasized that the subjects should fixate
the central dot and not move their eyes during the course of any
trial. To ensure that the subjects followed the instructions, during
the practice session, eye movements were monitored on-line by
means of an infrared camera. It was stressed that a steady fixation
would reduce RT and make the task easier. Both speed and accuracy
were emphasized. A warning beep informed the subject that an er-
ror had been committed. If no response was made after 4 sec, the
trial was counted as an error. Before each session, the subjects were
informed about the upcoming condition.

Results
Mean RTs and error percentages are shown in Figure 2.

For each of these measures, the intensity and color con-
ditions were subjected to separate ANOVAs, with dis-
play size and distractor condition as main factors.

In the intensity condition (Figure 2A), there was a main
effect on RT for distractor type [F(2,14) = 41.2,
p < .001] and an interaction between display size and
distractor type [F(4,28) = 2.9, p < .05]. In the color
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Figure 2. Experiment 1: Mean reaction times and error percentages for different distractor conditions for the intensity
(Panel A), color (Panel B), and control (Panel C) conditions.
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condition (Figure 2B), there were main effects on RT for
distractor type [^2,14) = 55.0, p < .001] and display
size [F(2,14) = 4.2, p < .05]. In addition, the interac-
tion between these variables was significant [F(4,28) =
3.9, p < .05]. To determine the slopes of the RT func-
tions, the individual mean RTs were submitted to a linear
regression analysis. The mean slopes for the intensity con-
ditions were 2.7, 17.7, and —1.1 msec/item for the no
distractor, distractor in different dimension, and distractor
in identical dimension, respectively. For the color condi-
tion, these figures were, respectively, —2.5, -4.6, and
-14.0 msec/item. None of these slopes were significantly
different from zero [all »(7) < 1.04], indicating parallel
search across all items in the display. Inspection of the
RT data reveals that search for an item with a unique in-
tensity or unique color is distracted when an item unique
on an irrelevant dimension is present. For the intensity
condition, this distraction is similar to the distraction
caused by the relevant dimension. For the color condi-
tion, the distraction caused by an item unique in a differ-
ent dimension is somewhat less than the distraction caused
by an item identical to the target.

To achieve homogeneity of the error rate variance, the
mean error rates per cell were transformed by means of
an arcsine transformation. For both the intensity condi-
tion and the color condition, none of the error effects were
significant, which suggests that the difference in RT is
not due to trading speed for accuracy.

Figure 2C shows the control condition collapsed over
the intensity and color conditions. As is evident from the
figure, when there is no unique item present in the dis-
play, both RT and errors show a clear display-size ef-
fect. The slope on RT for the control condition was
88.2 msec/item. These results confirm Treisman and Gor-
mican's (1988) claim that horizontal and vertical lines are
coded as the absence of a critical feature. Since horizon-
tal and vertical lines do not have a unique feature to dis-
tinguish them from the tilted distractors, the target line
can only be detected when attention is directed serially
to each item in the display.

Discussion
The finding that the search functions do not have a posi-

tive slope suggests that speeded search for the unique item
is performed in parallel across all items in the display.
Even in the presence of distractors, search remains es-
sentially parallel. Therefore it can be argued that this type
of search is automatic on the basis of the load-insensitivity
criterion, which states that automatic processes are not
hindered when concurrent information load is increased.
Furthermore, the data suggest that the subjects were not
capable of attending selectively to the task-relevant dimen-
sion, indicating that intentional selectivity during preat-
tentive search is not possible.

The results favor theories stressing the role of spatial
filtering. When processing preattentively, attention is
divided over the whole display, which implies that inten-
tional selectivity within this area is lost. The results pose

difficulties for theories that claim that any physical stimu-
lus attribute may be used as the basis for selection. These
theories assume that selection can be based on any infor-
mation that provides an increase in general knowledge
about separation of signal and noise, so that there is no
reason why an item unique at an irrelevant dimension
would interfere with search for the relevant dimension.

Yet, the latter theories can be saved if it is assumed
that, at a preattentive stage, color and intensity are not
coded independently as separable features. Experiments
on texture segregation suggest such conjecture. Callaghan
(1984) showed that irrelevant variation of color interfered
with texture segregation based on brightness and that ir-
relevant variation of brightness interfered with segrega-
tion based on color. Experiments on attention employing
speeded classification tasks provide additional evidence:
Garner and Felfoldy (1970) called color and brightness
integral dimensions because these dimensions could not
be processed separately.

Also, within Treisman's feature-integration theory, in-
tensity has never been considered a separable dimension.
Yet, the present data indicate that a unique intensity "pops
out' ' from its background (i.e., target detection RT is in-
dependent of display size), suggesting that intensity is
available preattentively. If the occurrence of a pop-out
can be used as a diagnostic for the existence of early
separable features (e.g., Treisman & Gormican, 1988),
it can be argued that intensity might be a separable fea-
ture. In this respect, it should be noted that a target with
a unique color, as in Treisman's experiments, is proba-
bly different in both color and intensity, because normally
a different color also has a different intensity. Yet, the
observation that a unique color and a unique intensity in-
terfere does suggest mat color and intensity are not avail-
able independently at a preattentive stage.

Given these findings, the observed interferences be-
tween color and brightness might not have been entirely
unexpected. Therefore, it seems important to replicate Ex-
periment 1 using dimensions that are generally considered
as separate and are assumed to be coded independently.
Visual search experiments have suggested that orienta-
tion (i.e., form) and color can be distinguished at an early
perceptual level, and it has been claimed that these fea-
tures are registered independently by specialized modules
(Treisman & Gelade, 1980). Converging evidence comes
from speeded classification tasks showing independence
between form and color dimensions (Gottwald & Garner,
1972) and from texture segregation experiments (Calla-
ghan, Lasaga, & Garner, 1986) showing that orientation
and color are separable, rather than integral, dimensions.

EXPERIMENT 2

Experiment 2 investigated whether search can be
parallel and yet be selective toward either color or form.
The task was the same as in Experiment 1, except that
Experiment 2 used a display in which an item had either
a unique color (green or red) or a unique form (circle or
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square). The distractor conditions were comparable to
those used in Experiment 1.

Method
Subjects. Sixteen new subjects, ranging in age from 17 to 25

years, participated in Experiment 2. Eight subjects were randomly
assigned to the form condition, and 8 to the color condition.

Apparatus. The apparatus was identical to that used in Experi-
ment 1. The display elements were either red or green (same CIE
ry-chromaticiry as in Experiment 1) and had a luminance of
7.0 cd/m'.

Procedure. The task was similar to that in Experiment 1, ex-
cept that for different groups of subjects, the target line segment
was consistently positioned in a display element with a unique color
or in a display element with a unique form. The display elements
consisted of red or green circles (1.4° in diameter) or squares (1.4°
on a side). The subjects were instructed to consistently search for
the display element with the unique form or the unique color. De-
sign and procedure were identical to those of Experiment 1.

Results
Mean RTs and error percentages are shown in Figure 3.
In the form condition (Figure 3A), there was only a

main effect on RT for distractor type [F(2,14) = 34.8,
p < .001]. In the color condition (Figure 3B), there were
main effects on RT for distractor type [F(2,14) = 78.3,
p < .001] and display size [̂ 2,14) = I4.l,p < .001].
Also, the interaction between these variables was signifi-
cant [F(4,28) = 4.5, p < .01]. The mean slopes for the
form conditions were 1.2, 6.0, and 11.1 msec/item for
the no distractor, distractor in different dimension, and

distractor in identical dimension, respectively. For the
color condition, these figures were -2.6, -1.1, and
-16.2 msec/item, respectively. Again, none of the slopes
differed from zero [all rs(7) < 1.02], suggesting parallel
search across all items. Planned comparisons showed that,
in the color condition, the differences in response laten-
cies between the no-distractor condition and a distractor
in a different dimension was not significant [F(\ ,7) = 1.75,
p = .23], suggesting that search for a unique color is not
hindered by a display element with a unique form. Alter-
natively, the same comparison for the form condition re-
vealed a significant effect [F( 1,7) = 26.6, p < .01], sug-
gesting that search for a unique form is slowed down by
a display element with a unique color.

The arcsine transformed error data showed that, in the
color condition, none of the effects were significant,
whereas, in the form condition, there was a main effect
of distractor type [f(2,14) = 5.6, p < .05]. Since this
analysis indicates that error differences are nonsignificant
or tend to mimic RT differences, differences in response
latencies cannot be attributed to a speed-accuracy tradeoff.

Figure 3C shows the control condition. The slope of
the control condition was 85.9 msec/item, which is similar
to the one found in Experiment 1.

Discussion
Again, for all search functions, RT did not increase with

display size, indicating that search for a unique color or
form was performed in parallel. In contrast to the results
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figure 3. Experiment 2: Mean reaction times and error percentages for different distractor conditions for the form
(Panel A), color (Panel B), and control (Panel C) conditions.
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of Experiment l, perfect selective search was possible for
color, since the presence of an irrelevant form had es-
sentially no effect on speeded search for an item with a
unique color. Yet, the opposite did not hold: searching
for a unique form was slowed down by the presence of
a unique color.

Even though there is general agreement on the separa-
bility of color and shape, the present data show that sepa-
ration as such does not lead to perfect selective search:
a uniquely colored item does interfere with search for a
target defined by form. This is at odds with Treisman's
(1988) claim that features mat are analyzed by separate
modules will not show any cross talk. Yet, the task in
the present study differs from the usual Treisman type
of "target present-absent" search tasks, in which sub-
jects can respond on the basis of detection of activity in
a particular feature map, thereby bypassing the focal at-
tentional process (Treisman & Gelade, 1980). In the
present experiments, however, focal attention was always
needed because it was not the unique feature that deter-
mined the response but the orientation of the line segment
appearing in the display element defined by the unique
feature. The control conditions showed that acquiring this
information requires focal attention.

The hypothetical frameworks, as outlined in the in-
troduction, did not predict the observed asymmetric selec-
tivity between form and color. Yet, recent studies con-
cerning texture segregation also report asymmetric
interference. Pashler (1988) had subjects search for a sin-
gle target that was unique in a given dimension (e.g., form
or color). His Experiment 4 showed some interference
when subjects searched for a target that differed in form
(either O or /) from background elements whose color
varied irrelevantly (green vs. red). Search was not affected
when subjects searched for a color difference among dis-
tractors that varied in form (his Experiment 3). Since the
asymmetric interference was rather small and did not oc-
cur in all experiments, Pashler (1988) hardly discusses
the implications of this asymmetry. However, texture
segregation experiments of Callaghan (1989) confirm the
asymmetry between form and color. When boundary judg-
ments were based on form differences, segmentation was
significantly impaired by color variation. However, color
segmentations were not affected by form variation.

For the present study, one might consider (admittedly
post hoc) a model of performance that can account for
the asymmetry. Assume that attention is divided over the
whole display and that the preattentive process connûtes
in parallel and independentiy only differences in features
according to a simple horse race. Subsequently, the fo-
cal attention needed for identification is directed serially
in the order of the availability of the difference signals
at each location in the display. The difference signal
represents an activation at a particular location, which de-
pends on the difference within a particular dimension
(e.g., color or form) between the display element at that
location and each of the other display elements. The differ-

ence signal is similar to the bottom-up activation in the
parallel stage of Cave and Wolfe's (1990) guided search
model. Earlier studies (Quinlan & Humphreys, 1987) have
shown that color information becomes available earlier
than does shape information, a finding which is in line
with the present data. In the no-distractor conditions, the
mean RT averaged over display size for the form and color
conditions were 750 and 630 msec, respectively, suggest-
ing that in these conditions the difference in color is avail-
able about 120 msec earlier man is the difference in form.
When one assumes that attention is captured by the first
available feature, the unique color gets focal attention first
and, consequently, performance is not affected by the
presence of a unique form. Alternatively, when search-
ing for a unique form, attention is unintentionally cap-
tured by the earlier available difference in color, resulting
in an increase in RT, which is independent of display size.
Crucial for the present model is that attention is uninten-
tionally switched based on the order of the availability
of the local difference in features, along with the conjec-
ture that features that are relevant to the task do not receive
a higher priority. Indeed, the model assumes that after
the completion of the first parallel stage in which separable
features are analyzed independently, no intentional selec-
tivity is possible at the second stage of focal attention.

The finding that a distractor that is identical to the tar-
get causes more interference than does a different-
dimension distractor is in agreement with the model out-
lined above. Preattentively, features of different dimen-
sions can be coded independently, suggesting at least
interference-free processing at the parallel stage. Yet, as
Treisman (1982) pointed out, even when a feature is lo-
cally unique and surrounded by contrasting items, a preat-
tentive pop-out is precluded when the same feature is also
present elsewhere in the display. Thus, the identical dis-
tractor causes not only interference at the second stage
of focal attention but also at the first preattentive stage.

The results of Callaghan (1989) on texture segregation,
however, do not support the horse-race model above.
Even though Callaghan admits that there is no apparent
mechanism that can explain the asymmetry, her data show
that even when form differences are easier to discriminate
than color differences (mean RT of 571 msec for "form"
control condition vs. mean RT of 592 msec for "hue
hard" control condition), the asymmetry in interference
remains.

EXPERIMENTS

Experiment 3 was designed to test the horse-race model
outlined above. To alter the availability in time of the lo-
cal differences in color and form features, color discrimi-
nation was made harder and form discrimination was
made easier. If attention is switched on the basis of the
order of the availability of the local feature, it is expected
that the asymmetry also will switch, so that form, and
not color differences, produce interference. Yet, if the
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unique color continues to interfere even when it is harder
to discriminate, the results would confirm Callaghan's
(1989) findings.

Method
Subjects. Eight new subjects, ranging in age from 17 to 25 years,

participated in Experiment 3.
Apparatus. The apparatus was identical to that used in Ex-

periment 1.
Procedure. The task was similar to that in Experiment 2. In com-

parison to Experiment 2, the differences in color were less salient
(CŒ *v-chromatiaty coordinates of, respectively, .440/.488 for
red and .400/.516 for green) and were matched for luminance
(7.0 cd/m1). The form differences were increased by changing the
square into a diamond form (width 1.2°, height 2°), making the
diamond easier to tell apart from the circles.

In comparison to the previous experiments, color and form con-
ditions were varied within subjects to allow more sensitive com-
parisons between conditions. Since the identical-dimension distractor
condition is not relevant for testing the hypotheses discussed above,
this condition was omitted. For form and color conditions, there
were two distractor conditions (no distractor and different dimen-
sion), which were presented according to a digram Latin square.
Each subject received these four conditions in separate sessions.

A session consisted of 72 practice trials, followed by four blocks
of 72 experimental trials. Before each session, the subjects were
informed about the relationship between the location of the target
line segment and the unique display element; they were instructed
to use this information. Between blocks of trials mere was a 1-min

break. Each block started with three dummy trials. Each subject
performed a total of 96 trials in each display-size distractor condition.

Results
Mean RTs and error percentages are shown in Figure 4.
The individual mean RTs were submitted to an

ANOVA, with dimension (form and color), display size
(five, seven, and nine), and distractor as factors. There
was a main effect on RT for both display size and dis-
tractor [F(2,14) = 5.9, p < .05, for display size, and
F(\,l) = 24.0,p < .01, for distractor]. Also, the inter-
action between these variables was significant [F(2,14)
= 4.2, p < .05]. In addition, the interaction between
dimension and display size was significant [F(2,14) = 7.4,
p < .01]. For the form condition, the mean slopes were
-2.5 and 1.2 msec/item for no distractor and different
dimension, respectively. For the color condition, the slopes
were 9.0 and 22.8 msec/item, respectively. None of the
slopes differed significantly from zero [all fs(7) < 1.37],
suggesting parallel search across all items. The overall
analyses suggest, as evident in Figure 4, that the main
effect of display size is primarily due to an increase in
RT in the color condition. Planned comparisons showed,
for the color condition, a significant difference between
the mean RTs of the no-distractor condition and the
distractor-in-a-different-dimension condition [F(l,7) =
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Figure 4. Experiment 3: Mean reaction times and error percentages for the differ-
ent distractor conditions for the form (Panel A) and color (Panel B) conditions.
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19.5, p < .01], implying that search for a unique color
is slowed down by the presence of an item with a unique
form. In addition, the same comparison for the form con-
dition revealed that search for a unique form is not reli-
ably affected by the presence of a unique color [F(l ,7) =
3.1, p = .12].

The arcsine transformed error data showed that none
of the effects were significant, suggesting that differences
in response latencies are not due to a speed-accuracy
tradeoff.

Discussion
Again, all search functions are essentially flat, suggest-

ing that search was performed in parallel. Albeit the color
difference is relatively small, search still can be performed
in parallel. Yet, a further reduction of the color differ-
ences would probably lead to serial search because, as
evident in Figure 4, a display-size effect starts to emerge.
Contrary to Experiment 2, the presence of a unique form
had a large effect on speeded search for the unique color.
On the other hand, search for a unique form was only
marginally affected by the presence of a unique color.

The finding that the asymmetry between the color and
form dimensions is dependent on the relative discrimina-
bility of each dimension is not in accordance with Calla-
ghan's (1989) findings on texture segregation. In these
experiments, it was shown that color continues to inter-
fere even when color is harder to discriminate than form.
Yet, the present findings are not completely in accordance
with the horse-race model outlined earlier. The mean RTs
for the no-distractor conditions of color and form are not
different (701 msec for form and 700 msec for color),
suggesting that the difference in form is detected equally
as fast as the difference in color. If attention is switched
on the basis of the order of the availability of the differ-
ence signal at each location, comparable interferences for
color and form would have been expected. The present
data indicate that search for a unique color was indeed
significantly affected by the presence of a unique form.
Yet, search for a unique form was only marginally af-
fected by the presence of the unique color.

GENERAL DISCUSSION

The present experiments were designed to explore the
limits of perceptual selectivity. Given the assertion, of
preattentive parallel search, the present study investigated
selective allocation of attention to task-relevant stimulus
dimensions. Two classes of theory provided opposing pre-
dictions. First, theories claiming that attention selects ob-
jects in their locations predict that a salient object at that
location—task-relevant or task-irrelevant—will attract at-
tention. Alternatively, theories claiming that selection can
be based upon any stimulus property predict that atten-
tion can simply be tuned to a particular task-relevant
stimulus dimension. Although the results do not com-
pletely support either class of theory, the results favor the
first hypothesis. The asymmetric selectivity between color

and form is not due to the intentions of the subjects, but
reflects differences in preattentive processing time of these
particular features.

With respect to automaticity, the lack of a display-size
effect suggests that search for a unique color, intensity,
or form does satisfy the load-insensitivity criterion of
automaticity, even when distractor items are present.
Since the observed selectivity is not due to the inten-
tions of the subject, it can be argued that the unintention-
ality criterion is also fulfilled (i.e., during preattentive
processing, selection is completely under the control of
stimulation).

The present data seem to contradict the conclusions of
Pashler (1988) concerning texture segregation. In his ex-
periments, subjects searched for a single target that was
unique in a given dimension (e.g., form or color). For
example, subjects searched for a specific form (either O
or /) within a display of 90 elements, all of which had
the same color or had different colors. The results showed
minimal interference when the other dimension (in this
example, color), known to be irrelevant, was randomly
varied. Pashler (1988) claimed that his results argued
against a single difference-detection process that operates
on multidimensional levels, suggesting that subjects are
capable of selectively allocating attention to task-relevant
stimulus dimensions. In addition, Treisman (1988) reports
similar results for visual search: heterogeneous variation
across dimensions of nontargets (e.g., color and orienta-
tion) hardly has an effect on search times. For example,
search time for a horizontal line segment among vertical
line segments of mixed colors (red, green, white, and
blue) is similar to the search time for a horizontal line
segment among vertical lines of a single color (green).
Treisman claims that subjects simply can check for the
activity signaling a contrasting item in the relevant target-
defining module and ignore the others.

The present findings do not support such selectivity:
subjects lack the ability to simply ignore the irrelevant
dimension. Yet, studies cited above and the present study
used different manipulations of the irrelevant dimension.
In the present study, one item was unique within the ir-
relevant dimension (e.g., one green among all red items),
whereas, in the above-cited studies, there was never a sin-
gle unique item. Within a display, items had a particular
value within the irrelevant dimension (e.g., some items
were red, green, purple, blue, etc.). If one adheres to the
model outlined earlier, which assumes that the preatten-
tive process calculates for each dimension and each loca-
tion the difference between an element at that particular
location and each of the other elements, random varia-
tion within a dimension will not give particularly high lo-
cal activations. Because none of the elements within the
irrelevant dimension has a high activation, top-down selec-
tivity for the relevant dimension is hardly affected. Yet,
a single item unique within the irrelevant dimension will
cause a relatively high activation and is expected to af-
fect performance, a finding which is supported by Pash-
ler's (1988) Experiments 6 and 7. These experiments
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showed large interference effects (both in percentage cor-
rect and in response latencies) for the detection of a tar-
get defined by form when a single irrelevant item with
a unique color was present, a result which is in accor-
dance with the present findings.

In short, the results suggest that when search is per-
formed preattentively in parallel, top-down selectivity
toward a specific stimulus dimension is not possible. If
preattentive search is automatic in the sense of the load-
insensitivity criterion, it is also automatic in the sense of
the unintentionality criterion. It was speculated that stimu-
lus dimensions are processed in parallel and that atten-
tion is captured by the feature that is available first. When
there is a large difference in preattentive processing time
between stimulus attributes, unintentional asymmetrical
selectivity appears to be obtained.

REFERENCES

BXOADBENT, D. E. (1958). Perception and communication. London:
Pergamon.

BXOADBENT, D. E. (1982). Task combination and the selective intake
of information. Ada Psychologies 50, 253-290.

CALLACHAN, T. C. (1984). Dimensional interaction of hue and bright-
ness in preattentive field segregation. Perception A Psychophysics,
36, 25-34.

CALLAGHAN, T. C. (1989). Interference and dominance in texture segre-
gation: Hue, geometric form, and line orientation. Perception A
Psychophysics, 46, 25-34.

CALLACHAN, T. C., LASAGA, M. I., »GARNER, W. R. (1986). Visual
texture segregation based on orientation and hue. Perception A Psycho-
physics, 39, 32-38.

CAVE, K. R., * WOLFE, J. M. (1990). Modeling the role of parallel
processing in visual search. Cognitive Psychology, 22, 225-271.

DUNCAN, J. (1980). The locus of interference in the perception of simul-
taneous stimuli. Psychological Review, 87, 272-300.

DUNCAN, J. (1981). Directing attention in the visual field. Perception
& Psychophysics, 30, 90-93.

EKIKSEN, C. W., * YEH, Y. Y. (1985). Allocation of attention in the
visual field. Journal of Expérimentât Psychology: Human Perception
& Performance, 11, 583-597.

FOLK, C. L., * EGETH, H. (1989). Does the identification of simple
features require serial processing? Journal of Experimental Psychol-
ogy: Human Perception A Performance, 15, 97-110.

GARNER, W. T., A FELFOLDY, G. L. (1970). Integrality of stimulus
dimensions in various types of information processing. Cognitive Psy-
chology, 1, 225-241.

GOTTWALD, R. L., * GARNER, W. R. (1972). Effects of focusing strategy
on speeded classification with grouping, filtering, and condensation
tasks. Perception A Psychophysics, 11, 179-182.

JONIDES, J., NAVEH-BENMMIN, M., ft PALMER, J. (1985). Assessing
automaticity. Acia Psychologien, 60, 157-171.

JONIDES, J., ft YANTIS, S. (1988). Uniqueness of abrupt visual onsei
in capturing attention. Perception & Psychophysics, 43, 346-354.

KAHNEMAN, D., ft TREISMAN, A. (1984). Changing view« of attention
and automaticity. In R. Parasuraman & D. R. Davies (Eds.), Vari-
eties of attention (pp. 29-61). New York: Academic Press.

NEISSEX, U. (1967). Cognitive Psychology. New York: Applelon-
Century-Crofts.

NEUMANN, O. (1984). Automatic Processing: A review of recent find-
ings and a plea for an old theory. In W. Prinz & A. F. Sanders (Eds.),
Cognition and motor processes (pp. 255-290). Berlin: Springer-Verlag.

NISSEN, M. J. (1985). Accessing features and objects: Is location spe-
cial? In M. I. Posner & O. S. M. Marin (Eds.), Attention and perfor-
mance XI (pp. 205-219). Hillsdate, NI: Erlbaum.

PASHLEX, H. (1988). Cross-dimensional interaction and texture segre-
gation. Perception A Psychophysics, 43, 307-318.

POSNER, M. I., ft SNYDER, C. R. R. (1975). Attention and cognitive
controls. In R. L. Solso (Ed.), Information processing and cognition:
The Loyola, symposium (pp. 55-85). Hillsdale, NJ: Erlbaum.

QUINLAN, P. T., « HUMPHREYS, G. W. (1987). Visual search for tar-
gets defined by combinations of color, shape, and size: An examina-
tion of the task constraints on feature and conjunction searches. Per-
ception A Psychophysics, 41, 455-472.

SHIITRIN, R. M., ft SCHNEIDER, W. (1977). Controlled and automatic
human information processing, B": Perceptual learning, automatic at-
tending and a general theory. Psychological Review, 84, 127-190.

THEEUWES, 1. (1989). Effects of location and form cuing on the allo-
cation of attention in the visual field. Acta Psychologies, 72,177-192.

THEEUWES, J. (1990). Perceptual selectivity is task dependent: Evidence
from selective search. Acta Psychologien, 74, 81-99.

THEEUWES, J. (1991). Exogenous and endogenous control of attention:
The effect of visual onsets and offsets. Perception A Psychophysics,
49, 83-90.

TREISMAN, A. M. (1982). Perceptual grouping and attention in visual
search for features and for objects. Journal of Experimental Psychol-
ogy: Human Perception A Performance, S, 194-214.

TREISMAN, A. M. (1988). Feature and objects: The fourteenth Bartlett
memorial lecture. Quarterly Journal of Experimental Psychology, 40,
201-237.

TREISMAN, A. M., ft GELADE, G. (1980). A feature integration theory
of attention. Cognitive Psychology, 12, 97-136.

TREISMAN, A. M., ft GORMICAN, S. (1988). Feature search in early vi-
sion: Evidence from search asymmetries. Psychological Review, 95,
15-48.

YANTIS, S., ft JONIDES, J. (1990). Abrupt visual onsets and selective
attention: Voluntary versus automatic allocation. Journal of Experimen-
tal Psychology: Human Perception A Performance, It, 121-134.

(Manuscript received October 12, 1990;
revision accepted for publication March 11, 1991.)

140



CHAPTER?

PERCEPTUAL SELECTIVITY FOR COLOR AND FORM

141



Perception & Psychophysics, in press

PERCEPTUAL SELECTIVITY FOR COLOR AND FORM

Jan Theeuwes *

TNO Institute for Perception, The Netherlands

Three visual search experiments tested whether the preattentive

parallel stage can selectively guide the attentive stage to a particular

known-to-be-relevant-target feature. Subjects searched multielement

displays for a salient green circle which had a unique form when

surrounded by green nontarget squares or had a unique color when

surrounded by red nontarget circles. In the distractor conditions, a

salient item in the other dimension was present as well. As an

extension of earlier findings (Theeuwes, 1991), the results showed

that complete top-down selectivity towards a particular feature was

not possible, not even after extended and consistent practice. The

results reveal that selectivity depends on the relative discriminability

of the stimulus dimensions: the presence of an irrelevant item with a

unique color interferes with parallel search for a unique form, and

vice versa.

This article deals with the ability of the parallel stage of visual processing to

selectively guide the subsequent serial employment of attention. The present

approach is presumes that visual information processing consists of two functionally

independent stages: An early, preattentive stage that operates without capacity

limitations and in parallel across the visual field, followed by the later, attentive
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limited capacity stage that can deal with only one (or a few) item at a time (e.g.,

Broadbent, 1958, 1982; Neisser, 1967; Treisman & Gelade, 1980).

Theeuwes (1991) showed that the parallel stage can not selectively guide the

attentive stage to the task-relevant stimulus dimension: when color was relatively

more discriminable than form, then the presence of an irrelevant item with a unique

color interfered with parallel search for a unique form, and vice versa. It was

concluded that during preattentive parallel search, subjects were not capable of

selectively attending to just the known-to-be-relevant stimulus dimension. Selectivity

depended on the relative discriminability of the stimulus dimensions: when searching

for an easily discriminated color (i.e., search for a red item among green nontarget

items) the unique form did not interfere, while the unique form did interfere when

the color discrimination was made much harder (i.e., a yellow/red target among

yellow/green nontargets).

These findings suggested a model which assumes that the preattentive process

computes for each stimulus dimension, differences in features resulting in an

activation map representing how different each item is from each of the other items

within a particular feature dimension (e.g., color dimension, form dimension). This

computation results in a difference signal at each location similar to the bottom-up

activation in the parallel stage of the Cave and Wolfe's (1990) guided search model.

The parallel stage is then followed by a stage involving focal attention which is

assumed to be directed serially and unintentionally to the location having the highest

activity, the next highest, etc. Since it is assumed that these two stages operate

independent of any strategic control, selectivity completely depends on the bottom-up

activations caused by the differences in features within different stimulus dimensions.

Similar to Sagi and Julesz (1985) and Ullman (1984) it is assumed that the parallel

process can only perform a local mismatch detection followed by a serial stage in

which the most mismatching areas are selected for further analysis.

Although Theeuwes' (1991) findings did not lead to a definitive theoretical

statement, the model above, describing selectivity solely in terms of bottom-up

processing seemed to account best for his data. Yet, many current theories assume

that visual selection is affected by knowledge of the target-to-be-found, implying that

selection is sensitive to top-down processing. For example, the feature integration

theory (FIT, Treisman & Gelade, 1980; Treisman, 1988) assumes at least selectivity

between stimulus dimensions: subjects simply check for activity signalling a

contrasting item in the relevant target-defining module and simply ignore the others.

According to the Cave & Wolfe (1990) guided search model, the bottom-up

activations caused by the differences in features can be altered by top-down activity
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which depends on the knowledge of the target to be found, suggesting that the

parallel stage selectively can guide focal attention to the likely target locations. Other

models such as Duncan and Humphreys (1989) and Bundesen (1990) also assume that

preknowledge of the target-to-be-found affects selectivity. Note, however, that all

these theories proposed a top-down component in order to account for conflicting

data with search for targets defined by conjunctions of elementary features. The

present framework only regards selectivity between target and distractors when each

is defined by a unique elementary feature.

In Theeuwes' (1991) experiments showing the absence of selectivity, subjects

viewed multi-element displays (5, 7 or 9 elements) in which one item had a unique

color while another item had a unique form. Different groups of subjects either

searched for an item with a unique color or an item with a unique form. The results

indicated that the item unique in the task-irrelevant dimension interfered with search

for the item unique in the task-relevant dimension. It is important to note that

subjects only knew which dimension was relevant. Thus subjects searching for a

unique color, received blocks of trials in which a red item was located among green

nontargets, or a green item was located among red nontargets. Subjects searching for

a unique form, received blocks of trials in which a square was located among circles

or a circle was located among squares. Thus subjects did not exactly know the feature

properties to attend to, that is, either to search for a red or a green item or for a

square or a circle. The same held for the distractor conditions: subjects knew that an

item was present in a irrelevant dimension; yet, they did not know the exact feature

properties of the distractor. In addition, because target and nontarget display

elements continuously switched roles, an automatic consistently mapped (CM)

detection response could not develop.

The question remains, then, whether selectivity can be obtained when not .only

the stimulus dimension is known (e.g., knowing that the target has a unique color),

but also the exact feature value within that dimension (e.g., knowing that the target is

green). Such a hypothesis is viable because in the previous study, uniqueness within a

dimension was defined by the whole stimulus display; for example, within the color

dimension, a green item was the target because the other items were red. In addition,

in order to provide the most decisive test for the possibility of selectivity during

preattentive parallel search, in the present study, subjects searched always for the

same target feature (i.e., a green circle) which was never used as nontarget. In line

with Shiffrin and Schneider (1977) analysis, this should lead to an automatic detection

response of the target.
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EXPERIMENT l

Subjects viewed multielement displays (S, 7, or 9) in which the target line segment

that determined the correct response was always located in the green circle. In the

no-distractor color condition, this green circle had a unique color because it was

embedded among red circles. In the distractor conditions, one of these red circles was

a red square. In the no-distractor form condition, the green circle had a unique form

because it was embedded among green squares. In the distractor condition, one of

these green squares was red.

Method

Subjects. Sixteen right-handed subjects, ranging in age from 18 to 28 years,

participated as paid volunteers. Eight subjects were randomly assigned to the form

condition, and 8 to the color condition. All had normal or correct-to-normal vision

and reported having no color vision defects.

Apparatus. An S-R interface with external clocks (accuracy 1 msec) connected

to an IBM AT-3 with video-digitizer (Matrox Inc.) controlled the timing of the events,

generated video pictures and recorded reaction times (RTs). The response panel was

tilted 45 degrees, and consisted. of a left and right response key (1x1 cm) which were

mounted 5.5 cm apart.

The stimuli appeared on a 35 x 23 cm TV monitor (Conrac model 7250 C19).

The fixation point and the line segments were presented in white (17.0 cd/m ^ on a

black background of .40 cd/m \ The surrounds were either red or green (CIE xy-

chromaticity coordinates of respectively .622/.3S7 for red and .2S2/.596 for green)

and were matched for luminance (5.5 cd/m ^.

Subjects were tested in a sound attenuated, dimly-lit 2 x 2 x 2 m cubicle

(Amplisilent) with their heads resting on a chin rest adjusted to a comfortable height.

The TV monitor was located at eye level, 118 cm from the chinrest. An intercom was

used for communication with the subject.

Stimuli The task was very similar to that in Theeuwes (1991). The stimulus

field consisted of 5, 7 or 9 elements, equally spaced around the fixation point on an

imaginary circle whose radius was 3.4°. Display elements were outline circles (1.4° of

diameter) or squares (1.4° on a side) each containing a line segment (0.5°), which was

tilted 22.5° to either side of the horizontal or vertical plane. These orientations were

randomly distributed in a display. In each display, there was a single green circle

which contained a line segment that was oriented either horizontally or vertically, the

latter orientation determining the appropriate response key (left for vertical and right
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for horizontal). For the group of subjects in the "form" condition, the green circle

containing the target line segment had a unique form, because it was surrounded by

4, 6, or 8 green squares. For the group of subjects in the "color" condition, the green

circle containing the target line segment had a unique color because it was

surrounded by 4,6 or 8 red circles. Because subjects responded to the orientation of a

target line segment located among slightly tilted nontarget line segments, the task

required focal attention (Theeuwes, 1991; Treisman & Gormican, 1988) but not a

high spatial acuity.

Procedure: The sequence of events was as follows: initially, a white fixation dot

(.3°) was presented at the center of the visual field. Six hundred milliseconds prior to

display onset the fixation dot increased in size to 2"in order to warn the subject. The

stimulus field remained present for a maximum of 4 sec until a response was emitted.

The group of subjects in the "form" condition received two conditions: (1) a

no-distractor condition in which the green circle containing the target line segment

was surrounded by 4, 6, or 8 green squares, and (2) a distractor condition in which

one of these green squares had a red color. The group of subjects in the "color"

condition received two conditions as well: (1) a no-distractor condition in which the

green circle containing the target line segment was surrounded by 4, 6, or 8 red

circles, and (2) a distractor condition in which one of these red circles was a square.

As will be clear, when searching for a unique form ("form" condition) the distracting

element had a unique color, and when searching for a unique color ("color" condition)

the distracting element had a unique form. The position of the target green circle in

the circular display was randomized from trial to trial. Figure 1 shows the various

display configurations.
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Figure 1: Examples of Display Size 7. Subjects always search for a green circle

surrounded by green squares (left size) or by red circles (right size), either without a

distractor (top) or with a distractor item (bottom).

There were two blocks of 144 trials each in the no-distractor condition and two

blocks of 144 trials each in the distractor condition. Each subject performed a total of

288 trials in each distractor condition- that is, a total of 96 trials in each display-size

condition. Half of the subjects started off with the no-distractor condition, and the

other half with distractor condition. Display size was randomized within blocks. The
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practice session consisted of 144 no-distractor and 144 distractor trials.
A session consisting of 144 trials lasted approximately 10 minutes, with a 1

minute break after 72 trials. Each block started with 3 dummy trials. Two subjects
were run in alternating sessions. Prior to the start of the experiment subjects were
instructed to search for the horizontal or vertical target Une segment and to press the
appropriate response key with one of their thumbs which were resting on the
response keys. Subjects were told that the line segment determining the response was
always located in the green circle. It was emphasized that subjects should fixate the
central dot and not move their eyes during the course of any trial. To ensure that
subjects followed the instructions, during the practice session eye movements were
monitored on-line by means of a infra-red camera. It was stressed that a steady
fixation would reduce RT and make the task easier. Both speed and accuracy were
emphasized. A warning beep informed the subject that an error had been committed.
If no response was made after 4 s, subjects were informed that they had committed
an error. Before each session, subjects were informed about the upcoming condition.

Results
Response times longer than 1 sec were counted as errors, which led to a loss

of well under 1% of the trials. Figure 2 presents the subjects' mean RT and error
percentages in the four conditions. For each of these measures, the form and color
conditions were analyzed separately with display size and distractor condition as main
factors.

In the form condition (Figure 2A), there was a main effect on RT for display
size (F(2,14)= 8.2; £ < .01), and for distractor (F(l,7)= 13.9; £ < .01). In the color
condition (Figure 2B), there was only an effect on RT for display size (F(2,14)= 14.3;
jj < .001). In order to determine the slopes of the RT functions, the individual mean
RTs were submitted to a linear regression analysis. The mean slopes for the form
conditions were 2.2 and 6.1 msec for the no-distractor and distractor condition. For
the color condition these figures were respectively 5.2 and 4.4 msec. None of these
slopes were significantly different from zero (all t(7) < 1.63), indicating parallel
preattentive search across all items in the display. Inspection of the RT data reveals
that search for the green circle when surrounded by green squares is distracted when
one of the squares has a unique red color. The reverse does not hold: when searching
for a green circle surrounded by red circles, the presence of a unique form does not
affect search.
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Figure 2: Experiment 1: Mean reaction time and error percentages for search with or

without a distractor for the form (Panel A) and color (Panel B) conditions.

In order to achieve homogeneity of the error rate variance, the mean error

rates per cell were transformed by means of an arcsine transformation. For both form

and color conditions, none of the error effects were significant, which suggests that

the differences in RT are not due to trading speed for accuracy.

Discussion
The results of this experiment are quite similar to Theeuwes' (1991; exp. 2)

earlier findings: when searching for a target item which differs from the other

elements in color, the presence of an element with a unique form had essentially no

effect. Yet, search for a target item that differs from nontarget elements only in form

is slowed down by the presence of a unique color.

150



The results indicate that knowing the exact target feature (i.e., the target is
green and a circle) and knowing the exact distractor feature (i.e., a red square), both
consistently mapped throughout the whole experiment, did not result in top-down
selectivity: when searching for a green circle surrounded by green squares, the
presence of a red square clearly interfered.

The results are in line with the earlier outlined model which assumes that
selectivity primarily depends on bottom-up processing. According to this model, focal
attention is unselectivety captured by the first feature made available by the
preattentive stage. In the present experiment, subjects searched in both "form" and
"color" condition for exactly the same stimulus (i.e., a green circle), which was either
surrounded by green squares (form condition) or by red circles (color condition). Yet,
the "no-distractor" conditions reveal that finding a green circle between red circles is
about 60 ms faster (F(l,14) = 10.3; jj< .01) than finding the same stimulus
surrounded by green squares. This implies that the bottom-up activation of a
particular target element depends on the feature properties of the surrounding
elements: the green circle among red circles produces a much higher activation than
the green circle among green squares. This implies that the difference in color

becomes available earlier in time than the difference in form, suggesting that in the
form condition, attention is first captured by the uniquely colored distractor, and then
captured by the uniquely shaped target. This accounts for the observed asymmetric
selectivity, and explains why the color distractor only has an effect on the intercept

and not on the slope of the search function.
Although the pattern of interference in the present experiment is equivalent to

Theeuwes (1991; exp. 2) it should be noted that the absolute RTs in the present
experiment are much smaller than those reported in Theeuwes (1991; exp.2). In

Theeuwes (1991) subjects searched for an item unique within a dimension (e.g., a red
among green items or a green among red items) suggesting that target and non-target

display elements continuously switched from trial to trial. In the present experiment,
target and nontargets never changed roles; that is, subjects always searched for a
green circle. Although one might suggest that the relatively low absolute RT levels in
the present experiment reflect some top-down processing at the preattentive level, it
is more conceivable that the RTs are fast because there is less variation within the
task. The consistency within the task speeds up processes following the preattentive

extraction of target and distractor items. For example, when focal attention is
erroneously switched to the red square, deciding that the red square is not the target

might be fast because subjects consistently search for a green circle. Similarly, when
focal attention is switched to the green circle, subjects might be fast in deciding that -
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what is selected- is in fact the target because they consistently searched for it. Note,

however, that these decisional processes operate on target and distractor items after

they have been selected for further processing.

EXPERIMENT 1A

Experiment 1 showed that selectivity for the green circle primarily depends on

the bottom-up activation caused by the surrounding elements. Selectivity could not be
obtained by top-down processing: knowing the exact feature properties and the

consistent mapping of targets and nontarget attributes did not result in selectivity.

These finding are at odds with many models suggesting that selectivity is affected by

top-down processing (e.g., Cave & Wolfe, 1990; Duncan & Humphreys, 1989;

Treisman, 1988).

Reasons for not obtaining selectivity might be that 576 experimental and 288

practice trials are not enough to induce top-down selectivity, although usually, in

these type of tasks, subjects receive many fewer trials. Experiment 1A tested the
hypothesis whether consistent and extended practice would result in the development

of top-down control, that is, whether the irrelevant uniquely colored item would cease

to interfere with parallel search for the unique form. In Experiment 1A, each subject

received in total 288 practice trials followed by 1728 experimental trials.

Method

Subjects. Eight subjects ranging in age between 19 and 25 years participated in

the experiment.

Apparatus. The apparatus was identical to Experiment 1. The display elements

were either green or red (same CIE xy-chromaticity as in Experiment 1) and had a

luminance of 6.8 cd/m2.

Procedure. The task was identical to Experiment 1, except that only the "form"

condition was employed, that is, subjects searched only for a green circle among green

squares. In the no-distractor condition, all squares were green, whereas in the

distractor condition one of the squares was red. Subjects were run in alternating

blocks of 144 trials which involved trials of either the no-distractor or the distractor

condition. Half of the subjects had a no-distractor block first, and the other half had a

distractor block first. Each subject received 144 no-distractor and 144 distractor

practice trials followed by a total of 6 blocks of trials in the no-distractor condition

and 6 blocks of trials in the distractor condition.
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Figure 3: Experiment IA: Mean reaction time and error percentages for search with

or without a distractor separated in three levels of practice.

Results
Response times longer than 1 sec were counted as errors, which led to a loss

of well under 1% of the trials. Mean RT and error percentages divided in three

blocks of 576 trials are shown in Figure 3.
The individual mean RTs were analyzed with practice (section 1, 2, 3), display

size (5, 7, 9) and distractor as factors. There was a main effect on RT for both display

size and distractor, (E(2,14)= 18.6; £ < .001; and F(l,7)= 14.4; £ < .01). Note that

there was not a main effect on RT for practice, nor did practice interact with any of

the other variables, suggesting that consistent practice did not change any of the

effects. For the no distractor condition slopes were 3.2, 4.5, 6.0 msec for section one

through three. For the distractor condition these measure were 5.9, 5.2, 7.0 msec.
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Only this latter slope differed significantly from zero (t(7) = 2.1; £ < .05). The

overall analyses suggests, as evident in Fig. 3, that consistent practice does not lead to
a overall RT reduction nor to a significant change in the relations between the

variables, although it appears that the distractor effect is somewhat reduced in the

second section.

The arcsine transformed error data showed only a main effect for display size

(F(2,14)= 4.7; £ < .05). Because this analysis indicates that error differences are non-

significant or tend to mimic RT, differences in response latencies are not due to a
speed-accuracy trade-off.

Discussion

The results of this experiment are fairly clear, and confirm the conjecture that

even after extensive practice complete top-down control is not possible: even after

extended practice, subjects lack the ability to simply ignore the known-to-be-irrelevant

color. The finding that practice does not alter the overall RT level suggests that the

lack of selectivity cannot be attributed to an insufficient practice. Apparently, the task
is so simple that the initial 288 practice trials are enough to completely master the

search task at a level which does not change with practice.

EXPERIMENT 2

Experiment 2 tested whether differences in bottom-up activations within each

dimension can account for the observed asymmetric selectivity. Based on the results

of Theeuwes (1991, exp. 3), the color discrimination was made harder than the form

discrimination. If attention is switched in the order of the availability of the local

feature, it is expected that the asymmetry will switch as well, suggesting that the item

with a unique form and not the item with a unique color will interfere.

Method

Subjects. Sixteen subjects ranging in age between 18 and 24 years participated

in the experiment. Eight subjects were randomly assigned to either the form or color

condition.

Apparatus. The apparatus was identical to Experiment 1.

Procedure. The task was identical to Experiment 1. Based on Theeuwes (1991,

exp. 3) the colors were made so similar that it could be expected that color

differences were less salient than form differences. The color CIE xy-chromaticity

coordinates were respectively .43S/.488 for yellowish red and .400/.515 for yellowish

154



green and were matched for luminance (6.2 cd/m2 ). Design and procedure were

identical to Experiment 1.

Results
Response times longer than 1 sec were counted as errors, which led to a loss

of about 1.25% of the trials. Mean RT and error percentages are shown in Figure 4.
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Figure 4: Experiment 2: Mean reaction time and error percentages for search with or

without a distractor for the form (Panel A) and color (Panel B) conditions.
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In the form condition (Figure 4A), none of variables showed a significant
effect on RT, suggesting that finding a green circle among green squares was not
hindered by the presence of a display element with a slightly different color. In the
color condition (Figure 4B), there were main effects on RT for display size (F(2,14)=
41.1; £ < .001) and for distractor (F(l,7) = 9.1; £ < .05), implying that search for a
yellowish green circle surrounded by circles of a slightly different color is slowed
down by the presence of a unique form. The mean slopes for the form conditions
were 3.5 and 1.4 msec for the no-distractor and distractor condition. For the color
condition, these slopes were 8.7 and 12.9 msec respectively. Only the latter slope

differed significantly from zero (t(7)= 2.0; £ < .05), suggesting that in the color
condition with a distractor, serial search starts to emerge. The other slopes did not
differ form zero (all t(7) < 1.43) suggesting parallel search across all items.

The arcsine transformed error data showed that in the form condition none of
the effects were significant, whereas in the color condition there was a main effect for
display size (F(2,14) = 10.3; £ < .01). As this analysis indicates that error differences
are non-significant or tend to mimic RT, differences in response latencies cannot be
attributed to a speed-accuracy trade-off.

Discussion

The results clearly show that the asymmetric selectivity as observed in
Experiment 1 completely depends on the feature properties of the surrounding
elements: if form is easier to discriminate than color, than search for form is not
hindered by the presence of an element with a unique color, whereas search for color
is affected by the unique form. Contrary to earlier findings (Theeuwes, 1991), the
present experiment shows a complete reversal of the asymmetric selectivity between
form and color. The results provide strong evidence for the earlier outlined model
which assumes that selectivity primarily depends on the bottom-up activations caused
by differences in feature within stimulus dimensions. It assumes that focal attention is
attracted to the location in the order of the availability of the difference signal at
each location in the display. For example, attention may be attracted to a location of

the difference signal as soon as the difference signal exceeds a particular threshold
activation. Thus, focal attention is attracted to the location of the feature that "pops-
out" first, irrespective of whether that feature is target or a distractor.
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GENERAL DISCUSSION

The present experiments were designed to examine the extent to which the
parallel preattentive stage can selectively guide the subsequent serial employment of
attention. As the previous study (Theeuwes, 1991) already indicated that during
preattentive parallel search, complete selectivity towards a particular stimulus
dimension does not occur, the present study extends these earlier findings and shows
that complete selectivity towards a known-to-be-relevant stimulus feature does not
occur as well. In addition, complete selectivity cannot even be obtained after

extended and consistent practice.
The present results are in line with the earlier outlined model which assumes

that the preattentive process calculates differences in features within dimensions
resulting in a pattern of activations at different locations, followed by an automatic
shift of focal attention to the location of the feature that "pops-out" first. Such a pop-
out occurs irrespective of whether the popping-out feature is a target or a distractor.
If the item that pops-out first is the target, a response will be given; if it is not the
target, attention will be unintentionally switched to the location having the next
highest activation, and so on. The operation of the preattentive process is equivalent
to the bottom-up component of the Cave and Wolfe (1990) Guided search model. For
example, the color activation at a particular location is calculated by finding the
difference between the color at that location and the color at each of the other
locations, and then combining all these color differences. Thus, when an item with a
unique color and another item with a unique form are present simultaneously, the
operation of the preattentive process gives rise to large difference signals at each of
the locations of the odd items. Contrary to the claim of Cave and Wolfe (1990), the
lack of selectivity as presently found might suggest that the parallel stage cannot

identify anything, and therefore cannot guide elements that are closest to the target

value. In fact, the lack of selectivity suggests that the preattentive process has no
access to the origins of the difference signals (e.g., whether they are caused by a
unique color or a unique form). Therefore, knowing the exact target value (i.e., top-
down effect) cannot affect the operations of the preattentive process because at the
preattentive level, this information is not yet available. Only after entering the second
stage of focal attention (i.e, after being selected), knowledge regarding the target
properties may affect processing. Yet, these are top-down effects operating on items

which already have been selected. Because it is assumed that the preattentive parallel
stage is top-down impenetrable, subjects are not capable of activating the green target
color or the circular target form (top-down activation of target values as for example
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suggested by Cave and Wolfe, 1990) nor can they inhibit the squared form distractor
or the red color distractor (top-down inhibition of distractor values as for example
suggested by Treisman and Sato, 1990). If the operations of the preattentive process
are not under intentional control and not sensitive to perceptual load (i.e., the
absence of a display size effect) it can be argued that preattentive processing is
strongly automatic because it satisfies both the load insensitivity and the

unintentionality criterion of automaticity (see also Theeuwes, 1991).
Although the data-driven selection model as described above seems to account

for the present data, it cannot be said that top-down control at the preattentive stage
never occurs. It can be argued that in the present study, preattentive top-down control
does not show up because the salient pop-out distractor generates a bottom-up
activation which is so large that additional top-down activation (i.e., knowing the
target and distractors) cannot completely prevent the distractor from being selected.
Therefore, in displays in which there are no salient pop-out items, top-down
processing may play a role. Note, however, that in displays without large bottom-up
activations, as for example in displays with items consisting of conjunction of features,
preattentive parallel search does not occur at all: search is performed serially or
partially serially through the display (e.g., "group scanning hypothesis" of Treisman &
Gormican, 1988). Thus, observed top-down effects with these types of tasks cannot be
attributed to the preattentive parallel stage.

As an alternative interpretation of the present findings, one might consider a
model of performance which assumes that the interference caused by the salient
distractor occurs at the preattentive rather than at the attentive level of processing. In
this view, at the preattentive stage, subjects selectively attend to the target item; yet,
the presence of the irrelevant distractor item slows down the preattentive processing
of the target item. Although this model can account for the present findings, it
assumes that color and form information interfere with each other at the preattentive
level, a claim which is refuted by various studies showing that color and form
information are registered independently and separately at the preattentive stage

(e.g., Callaghan, Lasaga, & Garner, 1986; Treisman & Gelade, 1980).
Various recent theories of visual search assume top-down effects at the parallel

stage of processing (e.g., Cave & Wolfe, 1990; Duncan & Humphreys, 1989; Treisman
& Sato, 1990) in order to account for relatively flat search functions when searching
for targets defined by conjunctions of features. The present study involving feature
search suggests that top-down control at the preattentive stage is absent, or at least so
weak that it cannot prevent interference from the irrelevant distractor; not even after
extended and consistent practice. Yet, there are various reasons why Theeuwes (1991)
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and the present study, unlike others, show interference from the nonrelevant
dimension. First, because the interference effects are relatively small (about 15 to 25
msec), the addition of noise to the display will obscure the interference effect,
especially because the conclusion that there is no interference is reached by accepting
a null effect. For example, noise is introduced when display elements are not
presented in a regular pattern around the point of fixation but in matrix array.
Especially with small display sizes the matrix array may cause an irregular pattern
with groups of clumped display elements. Pashler's texture segregation studies (1988)
reveal the difficulties with accepting a zero-effect: Experiment 2 suggested that
irrelevant color heterogeneity did not interfere with search for a particular form,

whereas Experiment 4 (basically a replication) showed highly significant interference
effects of the same color variation. Second, in order to disclose interference effects at
the preattentive parallel level, it must be ensured that search is performed in parallel.
If search is partially serial as for example with conjunction search then the effect of
the distractor will be attenuated. Note for example that in texture segregation studies
investigating the interference of irrelevant dimensions (e.g., Pashler, 1988; Callaghan,
1989) there is no possibility to check whether segregation is performed in parallel or
partially serially. Third, the present study (and Theeuwes, 1991) employed a task in
which there is a clear separation between perceptual - and response selection factors.

Because subjects responded to the orientation of the target line segment located in a
perceptually discrepant display element, the task is what Duncan (1985) called a
"compound" search task in which the stimulus information separating target from
nontargets tells nothing about which of the possible responses to choose. In this way it
is ensured that the RT data reflect effects operating at the early stage of perceptual
processing rather than on processing operations occurring after the item has already
been selected. For example, knowing the task-relevant stimulus feature might speed

up the identification of an item that has already been selected, similar as a prime
speeds up processing of a target in a typical priming experiment. In other words after
entering the second stage of processing, less sensory evidence is required to decide
whether an item is a target or a distractor (e.g., Broadbent's response set, 1970, 1982).
In short, the present study demonstrates that the parallel stage cannot selectively
guide the attentive stage to just the known-to-be-relevant target feature. Because
selectivity depends on the relative discriminability of each of the dimensions, the

findings can be explained by a model which assumes that the preattentive stage
calculates automatically differences in features within stimulus dimensions, followed
by an attentive stage which automatically shifts to the location of the feature that
pops-out first.
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STATISTICAL NOTES
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NOTE 1. The study described in Chapter two ('Effects of location and form cuing on
the allocation of attention in the visual field') contains two experiments in which a

cost-benefit analysis is applied. Typically, expectancy effects are induced by presenting
cues which are valid on most of the trials. In the experiments described in Chapter
two, cues provided valid information in 75% of the trials. In experiment 1 subjects
received 288 valid, 96 invalid and 256 neutral trial. In experiment 2 they received 432
valid, 144 invalid and 384 neutral trials.

As a dependent measure median response times for correct trials were calculated for
each subject for each of the factor combinations. Because of the analysis of RT cost-
benefit, median RTs were drawn from samples having an unequal number of
observations. As a consequence, it might be expected that the error variance does not
have the same value for all treatment populations (e.g., Hays, 1980, p. 482). In these
circumstances a more conservative testing procedure has to be applied (see Winer,
1962, p. 110; and Huynh & Feldt, 1976). In this procedure the usual [F(l-a; r-1, (n-
l)(r-l)] is replaced by [F(l-a; 1, (n-1)] which leads to a maximum reduction of the
degrees of freedom. If the F-value surpasses the critical value with the reduced
degrees of freedom, the ratio may be unequivocally declared significant (Huynh &
Feldt, 1976, p. 71). If the F-value exceeds the first critical point but not the second,
the degrees of freedom have to be adjusted by means of a correction factor e (Huynh
& Feldt, 1976).

Experiment 1: Experiment 1 used eight subjects, implying that for the conservative
test, the usual [F(r-l), (n-l)(r-l)] is replaced by [F(l,7)]. As reported in Chapter two
the usual procedure gives a significant main effect of cue validity (F(2,14) = 4.7; £ <
.05). The conservative test with 1 and 7 as degrees of freedom shows that the effect of
cue validity on RT is not significant (F(l,7)= 4.7; £= .065). For this effect the Huynh
& Feldt correction factor e is 0.9373, giving adjusted degrees of freedom of 1.87 and
13.12 [e (r-1) and e (n-l)(r-l)]. The F-test with the adjusted degrees of freedom shows

a significant effect of cue validity (F(1.87,13.12) = 4.7; p=.02). The interaction
between type of cue and cue validity is significant with the conservative test (F(l,7) =

6.6; g < .05), so that further testing is not necessary.

Experiment 2: Experiment 2 used ten subjects, implying that the usual [F(r-l), (n-l)(r-

1)] is replaced by [F(l,9)]. The conservative test shows a significant effect on RT of
cue validity (F(l,9)= 7.2; £< .05). The interaction between type of cue and cue

validity is not significant with the conservative test. For this effect the Huynh & Feldt

163



correction factor e is .9640. The F-test with adjusted degrees of freedom shows a

significant interaction between type of cue and cue validity (F(1.92,17.35)= 4.3;

£=.03).

The analysis above shows that the results reported in Chapter two remain exactly the

same even when more conservative F-tests are applied.

NOTE 2. The study described in Chapter three ('Perceptual selectivity is task

dependent: evidence from selective search') contains four experiments in which

expectancy effects are induced by presenting different types of trials within blocks of

trials. Again, as a consequences median reaction times are drawn from unequal
number of trials, with a possible violation of the assumption of homogeneous error

variances.

Table 1 provides an overview of effects as reported in Chapter three. Because all

experiments use eight subjects, the usual [F(r-l), (n-l)(r-l)] is replaced by [F(l,7)] for

all tests. The critical value for F (1,7)= 12.25 (p.= .01). As is clear from Table 1 all

reported F values exceed the critical 12.25 of the conservative decision rule. This
implies that the conclusions remain the same even when a test is applied which does

not rely on the homogeneity assumptions. Note that Table 1 does not provide the F-

values for those tests in which number of trials were the same.

Table 1: Overview of the effects as reported in Chapter 3.

EXPERIMENT 1

experimental condition

display size F(2,14)=230; £< .001

experimental vs control condition

trial type £(1,14)=38.2; £< .001

trial type x display size F(2,28)=76.7; £< .001

EXPERIMENT 2

experimental condition

display size F(2,14)=92.5; B< .001
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experimental vs control condition
trial type

display size

trial type x display size

EXPERIMENT 3

experimental condition

display size
trial type

trial type x display size

experimental vs control condition

trial type

trial type x display size

EXPERIMENT 4

experimental condition

display size

trial type

experimental vs control condition

trial type

display size

trial type x display size

F(l,14)=71.7;£< .001

F(2,28)=44.1;jj< .001

F(2,28)=53.9;£< .001

F(2,14)=615; £< .001

F(l,7)= 112; jj< -001

F(2,14)=64.9;jz< .001

F(l,14)=25.1;£< .001

F(2,28)=44.2;j>< .001

F(2,14)=88.7
F(l,7)= 12.4

.001
.01

F(l,14)=35.0;£< .001

F(2,28)=23.6;£< .001

£(2,28) = 14.6; B< .001

NOTE 3. In the experiments described in this thesis, between subjects manipulations

were chosen when strong carry-over effects were expected (e.g., searching for a target

and ignore a distractor in one condition and vice versa in another condition). Yet, all

other variables were varied within subjects in order to obtain sensitive comparison
between conditions. Possible carry-over effects were controlled by counterbalancing

the order in which conditions were presented to subjects (e.g., Latin-square).
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SUMMARY

The ability to identify objects in the visual environment plays an essential adaptive
role in human behavior. The visual environment contains many objects, (i.e., potential
targets for "action"); yet, there appears to be a limit on the number of objects that
can be identified simultaneously. This limitation implies that at some stage (or stages)
in visual information processing, some objects are selected while other are excluded.
This process of selecting part of the incoming information has traditionally been
referred to as "selective attention" (Johnston & Dark, 1986).

There is consensus that visual perception is characterized by two functionally
independent and sequential stages: an early stage that operates without capacity
limitations in parallel across the visual field, followed by a later stage of limited
capacity that can only process a limited amount of information at any one time.
Stimuli entering this later stage of limited capacity are considered to be selected. This
central tenet dates back from Broadbent's (1958) classic filter theory and still forms
the central idea for several current accounts of visual attention research, such as
Treisman's Feature Integration Theory (Treisman & Gelade, 1980; Treisman, 1986).
Theories of visual information processing generally agree that visual images are coded
along a set of primitive "feature" dimensions -such as color, form, brightness, Une

orientation, etc., at the early, parallel and preattentive processing stage. The outcome
of the early parallel process determines which objects will be selected for further
processing.

The theory and the experiments reported in this thesis are concerned with bottom-up
and top-down effects on visual selection processes occurring in the early perceptual
stages. In Chapter 1, a general model for visual selection is described incorporating
the current literature and the experimental findings reported in the Chapters 2
through 7.

According to this model, 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 separately for each feature dimension (e.g., color, form,
brightness) the extent to which an object at a particular location differs from each of
the other objects in the visual field. This computation results in an activation map
representing how different each object is from each of the other objects within a
particular stimulus dimension. Attention is automatically drawn to the location having
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the highest activation, implying that the object at that location is automatically
selected irrespective of the intentions of the observer. The preattentive process can
only calculate differences in activations. The second process of focal attention is
necessary to identify objects.

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
distribution 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. When stimuli are presented near the attended area
or have a large bottom-up component (e.g., abrupt visual transients) these stimuli
might occasionally breakthrough the spatial filter and affect selection.

The experiments described in Chapter 2 show that the effect of pre-knowledge of the
location of the target is quite different from the effect of pre-knowledge of the target
form. This study suggests that the endogenous direction of attention in the visual field
is the only top-down manner of affecting visual selection.

The experiments described in Chapter 3 show that conspicuous objects (i.e., objects
having salient features such as a unique color or a unique form) do not attract
attention automatically. When searching for a particular target, subjects simply ignore
items with salient features when these features are irrelevant to the task. Yet, when
these features are made relevant to the task, the items are detected preattentively and
in parallel. It is concluded that salient features only attract attention when they are
relevant to the task. It is assumed that the irrelevant salient items did not attract
attention because subjects concentrated all attentional resources to a circumscribed
area in the visual field. Because attention was focused, salient items falling outside
the attentional beam were filtered out. The study also indicates that stimuli having a
strong bottom-up component (e.g., abrupt transients) sometimes breakthrough the
spatial filter and attract attention.

The experiments described in Chapter 4 show that parallel identification of two
targets (letters) which differ only categorically from nontargets (digits) is not possible.
The results indicate that semantically different nontargets cannot be rejected in
parallel providing evidence for an 'early-selection' view.
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The experiments described in Chapter 5 demonstrate the role of spatial attention as a
strategy for top-down filtering. The results show that when attention is unfocused,
visual onsets and offsets automatically attract attention. Yet, when attention is
focused prior to display onset, visual onsets or offset cease to attract attention.

The experiments described in Chapter 6 show that in displays in which two salient
objects are present, each unique in a different dimension (e.g., color and form),

subjects are not capable of searching selectively for either one of them. An irrelevant
object with a unique color interferes with search for an object with a unique form.
The results suggest a model which assumes that the preattentive process computes for
each stimulus dimension, differences in features resulting in an activation map
representing how different each item is from each of the other items within a
particular dimension. The object generating the highest activation attracts attention
automatically, implying that the object is selected irrespective of the intentions of the
observer.

The experiments described in Chapter 7 provide additional evidence for the model
which assumes that the parallel stage cannot selectively guide the subsequent focal
employment of attention. The results show that selectivity depends on the relative
discriminability of the stimulus dimensions: the presence of an irrelevant item with a
unique color interferes with parallel search for a unique form, and vice versa.
Extended and consistent practice does not change these results.
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SAMENVATTING

Het identificeren van objecten uit de visuele omgeving is van essentieel belang voor
het doelgericht menselijk handelen. Hoewel de omgeving is opgebouwd uit vele -voor
het gedrag relevante- objecten ("targets") is het visuele systeem beperkt in het aantal
objecten dat tegelijkertijd geïdentificeerd kan worden. Deze beperking impliceert dat
in één (of meerdere) stadia van informatie-verwerking bepaalde objecten geselecteerd
worden ten koste van andere objecten. Dit proces van het selecteren van een bepaald
gedeelte van de binnenkomende informatie wordt "selectieve aandacht" genoemd
(Johnston & Dark, 1986).

Er wordt gewoonlijk van uitgegaan dat visuele informatie-verwerking is opgebouwd
uit twee functioneel onafhankelijke en hiërarchische stadia: een "vroeg", pre-attentief
stadium dat zonder capaciteits-beperkingen, parallel over het visuele veld informatie

kan verwerken, gevolgd door een capaciteits-beperkt proces waarbij slechts een
beperkte hoeveelheid informatie per tijdseenheid kan worden verwerkt. Stimuli die in
het tweede stadium van attentieve verwerking terecht komen kunnen als geselecteerd
worden beschouwd. Deze basis-gedachte komt voort uit Broadbent's klassieke filter
theorie (1958) en vormt de basis voor een aantal hedendaagse visuele selectie
theorieën zoals bijvoorbeeld Treisman's "feature integration theory" (FIT: e.g.,
Treisman & Gelade, 1980). In de literatuur wordt ervan uitgegaan dat bepaalde

"primitieve feature dimensies" van visuele beelden, preattentief en parallel worden
gecodeerd (bijvoorbeeld kleur, vorm, helderheid, lijn oriëntatie). Het resultaat van
deze "vroege" perceptuele verwerking bepaalt welke objecten geselecteerd worden.

De theoretische analyse en de experimenten waarvan in dit proefschrift verslag wordt
gedaan onderzoeken de invloed van externe ("bottom-up") en interne ("top-down")
factoren op selectie processen die zich afspelen in deze "vroege" perceptuele stadia.
De experimentele bevindingen zoals deze beschreven zijn in de hoofdstukken 2 t/m 7
worden in de theoretische analyse van hoofdstuk l samengevat in een algemeen

model voor visuele selectie.

Volgens dit model wordt datgene dat door de waarnemer geselecteerd wordt voor een
belangrijk deel bepaald door de (onderlinge) fysische eigenschappen van de stimuli

die in het visuele veld aanwezig zijn. Er wordt verondersteld dat het preattentieve
parallelle proces, voor iedere stimulus dimensie (bijv. de dimensies kleur, helderheid,
vorm), de mate berekent waarin een object op een bepaalde plaats afwijkt van elke

175



andere stimulus in het visuele veld. Dit geeft voor elke stimulus dimensie een patroon
van verschil activaties (bijv. activatie verschillen in kleur, vorm, etc.). Het object op
de locatie met de hoogste activatie wordt automatisch -ongeacht de intenties van de
waarnemer- geselecteerd. Deze data-gedreven selectie impliceert dat spatiele focale
aandacht automatisch getrokken wordt naar de plaats van het meest "opvallende"
object. Het preattentieve proces kan alleen verschil activaties berekenen; het tweede
procesvan focale aandacht is nodipjeoor hetjtentifiœren^an_heLDbject.' ~~

Het model veronderstelt ook een zekere mate van top-down controle over de visuele
selectie. Waarnemers zijn in staat, onafhankelijk van oogbewegingen, de aandacht te
richten naar een plaats in de visuele ruimte. Aandacht kan top-down gericht worden
naar één arbitrair gedeelte van het visuele veld, variërend van volledig gefocusseerd
op een bepaalde plaats tot geheel verdeeld over het visuele veld. Het model gaat er
vanuit dat het richten van spatiele aandacht het enige top-down mechanisme is dat de
visuele selectie kan beïnvloeden; binnen_het gebied. waar naaide aandacht gericht is,
wordt de selectie volledig bepaald_door_ de fysische eigenschappen van de stiniuuT"
Stimuli gepresenteerd buiten dit gebied worden niet verwerkt. Wanneer stimuli
gepresenteerd worden dicht in de buurt van het gebied waar naar de aandacht gericht
is, of wanneer stimuli een zeer sterke "bottom-up" component hebben (bijv.
lichtflitsen) dan kunnen deze stimuli af en toe door het spatiele filter breken en
geselecteerd worden.

De experimenten zoals beschreven in hoofdstuk 2 geven aan dat voorkennis over de
plaats van een aan-te-bieden target een speciale status heeft in vergelijking met
voorkennis over de vorm van een aan-te-bieden target. Deze studie geeft aan dat het
richten van spatiele aandacht, het enige top-down mechanisme is dat de visuele
selectie kan beïnvloeden.

De experimenten beschreven in hoofdstuk 3 geven aan dat opvallende objecten
(objecten met een unieke kleur of een unieke vorm) niet automatisch de aandacht
van de waarnemer trekken. Wanneer proefpersonen moeten zoeken naar een
bepaalde target in een visueel veld met daarin een opvallend -maar voor de taak
irrelevant- object, wordt dit object volledig genegeerd. Geconcludeerd wordt dat
opvallende objecten alleen de aandacht trekken wanneer deze relevant zijn voor de
taak. Bij de interpretatie van deze bevindingen wordt verondersteld dat de irrelevante
objecten geen aandacht trokken omdat proefpersonen zochten met "gefocusseerde
aandacht" wat tot gevolg heeft dat visuele gebeurtenissen buiten deze "focus of
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attention" niet worden verwerkt. De studie laat bovendien zien dat stimuli met een ^
sterke bottom-up component (zoals plotselinge luminantie-veranderingen) de

innen tr&klren

De experimenten beschreven in hoofdstuk 4 laten zien dat parallelle identificatie van
twee targets (letters) die alleen categorisch van de nontargets (cijfers) verschillen niet
mogelijk is. De resultaten geven aan dat nontargets die categorisch verschillend zijn
van de target, niet parallel kunnen worden verworpen. Dit kan als evidentie worden i
beschouwd voor het idee van 'early-selection'.

(
De experimenten beschreven in hoofdstak 5 gaan nader in op de rol van spatiele
aandacht als mechanisme voor filtering. De resultaten laten zien dat wanneer
aandacht niet vooraf gefocusseerd is naar een bepaalde plaats, visuele gebeurtenissen
(abrupte visuele onsets en offsets) automatisch de aandacht_van_jie~~wa5niemer
trekken. Daarentegen, wanneer de aandacht vooraf wordt gericht naar een bepaalde
plaats, trekken visuele onsets en offsets elders in het visuele veld niet meer de
aandacht.

A

l

De experimenten beschreven in hoofdstuk 6 laten zien dat wanneer .twee objecten
welke opvallend zijn in verschillende dimensies (ej., kleur en vorm) .tegeOjkèTQjd
aanwezig zijn in het visuele veld, proefpersonen niet in staat zijn om zich selectief te
richten naar de taak-relevante stimulus dimensie, üen irrelevant object met een ~&AJO,

_ ______ —~~~' . '*^]'''~\~
unieke Kleur verstoort het zoeken naar een relevant object met een unieke vorm. De
resultaten kunnen worden verklaard door aan te nemen dat het preattentieve proces
voor elk object per stimulus dimensie berekent hoe verschillend dat object is van elk
ander object in het visuele veld. Het object met de hoogstejw:treatie_ trekt automatis
de aandacht van waarnemer, d.w.z. dit object wordt geselecteerd ongeacht de intenties J^cA^ «-*£ ^

van de waarnemer.

De experimenten beschreven in hoofdstuk 7 geven nadere evidentie voor het idee dat

gedurende parallelle preattentieve verwerking, selectie bepaald wordt door de
relatieve discrimineerbaarheid van de stimulus dimensies. Bovendien laat deze studie
zien dat zelfs na consistente en langdurige training, selectiviteit niet verkregen kan
worden.
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