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General Introduction 
 
1.1 Introduction 
 

“Everyone knows what attention is. It is the taking possession by the 
mind, in clear and vivid form, of one out of what seem several 
simultaneously possible objects or trains of thought. Focalization, 
concentration, of consciousness are of its essence. It implies withdrawal 
from some things in order to deal effectively with others (William James, 
1890, pp. 403-404).” 

 
Of course, James was not the first to recognize the crucial role of attention in 

daily life. As James already noted, everyone knew what attention is. However, after the 
turn of the century attention became an increasingly important topic in psychology. At 
first, however, behaviorism withheld a glimpse in the mind, but by the 1950ies attention 
could not be set aside in cognitive psychology anymore. Attention has become a major 
player in the explanation of human behavior.  

 
1.2 Early selection  
 
Broadbent proposed his influential filter model in 1958, which still characterizes much of 
the research in the field today (Broadbent, 1958). This theory, which was chiefly based 
on observations made in the auditory domain, proposed two stages of perceptual 
processing. In the first stage all the physical properties of the signal, such as loudness and 
location are extracted in parallel. In the second stage more abstract aspects, such as the 
meaning of the spoken word, become available. Because of presumed limitations in the 
available processing capacity in the second stage, not all available stimuli can enter this 
stage at the same time, and a filter is used to determine which stimuli are allowed to 
enter. Broadbent’s first concern was specifying the point at which information processing 
is limited. Relying primarily on experimental data that suggested that subjects could 
easily selective process information presented on a relevant ‘information channel’ and 
ignore information presented on other, irrelevant channels when channels differed on a 
physical dimension (such as ear or voice) but not, or much less easily, when channels 
differed only with respect to meaning, Broadbent hypothesized that attention operates to 
select information at an early, precategorical level based on attributes such as the location 
of the stimuli, or basic perceptual features such as pitch or loudness. 

Although this model shows how ‘withdrawal from some things in order to deal 
effectively with others’ might occur, everyone also knows that attention is not perfect. 
For drawing the attention of someone, even of a highly focused person, simply clapping 
your hands will usually do, but calling the person by his name will usually also be 
effective. Potentially relevant information sometimes gets past the selective filter. To 
account for this and other phenomena seemingly at odds with the notion of an all-or-none 
filter, Treisman (1960) proposed that attention filters by amplifying attended and 
attenuating unattended perceptual information. According to this theory, the early, 
selective filter does not completely block out unwanted information, but only attenuates 
or reduces the strength of unattended stimuli. 
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1.3 Late selection 
 
Soon after Broadbent’s early selection theory, others proposed that perceptual processing 
does occur onto the categorical level, but that attention is simply needed to prolong the 
representation of relevant information. Information which is not attended will be heard or 
seen, but will rapidly decay, and will not be available for conscious perception (see e.g., 
Deutsch & Deutsch, 1963; Norman, 1968). This explains how initially unattended 
information can sometimes be accurately identified.  

This clash of views has inspired many attempts to pinpoint the locus of selection 
more definitively. The results are mixed, however. Furthermore, Lavie (Lavie & Tsal, 
1994; Lavie, 1995; Lavie & Robertson, 2001; Lavie & de Fockert, 2003) showed that 
when identification of a target stimulus is relatively easy (i.e. low perceptual load), 
irrelevant stimuli seem to be processed deeply. This can be taken as evidence for late 
selection. However, when identification of a target stimulus is made more difficult (i.e. 
high perceptual load), irrelevant stimuli seem to undergo only low-level processing, 
which suggests early selection. Lavie argued that whether selection appears to take place 
at early versus late levels, critically depends on the extent to which perceptual processing 
of relevant information leaves spare perceptual capacity to automatically “spill over” to 
the processing of irrelevant information. When the relevant stimuli do not demand all of 
the available perceptual capacity, irrelevant stimuli will automatically capture spare 
capacity to enable their processing; giving rise to signs of late selection. 

The debate regarding the locus of attentional selection stems from Broadbent’s 
assumption that the perceptual system is limited in the information it can extensively 
process, and that attention’s function is to limit and select the information in order to 
prevent the perceptual system from overload. However, others have opposed that the 
visual system is well-equipped to process large amounts of perceptual information to 
considerable depth. The hard labor attention has to fulfill, it is suggested, is to pick out 
the relevant information to act upon. Attentional selection may be needed to prevent 
currently irrelevant information from eliciting inappropriate actions. The basis for this 
‘selection-for-action’ view is that although the senses are capable of registering many 
different objects together, effector systems are typically limited to carrying out just one 
action at a time (see e.g., Allport, 1987; 1993).  

Neumann (1987) focused on Broadbent’s assumption of the function of attention. 
According to Broadbent (1958) simultaneous registration of all the features present is 
possible, but combining these separate features into correct and reliable representations of 
the rich perceptual world is hardly possible, because infinitely many possible 
combinations can be made. Neumann’s argument against this is simple but compelling: 
‘The difficulty is not to combine stimuli, but rather to deal with them independently at the 
same time’ (Neumann, 1987, p. 363). Combining stimuli in some circumstances (e.g., 
when they converge on the same response) may even be more profitable. For instance, 
identification of a string of letters is as easy as identification of one letter when the letter 
array forms a familiar word (Cattell, 1885). In addition, it has been shown that 
performance in reading a word can, under certain circumstances, even be superior to 
reading a single letter (the so-called word superiority effect; e.g., Reicher, 1969; see 
Paap, Newsome, McDonald, & Schvaneveldt, 1982 for a review). 

6 



General Introduction 

More recently Treisman developed a ‘Feature Integration Theory’ of visual 
attention ('FIT', Treisman & Gelade, 1980; Treisman, 1993; 1998). Similar to 
Broadbent’s theory, the FIT proposes a pre-attentive stage in which features are extracted 
and stored in feature maps, with separate maps representing different dimensions (like 
colour or orientation). The locations of the features are extracted separately but in parallel 
and stored in a ‘master map of locations’. The role of attention in this theory is to conjoin 
the separate features into objects. This is a serial process, whereby one location in the 
mastermap of locations is selected at a time. This location can either become activated by 
bottom-up processes, e.g., when a stimulus differs from all the others with respect to a 
salient feature ('pop-out', see Treisman and Gelade, 1980) or in a top-down manner, when 
attention is moved serially through the positions in the location map or when a location 
has been made relevant by instruction. In this model, attention’s function is to bind 
together the different features of an object.  

Many other theorists (e.g., Van Der Heijden, 1993; LaBerge & Brown, 1989; see 
Heslenfeld, Kenemans, Kok, & Molenaar, 1997 for an overview) have formulated similar 
models in which basic features are represented in functionally specialized modules. These 
models agree that location has a special role in attention: Attentional selection always 
occurs through activation of a spatial code within the location module. On the other hand, 
it has become clear that attention can select several features at a time, provided they 
belong to the same object (e.g., Duncan, 1984). The discussion of the locus of selection 
(early versus late) shifted to a discussion regarding the spatial properties of attention.  

 
1.4 Space Based Attention 
 
Posner (1980) proposed that attention can be directed towards regions of space, and 
operates by ‘illuminating’ anything present there. This spotlight metaphor was proposed 
on the basis of letter identification tasks in which subjects’ attention was cued spatially in 
advance of the letter presentation, with the letter appearing at the cued or an uncued 
location (i.e. left or right of fixation). The spotlight could be aimed at a specific location 
in several ways. Attention could be cued externally by first (up to 200 ms before target 
presentation) presenting a bright flash on the left or right location. Targets presented at 
cued locations were discriminated faster and more accurately than those presented at 
uncued locations. In addition to exogenous cuing, Posner (Posner, Walker, Friedrich, & 
Rafal, 1984) showed that attention can also be directed endogenously. In this paradigm, a 
centrally presented arrow indicated the most likely target location (left or right of 
fixation) of the upcoming target or is neutral, in which case the target is equally likely to 
appear on the left or the right side of fixation. In the majority of trials the directional cue 
correctly indicated the location where the target appeared (valid trials), but in a small 
number of trials the target appeared at the location in the opposite visual half field 
(invalid trials). Compared to neutrally cued targets, subjects were better in responding (in 
speed and accuracy) to validly cued targets, whereas invalidly cued targets were 
responded to worse than neutrally cued targets.  

Generalizing the spotlight metaphor, Eriksen and colleagues (Eriksen & Yeh, 
1985) proposed that the width of the spotlight can be adapted like a ‘zoom lens’. In an 
experiment which has become a standard paradigm in the field, subjects are presented 
with an array of letters (Eriksen & Eriksen, 1974). The central letter has to be identified 
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and responded to. For instance, the central letter can be either an ‘H’ or an ‘E’, referring 
to different response hands (e.g., left response is required when the central letter is an 
‘H’, whereas an ‘E’ requires a right response). Spatial attention is needed because the 
flanking letters are also all ‘E’s or ‘H’s. It was found when these flanking letters are 
within a radius of 1° of visual angle, the response to the target letter was affected. When 
the flankers were different from the central target (e.g., ‘E’s surrounded by ‘H’s), 
reaction times and errors increased compared to when all the letters were identical. This 
suggests that the attentional beam cannot be shrunk infinitely. The ‘zoomlens’ cannot 
decrease its resolution below the 1°, but can widen its radius depending on the task 
(LaBerge, 1983). 

More recent models propose that this ‘illuminating’ effect of attention gradually 
decreases with eccentricity to the attended location. This ‘gradient’ hypothesis predicts 
that information which is presented proximate to the attended location is relatively 
enhanced as compared to information which is presented at more distant locations, which 
can be reflected in performance (LaBerge and Brown, 1989) and in electrophysiological 
indices (Mangun & Hillyard, 1987), to be discussed in more detail below. According to 
these models of spatial attention, attention is distributed along extrapersonal spatial 
reference frames. They predict that information which is presented within the attended 
region of space will be better processed, and that objects are identified only after 
attention has been directed to their regions of space. Others, however, have argued that 
this view is too simple and proposed instead that attention is directed towards objects 
rather than towards regions of space. 
 
1.5 Object Based Attention 
 
A variety of recent evidence suggests that attention is focused on objects, rather than, or 
in addition to, spatial locations, giving rise to object-based theories of visual attention. 
These theories suggest that preattentive perceptual processing not only involves simple 
stimulus features (i.e. colour, orientation), but also Gestalt mechanisms of grouping, such 
as closure, proximity, good continuation, common fate and similarity (Wertheimer, 1923; 
Neisser, 1967). Object-based attentional theories assume that processes of grouping and 
figure-ground segregation create candidate objects that individually can be the target of 
attention, which is different from space-based theories, which assume that regions of 
space are selected whether they are occupied by objects or not. Many others have 
reviewed the effects of grouping on attentional selection (e.g., Scholl, 2001; Kanwisher & 
Driver, 1992; Driver & Baylis, 1998). Therefore, I will only highlight some of the 
pertinent findings. 

Duncan (1984) presented subjects with two superimposed objects. One of the 
objects was a tall or a small box with a gap either on the left or the right side, and the 
other was a line tilted to the left or right and was either dashed or dotted. Subjects had to 
identify either two dimensions of a single object (same condition) or one dimension on 
each of the objects (different condition). Note that the relevant features had the same 
spatial relationship in the same and different object condition. When the two target 
dimensions were on separate objects, detection was worse than when those dimensions 
were presented within the same object. This indicates that in this divided-attention task 
selection is biased towards selecting whole objects. Furthermore, Duncan also showed 

8 



General Introduction 

that as long as two properties were located on a single object, performance was 
equivalent to a control in which only a single property was judged (compare with Cattell, 
1885).  

An important question concerns the type of object representation on which 
selection takes place. Vecera and Farah (1994) showed that when the objects used by 
Duncan (1984) were superimposed, the object effect was the same as when the objects 
were spatially separated. They suggested that selection takes place from an internal 
object-based representation, in which objects are coded in a spatially-invariant fashion. In 
response to that, Kramer, Weber and Watson (1997) presented their subjects also with 
two objects, like in Vecera and Farah’s study. These objects could also be either 
superimposed or spatially separated. In addition to the primary task, describing two 
features of one object or two features of two different objects, the subjects had to respond 
as quickly as possible when a probe stimulus was presented. This probe was presented 
after the objects were removed in only a fraction of the trials. In the superimposed 
condition, when the probe was presented on the location previously occupied by the two 
objects (containing all the relevant information for the primary task), subjects were faster 
in responding to that probe as compared to when the probe was not preceded by an object 
on that location. In the separate condition, in which both target features were presented 
on the same object, the probe could be presented on the location of that object, or on the 
location that was occupied by the object that contained no target features for the 
identification task Subjects were much faster when the probe was preceded at the position 
occupied by the object with both target features. Kramer et al. (1997) suggested that 
“attention activates those locations in a retinotopic or spatiotopic representation of the 
visual field that correspond to an object’s shape” (Kramer, Weber, & Watson, 1997, p. 4). 
It should be noted that this ‘grouped-array proposal’ is similar to the space-based 
attentional models described earlier, but differs from these in the sense that attention is 
flexible with respect to its shape. 

Objects have also been found to affect performance in focused attention tasks. For 
instance, Gestalt laws have been found to influence the Eriksen flanker-interference 
effect. When the target had the same colour as the flankers, the interference effect was 
larger than when flankers and target were differently coloured (Humphreys, 1981; Harms 
& Bundesen, 1983). Driver and Baylis (1989) presented subjects with an array of five 
placeholders which moved up or down a computer screen and were replaced when they 
were all in one horizontal plane on fixation by five letters with a central target and two 
near and two distant flankers. They showed that when the target and the more distant 
flankers coincided in motion (in contrast to the flankers closer to the target) the 
interference effect was associated with those distal flankers, rather than with the nearer 
flankers. This suggests that the Gestalt of common movement overruled that of 
proximity. Although this latter effect proved to be fragile (cf. Kramer, Tham, & Yeh, 
1991; Berry & Klein, 1993), another object based effect was reported by Kramer and 
Jacobson (1991). They presented subjects with five vertical lines of which they had to 
report the texture of the central line. Nearby lines could have either the same or another 
(referring to another possible response) texture. In three experiments they showed that the 
interference effect was manipulable by grouping lines by colour (Exp 2) or by closure 
alone (Exp 3.), and in combination (Exp 1). Closure grouping was established by 
connecting the nearby flankers with the target in one condition (so that the target 
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belonged to an object which also contained the nearby flankers), in which interference 
was higher than in a control in which no closure was used. In another condition, the inner 
flankers were connected to the outer flankers (and the target was solitary), and 
interference was reduced compared to control. Colour grouping was established the same 
way as closure, with similar results. Importantly, they also showed that the grouping 
effects on interference were strongly reduced when the distance between the stimuli was 
increased to more than 1°, but that the interference effect was still present. So, space and 
object based attention could be observed simultaneously. Note also that the object effect 
decreased with increased distance between the line segments, whereas in divided 
attention tasks of Vecera and Farah (1994) spatial disparity did not vary with the object 
effect. 

The paradigms used to establish space based attention (Posner, 1980; Eriksen & 
Hoffman, 1972) have also been applied to and combined with objects. For instance, Egly, 
Rafal, and Driver (1994) presented two rectangles. With those rectangles as context, they 
used the spatial cuing paradigm of Posner (1980). They spatially cued one of the four 
rectangle ends, after which a target stimulus was presented at one of three possible 
locations. The most probable location of the target (in 75% of the cases) was the Cued 
Position (Valid). The other targets were presented with equal probability either on the 
cued rectangle (but at the other end of the rectangle; e.g., Cued Within) or on the other 
rectangle (Cued Between). Importantly, these invalidly cued targets were presented with 
equal distance to the cue. The results suggested that attention uses both spatial- and 
object-based frames of reference: responses for validly cued target were fastest, those for 
targets on Cued Between locations slowest, and those for targets on Cued Within 
locations in between.  

The objects in the Egly-paradigm were perceptually distinct, with no ambiguity as 
to which borders belonged to which object. As already addressed above (i.e. Vecera & 
Farah, 1994; Kramer, Weber, and Watson, 1997), the nature of the object representation 
on which selection takes place is a matter of some debate. Several researchers have used 
the Egly-paradigm to investigate how objects which affect attention are represented. 
Moore, Yantis and Vaughan (1998) showed that (1) the object-based effect was still 
present when the rectangles were Kanizsa illusory objects (which will be described 
further below) and, (2) that when a third irrelevant rectangle was added to occlude the 
other two rectangles, the object-based effect was also still present. Based on these 
findings, Moore et al. (1998) suggested that selection takes place on basis of an internal 
object representation (see also Behrmann, Zemel, & Mozer, 1998).  

Pratt and Sekuler (2001) showed that amodal completion (the process of 
perceptually completing an object which is occluded) is involuntary and produces an 
internal representation of an object which affect attention. They first showed four 
squares, one in each quadrant. After a second or so, a rectangle was placed between the 
squares aligning the squares (producing the same initial display in the occluded condition 
as used by Moore et al. (1998) used). The results suggested that subjects perceived two 
occluded rectangles, rather than the four squares they were initially presented with. 

Chen (1998) aligned two ‘V’ like rectangles (which had different colours) in such 
way that they formed an ‘X’. When he referred to the objects as two superimposed ‘V’-
shaped objects, subjects showed an object advantage; the RT for targets on the uncued 
location within the cued object were shorter than when targets were presented on the 
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uncued object. Importantly, when he referred to the objects as one (two-coloured) large 
‘X’-shaped object, this effect disappeared completely. This indicates that even a 
suggested perceptual organization can strongly affect the spread of attention across 
physical objects. 

Kramer and colleagues (Atchley & Kramer, 2001; Watson & Kramer, 1999) 
noted that when they used more realistic objects, object-based effects were larger than in 
similar experiments employing more abstract objects, which failed to establish such 
results. Conversely, when the rectangles are perceptually degraded, object-based effects 
are marginalized (Abrams & Law, 2002) although subjects could still report the direction 
of the rectangles.  

Driver and Baylis (1998) showed that when the two rectangles are replaced by 
two rows of four circles, target detection is better when the cue is presented within the 
same row of circles than when the target appears on an uncued row of circles. They 
suggested that the ‘packaging of the world into units’ occurs before attention. Viewing 
object-based attention this way is much in the spirit of the classic distinction which has 
motivated much of attention research, that between ‘early selection’ and ‘late selection’ 
theories (see Johnston & Dark, 1986; Pashler, 1998). 

Strengthening or weakening the object-based effect in the Egly paradigm by 
rather simple manipulations in the representation of the rectangular objects suggest an ill 
defined rule that as the representation of an object is ‘stronger’, the more impact it will 
have on attention. How the representation of objects relates to attention is still a matter 
which has to be resolved. 

The issue of exactly what type of object representation attentional selection 
operates on continues to pose problems. For instance, though it is often assumed that 
object-based attentional effects also implicate object-based reference frames (e.g., 
Behrmann & Tipper, 1999), this is not necessarily the case (Mozer, 1999; Driver & 
Pouget, 2000): there are many ways in which attention could spread throughout an object 
and not the surrounding context, even though all of the features on that object were still 
represented in environment- or viewer-based coordinates. 

 
As discussed above, the contrast which has done much to fuel research on object-

based attention is that between objects and locations. At present, the question is no longer 
whether attention is based on space or on objects as mutually incompatible theoretical 
options, but how these attentional factors are related. Almost all of the results with the 
Egly-paradigm, but also the study of Kramer and Jacobson (1991) discussed above, show 
that both phenomena can be found simultaneously. Lavie and Driver (1996) suggested 
that space- and object-based attention systems interact. They showed that object-based 
attention effects can be eliminated when exogenous spatial cues are used to encourage 
subjects to allocate attention spatially. Atchley and Kramer (2001) suggested that this 
occurred because the objects used by Lavie and Driver were less realistic. In their own 
study, in which realistic objects were used, exogenous spatial cues reduced but failed to 
completely eliminate object-based effects completely. Atchley and Kramer (2001) 
suggested that there is a trade-off between both systems. Object-based effects are more 
likely to be larger when spatial uncertainty is increased (and also when the object is more 
realistic) at the cost of spatially directed attention, whereas object-based effects are 
diminished when spatial regions are selectively cued.  
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Models like the biased-competition model of Duncan and colleagues (Desimone 
& Duncan, 1995; Duncan, Bundesen, Olson, Humphreys, Chavda, & Shibuya, 1999) may 
explain this relation between both space-based and object-based attentional systems. This 
model proposes that if a feature of an object is salient, this feature will gain strength in 
the competitions within the features’ module. Consequently, other features of the same 
object also gain in competitional strength within their modules. This object specific 
competition can be biased; by behavioral requirements such as task instructions, 
operating by means of top-down modulation of within-module competition. Therefore, 
stimuli forming a group, or which are elements of an object, may, through cooperative 
interactions, have higher competing values than others, which makes selection more 
likely. (Note that this model is similar to the ‘FIT’ model of Treisman (1980) with the 
difference that in the biased competition model, space is not special but occupies a 
module like any other module). More realistic objects typically have more features than 
the simple artificial objects used in experimental settings. Consequently, more modules 
will typically be activated by complex realistic objects than by ‘experimental’ objects, 
providing more opportunities for cooperative between-module interactions and thus a 
stronger object effect. Such a stronger object effect, supported by a denser network of 
cooperating modules, would in turn be less sensitive to, and less dependent upon, 
cooperative or competing interactions with modules dedicated to representing location. In 
general, then, the biased-competition model provides an interesting perspective on the 
possibility of a trade-off relation between space- and object-based attentional systems 
(i.e. Atchley and Kramer, 2001). 

 
1.6 Object Based Attention and Kanizsa Illusory Figures 
 
Object boundaries and surface discontinuities usually exist as luminance changes in the 
image, but this is not always the case. Although we often perceive clear perceptual 
boundaries between image regions, the physical bases for these percepts may be very 
slight. Object-based attention effects can also be observed in Kanizsa illusory objects (see 
Figure 2.1). Importantly, these objects also have a methodological advantage over 
physically present objects in experimental settings because in experiments which use 
physically present objects (Duncan, 1984; Kramer & Jacobson, 1991) objectness is hard 
to manipulate without physical addition or omission of elements. Kanizsa objects, 
however, can be easily configured so that no illusory object is perceived, by simple 
rotation of the pacmen inducers. Configured in a way like in Figure 2.1, these objects are 
mostly described to be perceived as a square, brighter than its surroundings (Dresp, 
Lorenceau, & Bonnet, 1990), which overlaps four circles, which are placed behind the 
square’s corners (e.g., called pacmen inducers).  

Moore, Yantis, and Vaughan (1998) used two illusory Kanizsa rectangular 
objects, instead of real objects, in the Egly paradigm, and observed object- and space-
based effects very similar to those found with real objects. Mattingley et al. (1997) 
showed that an extinction patient (extinction patients tend to ignore stimuli in one 
hemifield (mostly the left) when other stimuli are simultaneously present in the other 
hemifield) was able to orient to an otherwise ignored halffield if this was part of a 
Kanizsa object which extended into the intact hemifield. When the Kanizsa object 
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percept was violated she could no longer indicate any changes in the left hemifield. These 
authors suggested that attention spreads over the surface of a perceived object.  

In a search task Grabowecky and Treisman (1989) presented an array of pacmen 
inducers and subjects had to report whether a Kanizsa object was created within this 
array. They found RT to increase linearly with the number of pacmen clusters. This 
indicates that search for this illusory figure is serial, with subjects testing each individual 
cluster for the presence of an illusory object before moving attention to the next cluster 
(see also Meyer & Fish, 1987; Pritchard & Warm, 1983). In these experiments, it is 
possible that subjects initially parsed the pacmen inducers as objects themselves. As 
grouping of target elements with distractor elements dramatically impairs visual search 
(Duncan & Humphreys, 1989), Davis and Driver (1994) first presented uninformative 
clusters of circles. After some time, a quarter of each circle was erased. Subjects had to 
report whether or not a Kanizsa square was created. It was shown that the detection of a 
Kanizsa square was not dependent on the number of clusters. This indicates that subjects 
did not have to search within each cluster for a square, but that these objects popped out 
in the display, suggesting that these objects are produced preattentively (see Gurnsey, 
Humphrey, & Kapitan, 1992). 

Searching for stimuli is also influenced by contextual Kanizsa objects. 
Ricciardelli and colleagues (2001) presented subjects with a Kanizsa triangle, 
superimposed on a physical triangle (e.g., the Kanizsa triangle was presented as if it was 
closer to the observer and occluded the outlined triangle). Target detection on the 
physically outlined, but partly occluded triangle (called amodal completable object) was 
disrupted by stimuli presented on the Kanizsa illusory triangle. So, stimuli presented on a 
object subjectively closer to the observer seem to have an advantage over objects further 
away. 

Yantis (1993) argued that a bottom-up capture of attention is caused by 
presentation of a new object. Rauschenberger and Yantis (2001) first presented subjects 
with eight (two rows of four) circles. After a second or so, a quarter was erased of seven 
of the eight circles, creating pacmen inducers, and of the remaining circle either the top 
or bottom half was erased. The subjects were required to report the orientation of the half 
circle (upright or down). When four of the seven pacmen created a Kanizsa square, 
subjects showed slowed responses to the target compared to when the other pacmen were 
not composed to create a Kanizsa object. However, this was only so when the Kanizsa 
objects were presented on fixation rather than to the left or right (note that this at odds 
with the search task experiment of Davis & Driver, 1994, mentioned above). 

This review of empirical results suggests that it is very difficult to clearly 
establish whether the percept of illusory objects, such as Kanizsa objects, is formed by 
sensory/bottom-up processes or requires additional attentive processing, based on 
performance measures alone. Psychophysiological measures may provide additional 
information and insight in how illusory objects are produced. Brain imaging techniques 
(Positron Emission Tomography or PET, and functional Magnetic Resonance Imaging or 
fMRI) and lesion studies can be used to investigate the degree of overlap between brain 
structures involved in object perception and those which are recruited by attention. Brain 
imaging techniques with excellent time resolution (Magnetic Encephalogram or MEG, 
Electro Encephalogram or EEG and single cell recordings), can be used to investigate the 
time-course of processing of illusory objects.  
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1.7 Psychophysiological Studies of Illusory boundary formation 
 
Visual information is transferred from the retina through the thalamus to arrive first in 
area V1 of the visual brain areas. This area contains cells with small receptive fields that 
are specialized in detecting the orientation of stimuli falling within this field. Higher 
visual brain areas contain cells which have increasingly large receptive fields, and have 
more complex features to which they preferentially respond.  

Illusory contours may be produced in several ways. In psychophysiological 
studies Kanizsa objects are sometimes used, but often illusory contours produced in 
another way are used. A common way to create illusory contours is to present line 
gratings with discontinuities which form regular borders. Usually such an illusory border 
consists of coinciding line-endings of the line grating. For example, a grating consists of 
horizontal lines with regular distance between them, but the surface of a square is shifted 
or is rotated. This way the surface of the square has another texture than the surrounding 
and an illusory square is typically perceived. 

It has been proposed that V1 cells which are activated by a physically present 
contour are activated in a similar way by illusory contours (von der-Heydt, Peterhans, & 
Baumgartner, 1984; von der-Heydt & Peterhans, 1989). However, when illusory contours 
indeed result in activation of V1 cells, they may do so as a result of feedback from higher 
cortical areas, whose cells’ larger receptive fields are more suitable for illusory contour 
processing. Lee and Nguyen (2001) have measured activity of deep and superficial layers 
of V1 and V2 in the macaque monkey while they were presented with Kanizsa objects. 
They observed that the response of V2 neurons to illusory contours was significantly 
stronger than the response of neurons in V1. Furthermore, the largest amount of neurons 
responding to illusory contours could be found in the deep layers of V2. The onset time 
of responses to illusory contours was 70 ms. in the superficial layers of V2 and 95 ms for 
deeper V2 layers, whereas the superficial layers of V1 were active after 100 ms. and after 
190 ms. in deep V1 layers. These results seem to confirm the hypothesis that V1’s 
response to illusory contours is initiated by neurons in higher brain areas. This is 
supported by findings by Lamme and Spekreijse (Lamme, Van Dijk, & Spekreijse, 1993; 
Roelfsema, Lamme, & Spekreijse, 1998), who produced illusory objects by shifting a part 
of a line grating.  
 To measure the ongoing brain activity in humans other techniques are often used. 
For instance, magneto-encephalography (MEG) measures the magnetic fields which are 
produced by the dipole currents of cortical cell columns. Ohtani et al. (2002) presented 
subjects with line gratings which produced illusory or no illusory objects and compared 
the evoked activity of low-level visual areas. Activity was similar until 80 ms. after 
which significantly stronger responses were found for illusory objects, suggesting that 
cortical areas involved in illusory contour perception became active. A source within 
V1/V2 could model up to 95% of evoked activity in two subjects, whereas in two 
remaining subjects the model reached somewhat lower levels. These results suggest that 
illusory contours are processed in early visual areas, although the authors stressed that the 
MEG-technique and the stimuli that they used might not have been effective in capturing 
the visual processing in the higher-tier areas. 
 Functional Magnetic Resonance Imaging (fMRI) has the advantage that it can 
image correlates of brain activity with a high topographical resolution. Mendola et al. 
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(1999) exploited this to image higher visual brain areas while presenting Kanizsa objects 
and contrasted this with activity in which they rotated the pacmen inducers. They found, 
in line with the results discussed above, that early visual areas were active (V1, V2, V3, 
and VP). However, they also found activity in V7 and V8 which extended into V3a and 
V4v. The level of activity of the higher visual areas was much higher than the activity in 
the lower brain areas. The activity was mainly found in the Lateral Occipital cortical 
areas (LOC-areas). These areas are possibly related to figure-ground segregation and 
object recognition (Malach et al., 1995; Moscovitch, Kapur, Kohler, & Houle, 1995; 
Ishai, Ungerleider, Martin, Schouten, & Haxby, 1999). 

There are only a few studies which used the electro-encephalogram (EEG) to 
provide data on brain activity related to the perception of illusory figures. Kanizsa objects 
evoke a rather different pattern in the event-related potential (ERP) of the EEG than the 
same pacmen placed in a formation in which no illusory object can be formed. Former 
experiments (Herrmann & Mecklinger, 2000) focused on differences in potentials evoked 
by Kanizsa and non-Kanizsa objects. Herrmann and colleagues (1999; 2000; 2001) 
observed that Kanizsa objects evoke larger N170’s (N1’s) compared to non-Kanizsa 
objects, independently of which type of object the subjects had to detect. Therefore, they 
conclude that the N170 reflects illusory contour detection. Others (Pegna, Khateb, 
Murray, Landis, & Michel, 2002) compared activation of non Kanizsa, Kanizsa and real 
contours (the illusory edge between the inducing pacmen is a real line) of triangles. The 
ERPs elicited by the Kanizsa triangles and the real contours were similar. They conclude 
that both processes ‘modulate a common network associated with filling-in and figure-
ground segregation’ (p. 965). Proverbio and Zani (2002) found differences in Kanizsa 
and non-Kanizsa objects evoked potentials on the N1 component also. The effects of 
Kanizsa object processing found in the ERP are somewhat later than in the single-cell 
studies and the MEG-study of Mendola et al. (1999) discussed above.  

Although many studies thus suggest that 1) higher brain areas are involved in the 
production of the illusory contour percept and 2) that lower brain areas (V1) also reflect 
responses to illusory contours, probably due to reentrant information from higher brain 
areas, it has been suggested that the conscious percept of illusory contours corresponds to 
V1 activation (Lamme & Roelfsema, 2000; Super, Spekreijse, & Lamme, 2001). A 
plausible model is that in an afferent signal (feedforward sweep) the detection of illusory 
contours is produced in higher brain areas, and in a recurrent activity sweep forms 
coherent activity with lower (V1) activity, which is crucially involved in conscious 
perception of an illusory object (Lamme, Super, Landman, Roelfsema, & Spekreijse, 
2000). Thus, lower brain areas may be crucial for conscious perception of an illusory 
object. However, as attentional modulation is found mostly and profoundly in extrastriate 
visual areas, it is conceivable that attentional processes, such as search for illusory 
contours, mainly involve modulation of higher brain areas. This is also suggested by the 
observation that monkeys are impaired in illusory contour perception after lesions were 
inflicted on higher visual areas, such as the inferotemporal (IT) area (Huxlin, Saunders, 
Marchionini, Pham, & Merigan, 2000).  

 
1.8 ERP studies of spatial attention 
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Spatial attention has been found to modulate the early visual components P1 and N1 in 
the ERP (for reviews see Mangun, Hillyard, & Luck, 1993; Mangun, 1995; Clark & 
Hillyard, 1996; Hillyard, Anllo-Vento, Clark, Heinze, Luck, & Mangun, 1996; Wijers, 
Lange, Mulder, & Mulder, 1997). The P1 is a positive peak (100-150 ms. after 
stimulation) which occurs before the negative N1 (150-200 ms.), and both ERP 
components are most prominent over the occipito-temporal areas of the scalp. The P1 and 
N1 sources are thought to originate from extrastriate areas of the brain. It was proposed 
that attended information gained in sensory strength compared to unattended information. 
However, the P1 and the N1 differ somewhat in their functionality. Compared to ERPs 
evoked by stimuli shown after neutral cuing (e.g., a cue which has no predictive value for 
the location of the upcoming stimulus), validly cued stimuli evoked equally large P1’s, 
whereas invalidly cued stimuli evoked smaller P1’s. This last effect is also observed in 
the N1, but the N1 is in addition larger for validly cued stimuli than neutrally cued 
stimuli. Therefore, it was proposed that in early phases processing of unattended 
information is suppressed (rather than that attended information is boosted), reflected in 
P1 modulation, whereas the N1 reflects both boosting of attended information and 
suppression of unattended information (Luck, Hillyard, Mouloua, Woldorff, Clark, & 
Hawkins, 1994). As this N1- component is thought to originate from early, extrastriate 
visual brain areas, spatial attention is thought to lead to sensory gain (Luck et al., 1994).  

Later the N1 was proposed to reflect several processes, such as sensory gain and 
discriminative processes (Mangun, Hillyard, and Luck, 1993). Vogel and Luck (2000) 
showed that the N1 is enhanced in tasks in which the target is relatively hard to 
discriminate from nontargets. Indeed, in simple detection tasks the N1 is not affected by 
attention (Vogel & Luck, 2000). Also, it was suggested that the N1 reflected attentional 
shifting processes (Heinze, Luck, Mangun, & Hillyard, 1990; Luck, Heinze, Mangun, & 
Hillyard, 1990), although this was refuted a few years later (Heinze & Mangun, 1995).  

These findings are in line with early selection, space-based theories of attention. 
Mangun and Hillyard (1987), for example, showed that the effects of attention on the 
ERP reduce as the distance between the focus of attention and the stimulus increases. 
This is congruent with the spatial gradient hypothesis discussed above.  
 
1.9 ERP studies of object attention 
 
In spite of repeated pleas to investigate brain processes during object based selection 
(Driver and Baylis, 1998; Vecera, 1997) surprisingly little ERP research has been done to 
apply the expertise of spatial selection correlates in the ERP on object selection. Next, I 
will summarize and review all ERP research on object selection that we are aware of. 

Valdes-Sosa and colleagues (Valdes-Sosa, Bobes, Rodriguez, & Pinilla, 1998) 
found modulation of the P1 and N1 components by object selection. They showed two 
superimposed rotating random dot patterns which formed transparent surfaces, in one of 
which subjects had to detect a sudden shift of a set of the dots, while ignoring these shifts 
in the other. Unattended compared to attended sudden shifts induced P1 and N1 
amplitude reduction. Although the selection of space is identical in both cases, the 
selection of 'objects' modulated these early visual components. Using similar displays, 
Pinilla and colleagues (Pinilla, Cobo, Torres, & Valdes-Sosa, 2001) showed that when 
subjects had to detect a second sudden shift in the random dot patterns, this was very hard 
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in a period of 200-500 ms. following a first shift of the superimposed dot pattern. This 
phenomenon of problems of detecting a second target is known as ‘attentional blink’(see 
Shapiro, Raymond, & Arnell, 1994). Detection of a second shift was facilitated when it 
occurred on the same dot pattern as the first one. The difficulty in shifting between 
objects was associated with attenuation of the N1 (smaller N1’s were evoked by the 
second shift when it occurred in different dot patterns). This indicated that the two-
surface cost corresponded to competitive effects early in vision. 

Weber and colleagues (Weber, Kramer, & Miller, 1997) complemented the study 
described above of Kramer, Weber, and Watson (1997) who used probing techniques in 
the Duncan (1984) paradigm to show that attention is spatially allocated to areas in which 
the relevant features are presented. In contrast with this performance study, no secondary 
task of the subjects was required in that they did not have to respond to the probes. 
Rather, in this experiment the probes were used to evoke ERPs which indicated the 
allocation of attention. For instance, when the probe was presented on locations which 
were not preceded by objects on that location, it evoked a small P1 compared to probes 
presented on locations which were preceded by objects. This is an indication that 
attention was directed to the location of the objects. Furthermore, the probe evoked larger 
P1’s when it was preceded by objects of which one contained both target features than 
when the target features were located on different objects. This indicates that subjects do 
not select the information from an internal representation that is spatially invariant 
(Vecera and Farah, 1994), but rather that object-based attention is spatially mediated. 
Attention is distributed over an object’s shape (i.e. Kramer, Weber, and Watson, 1997), 
as if it exactly silhouettes present objects.  

Another important point in their experiment concerns the ERPs evoked by the 
target objects themselves. On presentation of the objects, the N1 component was larger 
when the two target features were located on different objects than when they were 
located on the same object. This N1 difference indicated that attention is differently 
allocated on objects which contain both target features than on objects which both carry 
one target feature. Furthermore, the P3 component was larger for objects which contained 
both target features compared to when they were located on different objects. This P3 
difference indicates that stimulus evaluation is faster when one object contains both target 
features. The authors concluded that object-based selection is spatially mediated. 

Another similar study was carried out by Czigler and Balazs (1998). In this study, 
subjects had to respond only when two features were present and withhold response when 
only one or none of the relevant features were present. They focused on the ERP which 
was evoked by the objects themselves also, but with a closer look on the temporal 
difference between the different conditions. The objects were either superimposed 
(Experiment 1) or spatially separated (Experiment 2; see Vecera and Farah, 1994). The 
processing of this spatial effect can be compared with the temporal development of the 
object effect (i.e. the difference between the condition in which the target features 
occupied the same object and the condition in which the features were on different 
objects). First, the exogenous components (P1/N1) did not differ for the object effect, 
whereas the P3 occurred earlier in the single-object condition than the different-objects 
condition. Furthermore, and importantly, the object effect was evident earlier and more 
pronounced in the separated location condition than in the superimposed condition 
(Czigler & Balazs, 1998; Fig 4, p.122). Thus, focusing attention on a particular object 
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precedes target/nontarget categorization. This suggests that space aids to separate the two 
objects. 

He and colleagues (He, Fan, Zhou, & Chen, 2004) recently measured ERPs 
during a detection task similar to the Egly et al. (1994) study. They showed that under 
high cue validity conditions (77% of the trials in which a target appeared, it appeared on 
the cued position and in the remaining target present trials it was equally likely they 
appeared on the cued rectangle or on the other rectangle), both space- and object-based 
effects were observed. In further experiments (Exp. 2 and 3) they showed that the space-
based attention effects decreased to zero when the cue probability was reduced, whereas 
object-based effects were still as prominent as in the first experiment. The logic behind 
this is that with unpredictive cues, selection is based on reflexive mechanisms. Location 
cuing effects in this experiment was associated in altered anterior waveforms, whereas 
object-based effects were associated with modulation of the N1. He and colleagues 
conclude that space- and object-based selection reflect voluntary and reflexive 
mechanisms, respectively. 

For the question how object and space based attention mechanisms are related, 
studies like He et al’s are important. This type of ERP study can be extended on several 
points. First, although He et al.mainly focused on topographical indices, ERP measures 
provide an opportunity to examine the temporal relation between both types of 
processing. Second, they showed that in altering cue validity, spatial attention is mainly 
modulated, whereas object-based attention effects are constant with varying cue validity. 
However, as already reviewed above, slight manipulations in the ‘representation’ of the 
rectangular objects alter the effects on object-based attention effects. Varying the object-
based effects in the Egly paradigm and their ERP correlates would provide 
complementary and valuable information about the relation between object- and space 
based attention mechanisms.  
 In conclusion, the ERP studies which investigate object-based attention are scarce 
and inconclusive regarding the questions of how it is related to spatial selection, both 
temporally and functionally. 
 
1.10 Outline of this thesis 
 
The empirical chapters of this thesis that will follow this introduction (Chapters 2-5) are 
focused on object-based attention mechanisms. Chapter two describes two performance 
(RT and accuracy) studies, in which it is attempted to alter the spatial allocation of 
attention by the presence of Kanizsa objects. Two experiments are described in which 
endogenous spatial cues indicated the most probable location of relevant information. 
Kanizsa objects, presented over the relevant locations, were used in an attempt to alter the 
spatial attention effects. The theoretical question is whether spreading of attention is 
involuntary altered by the contextual presence of a Kanizsa object. 
 In Chapter 3 two experiments are described. First, in an RT study Kanizsa objects 
were used to establish object-based attention effects similar as in the experiment of Egly, 
Rafal and Driver (1994). In the second experiment, ERPs and RT were used to 
investigate and contrast the temporal dynamics of spatial and object based attention 
effects on processing. 
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 In Chapter 4 the Eriksen flanker paradigm is used in combination with Kanizsa 
objects in an attempt to alter the focus of (spatial) attention, similarly as in the 
experiments of Kramer and Jacobson (1991). In addition we measured ERPs to establish 
how the Kanizsa object context influenced selection processes. 
 In Chapter 5 it is explored how the shape of local elements which induce the 
illusory Kanizsa object influence the perception of the shape of the illusory object. First, 
in a performance study, a Stroop-like task explores how the form of one level (e.g., the 
form of the Illusory object or the form of the inducing elements) influences form 
discrimination at the other level. Second, in an ERP study it is explored how these stimuli 
are processed while subjects discriminated combinations of features on the different 
levels (illusory or elements).  
 In Chapter 6 the empirical studies are summarized and a more general conclusion 
concerning the influence of contextual illusory objects on attention and 
psychophysiological correlates is drawn. 
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