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Chapter 1

Introduction



Perception is not something that happens to us, or in us. It is something we do.
Alva Noë, 2005, p. 1 (Noë, 2005)

While almost constantly confronted with an enormous amount of informa-
tion, the human visual system appears to be highly efficient in differentiating 
between various aspects of this information on the basis of the situational de-
mands.  At any given time, only a small portion of the information available in 
the visual environment can be selected and identified for conscious processing.  
Optimally, this selection should be based on the information required for con-
trolling current and planned behavior, and this process is described as selective 
attention.  What are the determinants that decide which kind of information 
should be selected to enter conscious cognitive processing?  The acknowledge-
ment of the important role played by selective attention in the visual perception 
has established a long tradition of empirical and theoretical research starting 
from Helmholtz (1867) and James (1890) in the early days of experimental psy-
chology.  The aim of this thesis is to reveal specific interactions between some 
sensory and cognitive effects on attentional selection in visual cognition.  To 
address those interactions, I will provide several basic principles and theoreti-
cal models of selective visual attention, and also the specific aims of the thesis.  
Firstly, I will describe attentional selectivity in visual cognition and its percep-
tual, cognitive, and neural origins.  Secondly, the visual search as a behavior and 
also as a way to investigate visual cognition will be introduced.  Thirdly, I will 
present a selection of relevant theoretical models describing sensory and cogni-
tive mechanisms of selective visual attention.  Finally, the framework and aims 
of the current studies will be provided.

1.1 Attentional Selection
Central to the entire discipline of cognitive psychology is the concept of atten-
tional selection (Broadbent, 1958; Bundesen, 1990, 1998; Cherry, 1953; Deutsch 
& Deutsch, 1963; Duncan, 1980; Itti & Koch, 2001; Posner, Snyder, & Davidson, 
1980; Treisman, 1960).  Investigating the mechanisms that enable us to concen-
trate perceptual processing on some aspects of the environment and filter out 
other aspects of it is a continuing challenge within cognitive science (Clark, 
Squire, Merrikhi, & Noudoost, 2015; Desimone & Duncan, 1995; Driver, 2001; 
Moore, 2006; Moore & Zirnsak, 2017; Schneider, Einhäuser, & Horstmann, 
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1.1. Attentional selection

2013).  Because of its structural and functional limitations, the human brain 
must process information selectively in a variety of domains.  Specifically, we 
can restrict cognitive processing to a subset of the many potential visual or au-
ditory objects that could be perceived and to a subset of the many potential ac-
tions that could be performed.  Selective attention can be reflectively  attraced 
by physical attributes or salience of objects, and it can be voluntarily directed 
toward objects of interest or some features of it.  When someone wants to find, 
for example, her yellow bicycle in the large parking lot full of bikes, she can use 
her knowledge about the color, size, shape, the remembered location, or anoth-
er particular feature of her bike to guide this search and locate her vehicle.  If 
she decides to use the yellow color, then most probably she will serially track all 
yellow objects on the parking lot to figure out which yellow object contains the 
other characteristics of her bicycle.  Indeed, experimental findings demonstrate 
that observers can restrict their visual search for a conjunction of color and ori-
entation to a subset of the stimuli defined by color (Kaptein, Theeuwes, & van 
der Heijden, 1995).

The functions of visual perception are not limited to providing us with im-
pressions of our visual surroundings.  Much of the time, we need attentional 
selectivity not merely for selecting spatial locations, objects, or features, but to 
get things done—our visual system serves our behavioral intentions and action 
goals.  For instance, I might want to find my bicycle in order to lift it out of the 
bike rack and mount it by putting my left foot on the left pedal, pushing off twice 
on the ground, swinging my right leg over, and sitting down on the seat in order 
to pedal away because I want to meet my friends on time.  The existing body of 
research on selective visual attention suggests that relations between sensory 
input from visual environment and behavioral output from motor system are 
not unidirectional from perception to action but show a complex interaction 
between attentional processes and goal-directed behavior (for reviews, see Per-
ry, Amarasooriya, & Fallah, 2016; Pratt, Taylor, & Gozi, 2015; Ridderinkhof, 2014; 
Schenk, 2010).  The claim that attention acts to select the appropriate response 
according to the current behavioral goal received one of the most influential 
treatment in a seminal writing by Allport:

Coherent, goal directed behavior requires processes of selective priorty, 
assignment, and co-ordination at many different levels (motivational, 
cognitive, motor, sensory).  Together this set of selective and coordinative 
processes can be said to make up the effective attentional engagement (or 
attentional set) of an organism at any moment. (Allport, 1989, p. 652)

Given the knowledge about the complex selective visual attention, the obvi-
ous questions follow: how does the human brain select and interpret visual sen-
sations to produce a visual percept, and what kind of methods allow us to assess, 
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evaluate and interpret visual perception and processing.  In the following, I will 
describe the basic psychological functions and neural bases of selective visual 
attention and the research paradigm of visual search.

1.1.1 Control of selective visual attention: Stimulus-driven and user-driven 
processes

It is widely assumed that two types of processing guide selective visual attention.  
First, some objects attract our attention instantaneously, in a bottom-up manner.  
Such stimulus-driven control is the case when some internal attributes of the 
stimulus attract the attentional system, and the attention is captured reflexively 
because one particular stimulus is salient in a given context.  The term salience 
is used to characterize the physical intensity of sensory stimulation in relation 
to surrounding stimuli (e.g., Itti & Koch, 2001).  Thus, the bottom-up control 
of the visual attention represents sensory effects of physical properties of the 
visual stimulus and characterizes perceptual processes driven by sensory input.  
In contrast, in top-down or cognitively driven processing, the attention is guided 
voluntarily, based on the behavioral goals of the observer (Blaser, Sperling, & 
Lu, 1999; Carrasco, Ling, & Read, 2004).  Therefore, top-down control of visu-
al attention stands for the knowledge-driven processes, sometimes also called 
conceptually driven or user-driven processes, referring to the use of previous 
knowledge, experience, and intentions.  Research on visual attention has been 
dominated by discussions about the roles played by bottom-up and top-down 
information in attentional processing (e.g., Anderson, Heinke, & Humphreys, 
2012, 2013; Awh, Belopolsky, & Theeuwes, 2012; Beck & Kastner, 2009; Corbetta 
& Shulman, 2002; Hopfinger, Woldorff, Fletcher, & Mangun, 2001; Kastner & 
Ungerleider, 2000; McMains & Kastner, 2011; Theeuwes, 2010; van der Stigchel 
et al., 2009).  This thesis aims to contribute to the knowledge about the interplay 
between these two sources of attentional modulation.

1.1.2 Neural basis of selective visual attention

The human visual system involves large subcortical and cortical brain struc-
tures.  It has been suggested that in primates, approximately 55% of the cortex 
is specialized for visual processing (Felleman & Van Essen, 1991).  However, as 
proposed by Desimone and Duncan in their influential review in 1995, the visual 
system is fundamentally characterized by its limited capacity for information 
processing.

Afferent visual system

The human visual system includes the eyes, connecting pathways through to 
the visual cortex, and large proportions of subcortical areas of the brain.  Visual 

4

Chapter 1. Introduction



perception starts in the retina, where the optical input is transduced.  For the 
current thesis, it is important to stress that coding of color information starts 
already at the retinal level.  Specifically, humans possess four types of photore-
ceptors: three types of cones and the rods.  Under most visual conditions, the 
sensation is mediated by cones.  Each type of cone has a unique, optimal re-
sponse to particular wavelengths of light: short (blue), middle (green), or long 
(red).  Differently, rods, which are saturated at natural light intensities and do 
not discriminate colors, are responsible for vision at low illumination condi-
tions.  The distribution of cones and rods across the retina reflects the different 
functions of the fovea and retinal periphery (Curcio, Sloan, Kalina, & Hendrick-
son, 1990; Østerberg, 1935).  The fovea is located in the middle of the macula area 
of the retina to the temporal side of the optic nerve.  As a result of its nearly 15-
fold higher cone density compared to the peripheral retina, fovea provides high 
visual acuity (Hirsch & Curcio, 1989).  Such variances in retinal cone density are 
the reason for making eye (and head) movements, which allow to bring the fove-
al region of the eye on top of the area of interest and maximize visual processing 
resources in that particular area of the visual field.

Photoreceptors deliver visual information to bipolar cells, which relay it to 
ganglion cells.  Neural signals further travel via ganglion cells through the optic 
nerves, dividing and partially crossing over into the optic chiasm and then going 
via the optic tracts to the dorsal part of the lateral geniculate nucleus (LGN) in 
the thalamus.  The LGN is the first central relay through which visual informa-
tion passes on the way to the cortex.  From the LGN, the neural signals continue 
to the primary visual cortex in the occipital lobe, where further visual processing 
takes place.  Also, the optic nerve sends a branch to the superior colliculus (SC) 
that regulates orientation movements of the eyes and the head.  However, SC re-
ceives inputs from several brain areas, most notably from the visual cortex and 
frontal eye fields (FEF) in the premotor cortex.  Importantly, SC also connects 
to midbrain and brainstem, where the retinotopic representations of visual ob-
jects are transformed to motor programs.

In the visual cortex, a total of six distinctive areas is known: V1, V2, V3, V3a, 
V4, and V5.  The neurons from the LGN synapse in the primary visual cortex 
V1 or striate cortex, where the neural signals are interpreted in terms of ori-
entation, luminance contrast, spatial frequency, direction of motion, and col-
or (e.g., Carandini et al., 2005; De Valois & De Valois, 1993; Horwitz & Hass, 
2012; Hubel & Wiesel, 1959).  As the neural signals continue further into higher 
areas of the visual cortex, more associative processes take place.  The primary 
visual cortex projects to other regions of the cerebral cortex that are involved in 
complex visual perception.  Adjacent extrastriate visual areas, each specialized 
for the detection of particular visual attributes, are organized into two roughly 
parallel processing streams.  Specifically, in 1982 Ungerleider and Mishkin pro-
posed the distinction of processing of different kinds of visual information in 
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the inferior temporal and superior parietal cortex accounting for appreciation 
of object’s qualities (“what”) and of its spatial location (“where”), respectively.  
Thus, the dorsal visual pathway was suggested to mediate the location of visual 
objects, while recognition and identification of those objects was attributed to 
the ventral visual pathway.

The dorsal pathway, also called occipitoparietal stream, begins in the area 
V1, projects to the thick stripes in areas V2 and V3, and passes to the area V5 
and to the posterior part of the inferior parietal lobe (Mishkin, Ungerleider, & 
Macko, 1983; Ungerleider & Mishkin, 1982).  More recently, Kravitz, Saleem, 
Baker, and Mishkin (2011) have also described the anatomical and functional 
trifurcation of the dorsal stream beyond the parietal cortex into prefrontal, pre-
motor, and medial temporal areas.  The ventral pathway or occipitotemporal 
stream also begins in the area V1 and projects to the thin and interstripe regions 
of V2, mainly representing color and object form, and projects to the area V4, 
which ultimately connects to the inferior temporal cortex (Mishkin et al., 1983; 
Ungerleider & Mishkin, 1982; for a more recent review, see Kravitz, Saleem, Bak-
er, Ungerleider, & Mishkin, 2013).  The fundamental division of labour between 
the two visual streams has suggested that dorsal pathway provides mainly spa-
tial information and object features for the planning and programming of mo-
tor actions (Goodale & Milner, 1992; Ungerleider & Mishkin, 1982).  Differently, 
the ventral pathway has been suggested to be responsible for conscious visual 
perception, recognition, and construction of long-term representations from 
object features and their relations.

Initially, differentiation between the visual streams was primarily based 
on evidence derived from animal studies which indicated that inferotemporal 
lesions impair the identification of visual objects, while lesions in the posteri-
or parietal areas cause visuospatial deficits.  However, in 1991 the preeminent 
case of the patient D.F. suffering a damage of lateral occipital and parasagittal 
occipitoparietal regions was introduced (Goodale, Milner, Jakobson, & Carey, 
1991).  Such a damage usually leads to visual form agnosia that is manifested by 
a severe deficit in the perception of size, shape, and orientation of visual objects.  
This deficit was also described for D.F.  Importantly, when D.F. was asked to 
make reaching movements and orient her hand or to pick up a block placed at 
different orientations in front of her, her aiming and prehension performance 
was correct.  Thus, evidently, D.F. could use information about object orienta-
tion accurately for visuomotor action, but she was unable to use the same in-
formation for perceptual purposes.  Later neuroimaging has confirmed D.F.’s 
damage to the ventral stream and associated her spared visuomotor functions 
with visual processing in the dorsal stream (James, Culham, Humphrey, Mil-
ner, & Goodale, 2003).  Conversely, optic ataxia resulting from unilateral lesions 
of mostly posterior parietal areas induces visuomotor deficits in reaching and 
grasping for objects, while recognition and matching of objects are not affected.  
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Specifically, damage to the parietal cortex can lead to deficits in the positioning 
of fingers and in adjusting of the hand during reaching movements (Jackson et 
al., 2009; Milner & Goodale, 1995; Perenin & Vighetto, 1988).

Having established the functional distinction between ventral and dorsal 
visual streams or “vision for perception” and “vision for action “ does not im-
ply isolated segregation of the two pathways.  Indeed, recent evidence indicates 
that the strict distinction between two streams of visual processing or their sup-
posed differential functions is not successful (de Haan & Cowey, 2011; Freud, 
Plaut, & Behrmann, 2016; Goodale, 2014).  Milner and Goodale (2008) have high-
lighted that the division of labour between ventral and dorsal visual streams 
serves different metrics and frames of reference for perception and action.  In 
the more recent view, the ventral visual stream has evolved for scene-based rep-
resentation of the properties of an object in relation to other objects and this 
information is also used for movement planning, whereas the dorsal stream im-
plements egocentric computation of object’s spatial properties for programming 
and online control of action (Goodale & Wolf, 2009; Milner & Goodale, 2008).  The 
two visual streams reveal connections at several levels. For instance, intermin-
gled projection cells have been found in V4 and at the bottom of the anterior 
superior temporal sulcus (Baizer, Ungerleider, & Desimone, 1991).  In a delayed 
reaching task, optic ataxia patients have indicated a delay-related gradual 
change between dorsal and ventral control of reaching behaviour rather than a 
discrete switching between the two pathways (Himmelbach & Karnath, 2005).  
Similarly, some authors have challenged the simple double-dissociation be-
tween visual form agnosia and optic ataxia and describe more complex multiple 
parallel substreams of visuo-motor control (Pisella, Binkofski, Lasek, Toni, & 
Rossetti, 2006; Pisella et al., 2009).  Recently, it has been argued that skilled and 
accurate grasping movements rely on interactions between dorsal and ventral 
pathways (van Polanen & Davare, 2015).  Coordinated recruitment of ventral 
and dorsal modulatory signals is probably achieved by combined bidirectional 
cortical projections.  In a neurophysiological animal study, a causal contribu-
tion of a dorsal stream area to cortical activation in the ventral stream has been 
demonstrated (Van Dromme, Premereur, Verhoef, Vanduffel, & Janssen, 2016).  
Moreover, a human neuroimaging study has shown that the vertical occipital 
fasciculus connecting occipital, temporal, and parietal cortex is likely the crucial 
link between dorsal and ventral streams (Takemura et al., 2016).

Attentional control system

Attentional control of sensory processing and selection is implemented in a 
large network comprising frontal and parietal areas that integrate bottom-up 
and top-down priorities.  Both spatial and object-based shifts of attention are 
accompanied by transient increases in activation of regions in superior pari-
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etal lobule (Yantis et al., 2002; Yantis & Serences, 2003).  In addition, as sug-
gested by Miller and Cohen (2001), the higher-order cognitive control of selec-
tive attention appears to be largely achieved by multimodal convergence and 
integration of neural activity in prefrontal cortical areas.  Although attention 
modulates neuronal response in extrastriate cortical areas encoding specific vi-
sual features (Maunsell & Treue, 2006), for instance, attending to color enhanc-
es response of color-sensitive cortical regions (Chawla, Rees, & Friston, 1999; 
Liu, Slotnick, Serences, & Yantis, 2003; Saenz, Buracas, & Boynton, 2002) and 
action preparation modulates neural activity related to action relevant visual 
features as early as in V1 (Gutteling et al., 2015), it is now well recognized that 
visual search tasks activate large proportions of the dorsal frontoparietal cor-
tex (for review, see Corbetta & Shulman, 2002; Kastner & Ungerleider, 2000; 
Ptak, 2012; Scolari, Seidl-Rathkopf, & Kastner, 2015).  Specifically, frontoparietal 
attention network (FPAN) refers to dorsal regions that are concurrently activated 
during attentional shifts and encode the priorities in the representation of the 
environment.  The corresponding dynamic topographic organization of spatial 
representations of visual features and observer’s intentional biases is called pri-
ority mapping.  Particularly, it has been suggested that stimulus-driven salience 
maps configured by the conspicuousness of bottom-up information from early 
visual neurons about the physical stimulus properties (cf. Itti & Koch, 2001) are 
combined with behavioral salience maps relying on action-related top-down in-
formation from higher association areas in order to form priority maps that 
guide visuomotor behavior (Fecteau & Munoz, 2006; Serences & Yantis, 2007).  
The FPAN comprises strongly interconnected areas in the posterior parietal, 
premotor, and prefrontal cortex, including also the FEF.

A detailed overview of the massive feedforward and feedback projections 
of the neural basis of priority mapping is beyond the scope of this chapter.  The 
most evident indices show that stimulus-driven salience is initiated from early 
visual areas and subcortical regions, while learned value-based maps are trig-
gered from limbic structures in the midbrain, and top-down instruction-based 
salience originates from frontal cortex; the combination of these three sources 
of attentional modulation is feed to the FEF that control eye movements (Klink, 
Jentgens, & Lorteije, 2014).  Evidence from functional connectivity examination 
suggests functional interactions between ventral and frontoparietal cortical re-
gions and indicates that lateral occipital areas mediate coupling between the 
ventral and dorsal pathways during sensorimotor tasks (Hutchison & Gallivan, 
2016).

Ocular motor system

The human ocular motor system has two primary functions (for review, see 
Kowler, 2011; Spering & Carrasco, 2015).  Firstly, some eye movements have to
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keep the eye fixed on objects of interest.  When the image of a stationary object 
needs to be held, fixations keep the eye fixed on the object.  Also, vestibular eye 
movements help to maintain clear vision when the head is moving, and optokinetic 
eye movements contribute to maintaining clear vision when the visual stimuli are 
moving with respect to the head.  Secondly, since visual acuity is greatest when 
an object is positioned on the fovea, saccadic eye movements allow moving the eyes 
toward objects of interest rapidly, and they are characterized by the consistent 
relationship between peak velocities and amplitudes (Smit, van Gisbergen, & 
Cools, 1987).  In  addition, thirdly, smooth pursuit eye movements help to hold the 
image of a moving object on the fovea.  Finally, due to the frontally positioned 
eyes, humans need to use verging eye movements to keep the foveae of both eyes 
on objects of interest. 

1.2 Visual Search: Exploratory Behavior and Research Paradigm
A central research paradigm that has been developed to study the character-
istics of selective visual processes is known as visual search.  This paradigm ex-
ploits a very basic exploratory search behavior that has attracted a lot of interest 
in both applied and fundamental research for more than 100 years (Nakayama 
& Martini, 2011).  Experimental visual search tasks require observers to search 
for a pre-specified target among an array of nontarget distractors, thereby al-
lowing to explore deployment of visual attention (Posner, 1980, 1992; Treisman 
& Gormican, 1988; Wolfe, 1994).  A typical visual search task starts with visual 
input and ends with output, usually in the form of some behavioral response in-
dicating that the target (or its absence) was detected.  Visual search experiments 
aim to reveal mechanisms of visual attention by time locking visual events to 
either overt shifts in eye position (i.e., saccades) or covert orienting respons-
es.  Therefore, two different types of visual search tasks exist (for a review, see 
Findlay, 2003).  The more frequently used task is the covert search task that re-
quires observers to use covert attention, i.e., direct their attention to some part 
of the stimulus array without moving their eyes.  Research on covert attention 
has yielded the traditional metaphors of visual attention functioning as either a 
spotlight that “enhances the efficiency of the detection of event within its beam” (Posner 
et al., 1980, p. 172) or a zoom lens that distributes processing resources evenly 
over the zoomable area of attentional focus (Eriksen & St James, 1986).  Less fre-
quently, the overt search tasks are used where observers are invited to apply overt 
attention and move their eyes in order to align the fovea with an object in the 
stimulus array.  Thus, overt search tasks require the observer not only to decide 
about the presence or absence of a particular object but are further interested 
in the pattern of eye movements that the observer undertakes in the way of the 
search.  It is assumed that observers fixate on one point of the display and use 
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the peripheral vision to decide which spatial location would be the most relevant 
for the next fixation (Bloomfield, 1979; Williams, 1966).  This method assumes 
that the decisions to sequentially foveate further areas of the display reveal the 
underlying attentional processing.  Thus, the measurement of the paths of eye 
movements and fixations can give information about how the visual attention 
is deployed.

As mentioned above, attention is selective. Visual search studies have 
aimed to expose fundamental principles of attentional selectivity.  One key is-
sue about attentional selectivity is the stage of information processing: at what 
level of processing does this selectivity start to operate?  According to early se-
lection models, the role of attention is to filter out some information at a very  
early stage and enable only attended information to reach cognitive processing, 
whereas unattended information undergoes only rudimentary processing.  Ear-
ly selection is thought to operate through two systems.  In preattentive parallel 
processing, simple physical characteristics of stimuli are extracted (e.g., their 
color).  The attentive system, characterized by limited processing capacity (i.e., 
the entire visual scene cannot be processed at once, but rather piece by piece), 
processes only stimuli passed from the first, preattentive analysis; the categor-
ical identity of stimuli should be processed at this later stage of processing.  A 
typical example of the early selection approach is Broadbent’s (1958) filter the-
ory.  In contrast, late selection models propose that unattended stimuli are not 
rejected from full processing, but only from entry into memory processes or the 
control of voluntary responses (Duncan, 1980).  It is assumed that already on the 
first, parallel level of processing, a full analysis and extraction of semantic cat-
egorization of the stimuli is performed, and this information is used as the ba-
sis for selection for the system with limited processing capacity.  However, it is 
important to stress that often in the literature there appears to be no systematic 
differentiation between selective cueing and selective processing.  Allport has 
claimed that typically, early selection echoes the selective cueing or specifying 
of task-relevant information and late selection characterizes further processing 
of both relevant and irrelevant information (Allport, 1987, 1989).

The majority of theories describing and explaining visual search and selec-
tion deal with the interplay between bottom-up and top-down information.  To 
explain it in detail, we also need to elaborate on parallel and serial processing.  
The cognitive processing is termed parallel if all elements are processed at the 
same time, assuming that processing of all entities starts simultaneously over 
the entire visual field.  Alternatively, with serial processing, the elements are pro-
cessed one by one, with the processing of one element being completed before 
starting the processing of another (Townsend, 1971).  Initially, Treisman and 
Gelade (1980) suggested that visual search for targets defined by unique salient 
features could be performed in parallel: the target is effortlessly located on the 
basis of preattentive visual processing over the visual scene, which means, that 
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Figure 1.1: Visual search paradigm.  In a typical visual search task, observers are required to 
determine if a predefined target is present among nontarget distractors.  Usually, the number 
of items (set size) is systematically manipulated.  The conventional outcome measures are 
the target detection or discrimination accuracy and reaction time (RT) that is needed to 
make a response decision.  A. Sample display from a singleton color search task, set size 8 
items.  B. Sample display from singleton orientation search task, set size 16 items.  C. Sample 
display from a conjunction search task of color and orientation, set size 16  items.  D. Concep-
tual illustration of the set size effect indicating that singleton search is relatively unaffected 
by set size whereas in conjunction search the RT depends on the number of search items.

it “pops out” from the visual array and can be found almost immediately (the 
response time does not depend on the number of objects; see Figure 1.1).  Con-
versely, searching for a particular combination or conjunction of features leads to 
a less efficient serial search.  However, as later suggested, the parallel and serial 
search patterns appear to represent the two extremes of a continuum of search 
results rather than indicate the existence of a strict dichotomy (e.g., Wolfe, 
1996).  The search efficiency can be explained by stimulus similarity rather 
than by distinctive parallel and serial processing (Duncan & Humphreys, 1989).  
Pashler (1987) has suggested a molar serial self-terminating search over clumps 
of stimuli, while within these clumps a capacity-limited parallel search takes 
place; the size of clumps appears to be around eight items.  Recently, Buetti and 
colleagues have provided evidence for the principle of unlimited capacity paral-
lel processing whereby they showed that even parallel visual search efficiency is 
logarithmically dependent on the set size and also sensitive to stimulus similar-
ity (Buetti, Cronin, Madison, Wang, & Lleras, 2016).  
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1.2 Visual search: Exploratory behavior and research paradigm



While behavioral detection and discrimination tasks are frequently used 
to assess covert visual search parameters, a standard part of the psychophysical
research on overt visual search is eye movement recording (Figure 1.2).  The link 
between eye movements and visual perception is so tight that visual processing 
is enhanced at the very early levels of eye movement preparation (Kowler, An-
derson, Dosher, & Blaser, 1995; Rolfs & Carrasco, 2012).  Therefore, in the pres-
ent thesis, I used the saccadic decision making to address the visual selection 
processes.  All experiments presented in this thesis applied only two dependent 
measures: (a) landing point (location) of the initial saccade after the onset of a 
particular visual search display and (b) saccadic latency of the initial saccade.  
Next, I will briefly describe the basic principles of some theoretical approaches 
that appeared most relevant for the current thesis.

1.3 Modulation of Selective Visual Attention
1.3.1 Feature integration theory

A very influential early model of selective visual attention was the feature inte-
gration theory (FIT; Treisman, 1977, 1991; Treisman & Gelade, 1980; Treisman 
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Figure 1.2: Video-based eye tracker ASL 5000 Series, Model 501 (Applied Science Labora-
tories, Bedford, MA, USA) used in the experiments presented in Chapters 2 and 3.  Note 
that this experimental apparatus, as combined with the electromagnetic position tracking
system (miniBIRD 800TM, Ascension Technology Corporation, Shelburne, VT, USA), al-
lowed participants to make free head movements and therefore quite naturalistic hand 
movements toward visual objects (Donders Institute for Brain, Cognition and Behaviour, 
Radboud University Nijmegen, NL). 



& Sato, 1990) that proposed the existence of two qualitatively different search 
mechanisms: single search for a target defined by basic visual feature dimensions 
and conjunction search for a target defined by a combination of features (Figure 
1.1).  Specifically, searching for singletons (i.e., single features such as color, ori-
entation, or shape) is much less effortful than searching for targets defined 
by conjunctions of two stimulus dimensions (Treisman & Gelade, 1980).  The 
search effort has been measured as the dependence of reaction time (RT) on the 
number of nontargets, or the number of errors per set-size (number of stimuli 
in the visual array).  According to FIT, singletons can be detected by a preatten-
tive parallel search without fully identifying distractors.  FIT has suggested that 
singletons are identified as an activity in independent feature maps tuned to dis-
crete features and allowing for spatially parallel search processes.  Importantly, 
it appeared that in such single search tasks the function of RT in relation to the 
number of nontargets is flat or almost flat, i.e., the set size effects are around 6 
ms per object or less (Treisman & Souther, 1985).  The fast target detection in 
the single search tasks was called pop-out, as the salient singleton tends to cap-
ture attention in a bottom-up manner.  Alternatively, the detection of targets 
defined by feature conjunctions usually involves the much slower process of se-
rial scanning of all the elements in the array.  FIT suggested that detection of a 
conjunction requires focal, top-down modulated attention, which is serially di-
rected and permits accurate localization and binding of several features.  Thus, 
according to FIT, the identity of elements in a visual scene (“what”) and their 
location (“where”) are unified by a serial scan of spatial locations using a win-
dow of attention.  In this manner, the features of the visual scene are bound and 
then compared to stored representations of objects for recognition (Treisman, 
1996; Treisman & Gelade, 1980; Treisman & Gormican, 1988).  Therefore, atten-
tion is thought to serve as a binding mechanism for gluing up the presumably 
separately represented features belonging to a particular object and for making 
an overall decision about the representation of this stimulus—e.g., is it likely to 
be the target stimulus to foveate for further inspection.

FIT has received extensive experimental support.  There is evidence for the 
parallel processing in a single search.  The features leading to pop-out effect are 
color, size, shape, orientation, and curvature (e.g., Treisman & Gelade, 1980).  
It has been shown that similarity among nontargets determines the strength 
of perceptual grouping, while similarity between target and nontargets deter-
mines the ease of segregating target from nontargets (Duncan & Humphreys, 
1989; Humphreys & Muller, 1993).  However, it is important to note that the re-
vised version of this model suggests that spatial attention might be applied for 
the detection of stimuli defined by both features and conjunctions (Treisman & 
Sato, 1990).  A remarkable amount of findings suggests that the strict dichoto-
my between parallel and serial search is not justified and does not necessarily 
reflect the essential differences between feature and conjunction search (e.g., 
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Duncan & Humphreys, 1989; Eckstein, 1998; Findlay, 1997; Pashler, 1987).

1.3.2 Guided search model

Although influenced by FIT, the guided search model (GS; Wolfe, Cave, & Fran-
zel, 1989) has proposed that single features and a feature conjunctions are not 
processed differently.  According to GS, massively parallel cognitive processes 
guide attention to likely targets but do not distinguish whether an item is a tar-
get or not.  GS posits that basic visual features are detected across the retina 
in parallel, yielding a set of feature activity maps that represent each feature 
dimension via a coarse coding.  The maps for the feature dimensions are over-
lapping and broadly tuned.  For instance, color might be represented by maps 
tuned to red and green, and orientation might be represented by maps tuned 
to steep and shallow-sloped edges.  The feature activity maps are suggested to 
pass through a differencing mechanism that delivers a bottom-up activation.  
Therefore, parallel processes are thought just to divide the set of stimuli into 
candidate targets and those that could most likely not be a target. Subsequently, 
a serial process is used to search through the selected portion of the visual field 
until the target is detected.  In this way, the “spotlight” of attention is guided by 
information from parallel processes.  All feature maps deliver bottom-up acti-
vations that are combined into a salience map, where local activities indicate the 
priority of a particular location for the current task.  Notably, triple conjunction 
search tasks appear even easier than detection of conjunctions of two features 
(the effect of set size on RT is weaker) because the ongoing parallel process-
es provide relatively more information to the serial process (Wolfe et al., 1989).  
According to GS, if the signal from a stimulus containing feature value of the 
target is strong enough, with a higher probability the attention is guided to this 
particular stimulus.  In this way the top-down information can be effectively 
used for guiding the focal attention to those stimuli that contain relevant fea-
ture characteristics delivered by bottom-up processes; physiological correlates 
have supported this model (e.g., Luck & Hillyard, 1994).

Wolfe has further refined his model to make it more realistic accounting 
for visual search processes in real word tasks and to integrate the eye move-
ments into the model (Wolfe, 1994, 2007; Wolfe & Gancarz, 1996).  In those re-
cent developments—GS2, GS3, and GS4—attention acts in a manner that allows 
only features of one object to reach the higher visual processing at a time.  Con-
sequently, the activity map—the weighted sum of activity in the preattentive 
feature maps, working by a winner-takes-all principle—is assumed to guide vi-
sual attention.

1.3.3 Similarity theory

In contrast to FIT, a strict dichotomy between parallel and the serial search was 
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challenged by Quinlan and Humphreys (1987). Specifically, they showed that 
search time might depend on the amount of information required to identify 
the target stimulus, and also on the target-nontarget discriminability.  Accord-
ingly, Duncan and Humphreys (1989) suggested that at the first, unlimited par-
allel stage of the processing the visual representation of stimuli is segmented 
into structural units, for instance, based on proximity or similarity.  These units 
were thought to form a perceptual description of the visual input representing 
the structure of this information.  The similarity theory proposed that individ-
ual structural units are organized hierarchically, consisting of sets of proper-
ties like color, shape, or motion, whereby each structural unit may further be 
segmented into smaller units.  In this way, a hierarchical representation of the 
visual field should be produced.  Next, it was proposed, the input descriptions 
are compared to the internal template of the target, whereas the structural units 
containing some property of template can get a higher weight and thus a higher 
chance to get selected (or to enter the capacity-limited visual short-term mem-
ory).  At this moment, the attention could be directed to some aspects of incom-
ing information, e.g., orientation or color of structural units.  This theory sug-
gests that visual search efficiency depends on dissimilarity between targets and 
nontargets, and similarity between nontargets (Duncan & Humphreys, 1989).  
Specifically, since structural units are hierarchically grouped, a poor match be-
tween the visual template and a structural unit allows efficient rejection of other 
units that are strongly grouped.  To sum up, similarity theory allows to make 
predictions about the course of the visual search, but unfortunately not about 
the interactions between different features. 

1.3.4 Biased competition model

In 1995 Desimone and Duncan proposed a further model of visual selection, the 
biased competition model (BCM; Desimone & Duncan, 1995; Reynolds, Chela-
zzi, & Desimone, 1999).  Their account was based on the interplay between both 
bottom-up and top-down sources of attention.  According to BCM, features of 
an attended object are processed concurrently, but the limitation of the ability 
to deal simultaneously with several sources of visual information determines 
the number of separate objects that can be processed.  Due to these constraints 
in attentional capacity, a selective system should operate to restrict the huge 
amount of potential inputs and withhold information irrelevant to the current 
behavior.  BCM suggests that among visual objects a competition for represen-
tation and analysis takes place.  Specifically, it is assumed that mutually sup-
pressive interactions between competing stimuli facilitate attentional selection 
and preactivated target units have an advantage in this competition (Duncan, 
1996).  It has been proposed that within the brain systems receiving visual input, 
a gain in activation for one object entails a loss of activation for other objects.  

15

1.3 Modulation of selective visual attention



For instance, Duncan (1984) indicated that two attributes of a single object (e.g., 
color and orientation) could be identified simultaneously without mutual in-
terference, while attributes of two different objects could not, even if the ob-
jects spatially overlap.  This object-based theory suggests that focal attention is 
guided by parallel, preattentive processes representing discrete objects.  One 
plausible cause for this competition might be the structure of cortical areas in 
both the ventral and dorsal visual stream (for a more detailed discussion, see 
Beck & Kastner, 2009; Kastner & Ungerleider, 2001).  Biased competition is at-
tributed to the fact that as the complexity of visual processing increases in every 
consecutive cortical area, receptive field sizes of individual neurons increase.  
When more objects are added to the receptive field, the information about any 
given individual object must decline.  Desimone and Duncan (1995) proposed 
competition between objects represented by the same receptive field.  In the 
context of the present thesis, it is important to stress that BCM recognizes the 
role of action-relevant top-down influences as a reason for biased suppression: 
the competition is biased toward information relevant for the current behav-
ior.  The information in a visual scene determines the spatial distribution and 
feature attributes of objects.  During the search in this information, a target 
may pop out due to a bottom-up bias that directs attention toward local inho-
mogeneities.  On the other hand, selectivity is implemented to bias the compe-
tition toward behaviorally relevant information using top-down control (Beck 
& Kastner, 2005, 2009).

Importantly, the further development of theories of selective attention re-
flects a gradual shift from merely perceptual considerations toward a stronger 
emphasis on the interaction between sensory and perceptual processing and 
behavioral actions.  Next, I will introduce the concept of selection-for-action 
along with a few far-reaching studies that have clearly differentiated perceptual 
and action-related effects in selective visual attention.

1.3.5 Selection-for-action

In his 1989 writing, Allport pointed out that since the 1950s the majority of re-
search in the area of visual attention had mainly considered the limited informa-
tion-processing capacity of the brain as the fundamental constraint underlying 
all operations of attention.  Thus, according to the earlier views, the selectivity 
function of attention arose from the limited capacity of information processing 
system.  Correspondingly, experimental psychology had been dominated by at-
tempts to explain the functions of visual attention as “selection-for-visual-per-
ception” (Deubel, Schneider, & Paprotta, 1998) that resulted in the theories 
and models described above.  Diverging from the general idea that attention 
operates as a mechanism for coping with central limited capacities of cogni-
tive processing, Allport stressed the constraints in preparation and control of 
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action (Allport, 1987, 1989).  The idea behind proposing the selection-for-action 
perspective was that integrated actions require the selection of particular as-
pects or attributes of the environment that are relevant to this action at hand, 
whereas the information irrelevant to the action should be ignored.  Thus, the 
attentional processes are viewed as the selection of action-relevant events or 
stimuli relying on particular action plans.  The basis of this approach can be 
linked to the work of Lotze, whos idea of the ideomotor principle (Lotze, 1852) 
proposed that actions are selected and planned regarding their sensory conse-
quences.  In other words, perception can be directly linked to upcoming action 
intentions since both are represented in the brain in sensory terms.  Therefore, 
the attentional processing might reflect the necessity of selecting information 
relevant to the task at hand. 

Reasons for this kind of argumentation had also emerged from the notion 
that selecting a stimulus as a target for a saccade occurs before the foveation.  
The efficiency of covert attention has suggested that foveation is neither neces-
sary nor a sufficient condition for selection (Allport, 1987).  However, both top-
down saccadic selection for visual perception and selection for motor actions 
are coupled to the target object.  Specifically, in their seminal study published 
in 1996, Deubel and Schneider demonstrated the inevitable coupling of ventral 
processing for perception and dorsal processing for saccade programming be-
ing restricted to one common target object at a time.  By showing increased 
visual target discrimination due to pointing to the same target, Deubel and col-
leagues (1998) further confirmed analogous coupling of attentional selection 
and goal-directed hand movements.  As a result, a strict one-object-at-a-time 
rule was proposed suggesting that goal-directed action toward an object relies 
on perceptual processing of the movement target (Deubel et al., 1998).  Taken 
together, object perception requires binding of information about different at-
tributes of that object, which then allows the purposeful use of the object ac-
cording to intended action.  For instance, if the intention is to take a yellow dic-
tionary out of the bookshelf, the information eventually about its color, size, and 
orientation should be combined to execute an accurate grasping movement.  
Importantly, however, a specific action intention, such as grasping an object, 
can selectively enhance visual processing of action-relevant features, such as the 
orientation of the object (Bekkering & Neggers, 2002). 

1.3.6 Theory of event coding

Interactions between action-relevant and stimulus-driven effects on selective 
attention are comprehensively described by Hommel and colleagues in the the-
ory of event coding (TEC; Hommel, 2009; Hommel & Colzato, 2009; Hommel, 
Musseler, Aschersleben, & Prinz, 2001).  Similarly to the selection-for-action 
model, TEC emphasizes perceptual consequences of action in goal-directed 
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human behavior.  TEC is founded on the idea that a voluntary action is cogni-
tively represented by the code of its perceptual consequences and the bidirection-
al associations between motor patterns and movement-contingent events are 
formed by learning (Elsner & Hommel, 2001).  As a matter of fact, according 
to TEC, representations of perceived events and produced actions are consid-
ered essentially the same and are cognitively represented in common event codes 
(Hommel, 2009; Hommel et al., 2001).  Further, TEC assumes that event codes 
are composed representations of feature codes or cognitive correlates of visual 
and motor features.  Therefore, it is further assumed that perception and ac-
tion share the basic units called sensorimotor entities that are activated both 
by sensory input and motor control.  TEC suggests that activation of an action 
plan—whether due to action goals or stimulus properties—increases weights 
of specific perceptual features subserving perception, action planning, and ac-
tion adjustments.  Therefore, according to the TEC, it is possible to increase 
the weights of a particular feature to facilitate the coding of this feature.  For 
instance, the action-related anticipation of the behaviorally relevant feature 
would increase the weights of that feature and therefore enhance its process-
ing.  Accordingly, as suggested by TEC, the intention to grasp an object primes 
object’s orientation in space and therefore facilitates orientation processing.  
In this manner, the mere activation of an action plan could stimulate certain 
intentional weighting mechanisms and thereby increase the weights of those 
features that allow for the specification of action parameters (Hommel, 2010).

The studies presented in this thesis are devoted to furher demonstrate the 
complex interplay between stimulus-driven propeties of visual objects and ac-
tion-relevant goals of human actors.

1.4 Issues and Outline of the Thesis
The four studies presented in this thesis are dedicated to exploring interactions 
between top-down and bottom-up influences on selective visual attention.  This 
thesis was inspired by a remarkable study on the effects of action intention on 
selective visual attention (see Figure 1.3).  Specifically, Bekkering and Neggers 
(2002) found that when observers had to grasp a target stimulus combining col-
or and orientation, a significant improvement in orientation discrimination ac-
curacy appeared in comparison to the condition where they had to point to the 
target.  Notably, the discrimination accuracy of color was not related to the type 
of hand movement.  Since the relative orientation in space was assumed to be 
more important for the grasping preparation than for the pointing preparation, 
the authors suggested that the action-relevant visual feature can selectively be 
processed more efficiently than the action-neutral feature.  The present thesis 
aims to further explore the top-down induced effects on selective visual atten-
tion and test if the action intention has an effect only on the action-relevant 
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feature dimension or does it bias the competition between action-relevant and 
neutral features. 

The traditional models of visual selection described above predict that in 
effortful conjunction search, the top-down activation will determine the course 
of the search.  For example, Yantis and Jonides (1990) presented an elegant 
demonstration of the power of voluntary processes over reflexive attentional 
capture.  They showed that if observers know with certainty the location of a 
target and have sufficient time to focus attention on that target, the nontarget 
distractors are at least temporarily unable to capture the attention.  Other re-
searchers have claimed that the attentional capture does not occur due to the 
stimulus or nontarget properties per se, but is determined by the relationship 
of nontarget properties to target-finding properties.  Specifically, it has been 
proposed that the involuntary attentional capture is subject to top-down con-
trol and occurs if and only if nontargets have a property that the observer is 
using to find the target (Folk, Remington, & Johnston, 1992).  On the other hand, 
research conducted by Theeuwes and his colleagues has pointed out the lim-
itations of top-down modulation visual attention (for review, see Theeuwes, 
2010, 2013; van der Stigchel et al., 2009).  However, further research on natu-
ralistic stimuli suggests that visual search can override bottom-up salience, 
and top-down signals modulate bottom-up effects in a feature-specific manner 
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Figure 1.3: Schematic of the experimental paradigm used by Bekkering and Neggers (2002).  
Experiment took place in a totally dark room.  At 16 possible locations, randomly, either one, 
four, seven, or ten objects were illumnated by the LEDs below them, one of the objects was 
the predefined target.  Participants were instructed to gaze at the fixation dot (X) until they 
thought that they know the location of the target. After that, in the pointing condition (A), 
they were required to point to the centre of the top surface of the target, in the grasping 
condition (B), to grasp the target between the thumb and index finger.  One third of the non-
targets had the same color as the target, 1/3 had the same orientation as the target, and 1/3 
had both a different color and orientation.  In the present examples, the target is the orange 
clockwise oriented object, nontargets are orange objects oriented counterclockwise, green 
objects oriented counterclockwise, and green objects oriented clockwise; an initial sac-
cade to (1) would be considered an orientation error and an initial saccade to (2) would be 
a color error. Achromatic objects represent possible object locations that are not illuminated 
during these sample trials.  Adapted from “Visual search is modulated by action intentions”
by H. Bekkering and S. F. W. Neggers, 2002, Psychological Science, 13, pp. 371-372. 
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(Einhauser, Rutishauser, & Koch, 2008).  Clearly, much uncertainty still exists 
about the interactions between action-relevant and stimulus-driven sources of 
attentional modulation.  In the following chapters, I will present four studies in-
dicating competitive interactions within the stimulus-driven bottom-up infor-
mation, and also between action-related and stimulus-driven effects directing 
visual search behavior.  The studies are ordered thematically, reflecting the two 
lines of experiments that allow drawing conclusions about the action-related 
and stimulus-driven effects on visual selection. 

Chapter 2 introduces two experiments manipulating action-related manu-
al tasks and stimulus-driven visual properties.  The results of the first experiment 
showed that when one feature is selectively relevant for the planned action, the 
discrimination accuracy of this feature increases.  In this study, we demonstrate 
a competition between the color and orientation and show that this competition 
can be biased toward orientation if the orientation is relevant for the manual 
action at hand.  Importantly, we also showed that this effect is sensitive to the 
set size and disappearing when more cognitive effort is required.  In the second 
experiment, the color discriminability was lowered, increasing the effort to be 
invested into color processing.  By this manipulation, the top-down action in-
tention effect disappeared.  This finding leads to the conclusion that the action 
intention does not selectively enhance processing of the behaviorally relevant 
feature, it rather biases the competition between the conjunction features.

Chapter 3 further explores the top-down modulation of visual selection 
due to action intention.  Specifically, we found additional evidence for competi-
tion between different feature dimensions.  The results showed that behavioral 
intention related to the manual task could also decrease color discrimination 
accuracy.  Particularly, in a color singleton search task where all stimuli had the 
same orientation, color discrimination accuracy decreased when orientation 
was relevant to the manual action at hand.  Thus, although the stimulus-driven 
information represented a typical color singleton search task, the top-down in-
tention to grasp the colored but also oriented stimulus biased the competition 
between the features away from color.

Chapter 4 explicitly addresses the question whether the visual feature 
dimensions are processed independently from each other or whether do they 
rather interact.  Three experiments demonstrated that in conjunction search 
the features are not processed independently from each other.  Specifically, we 
equalized the feature discriminability of color and orientation or color and size 
in singleton search tasks.  After that, the a priori equally salient color and ori-
entation or color and size were combined to form conjunctions.  The findings 
showed that in conjunction search observers tend to initiate their search by sac-
cading to a stimulus with target color, while the accuracy of orientation and 
size discrimination substantially decreases.  Thus, if there is an equal amount of 
stimulus-driven information about color and orientation or color and size, color 
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becomes the prioritized feature.
Chapter 5 further confirms a biased competition taking place between 

conjunction features.  In two experiments we provided prior information about 
either the color or the orientation of the subsequent conjunction and estimated 
the resultant feature discrimination accuracy relative to the not precued con-
junction search performance. It appeared that if information about the orien-
tation values of the subsequent conjunction stimuli is precued for a relatively 
long time, observers can use this prior information and increase subsequent 
orientation discrimination accuracy, while at the same time color discrimina-
tion accuracy decreases.  Differently, when a color precue with a particular (but 
non-informative) orientation had been presented, the subsequent relative gain 
in orientation discrimination accuracy was equal to the relative gain in color 
discrimination accuracy.  While the strong stimulus-driven bias toward col-
or discrimination that appeared in Chapters 2 and 4 was confirmed, we also 
showed that a sustained top-down bias induced by orientation precueing could 
reverse the bottom-up bias toward color discrimination.

On the basis of our findings presented in Chapter 4 and 5, I suggest that 
in conjunction search of color and orientation (and also color and size) the bot-
tom-up activation is higher for color than for orientation.  Why this bias arises 
remains somewhat of a question, but could be related to the use of conjunctive-
ly tuned visual channels during conjuction search.  Importantly, this finding 
cannot be directly predicted from the traditional visual search theories referred 
to in Section 1.3.  Specifically, theories and models presented above do not as-
sume one feature to be more effective in conjunction search when the stimu-
lus-driven saliences are matched at the feature level.  Therefore I suggest that 
the traditional views need an additional specification about this asymmetry in 
the feature processing.  Findings presented in the following chapters suggest 
a competition between the features in conjunction search, and this is a priori 
won by color.  The original BCM describes suppression of representations of 
the task-irrelevant visual objects and has excluded competition between indi-
vidual features (Duncan, 1996; Duncan, Humphreys, & Ward, 1997).  However, 
contrary to this assumption, other observations indicate that the suppressive 
competition could take place not only among nearby objects but at the level of 
individual features within an object (Beuth & Hamker, 2015; Haenny & Schiller, 
1988; Martinez-Trujillo & Treue, 2004; Motter, 1994; Polk, Drake, Jonides, Smith, 
& Smith, 2008).  The present thesis suggests that biased competition does not 
only operate at the level of objects—increasing the relative weight of one object 
at the cost of others—but it also serves early object segregation by biasing the 
relative weights of the features of visual objects.

Chapter 6 provides a summary of all findings and discusses the results in a 
broader framework of their theoretical implications.
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Chapter 2

Selection-for-Action 
in Visual Search

Action-Related Bias in Conjunction Search



Abstract
Grasping an object rather than pointing to it enhances processing of its ori-
entation but not its color.  Apparently, visual discrimination is selectively en-
hanced for a behaviorally relevant feature.  In two experiments we investigated 
the limitations and targets of this bias.  Specifically, in Experiment 1, we were 
interested to find out whether the effect is capacity demanding, therefore we 
manipulated the set size of the display.  The results indicated a clear cognitive 
processing capacity requirement, i.e., the magnitude of the effect decreased 
for a larger set size.  Consequently, in Experiment 2, we investigated if the en-
hancement effect occurs only at the level of behaviorally relevant feature or at 
a level common to different features.  Therefore we manipulated the discrim-
inability of the behaviorally neutral feature (color). Again, results showed that 
this manipulation influenced the action enhancement of the behaviorally rel-
evant feature.  Particularly, the effect of the color manipulation on the action 
enhancement suggests that the action effect is more likely to bias the competi-
tion between different visual features rather than to enhance the processing of 
the relevant feature.  We offer a theoretical account that integrates the action 
intention effect in the biased competition model of visual selective attention.

This chapter is based on:
Hannus, A., Cornelissen, F.W., Lindemann, O., & Bekkering, H. (2005). Se-
lection-for-action in visual search. Acta Psychologica, 118, 171-191.
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2.1 Introduction
A widely investigated question in the field of cognitive science concerns the se-
lection mechanisms that enable to concentrate visual processing on some as-
pects of the environment.  In this study, we explore the dependence of spatial 
cognitive processes on action intentions.  This issue can be addressed in a so-
called visual search task in which the observer searches for a pre-specified target 
among an array of nontargets.  Recently, it has been found that a specific action 
intention about what to do with the searched object, i.e., grasping the object or 
pointing at it, affects the way how people search the objects in their visual space 
(Bekkering & Neggers, 2002).  In this study, we focus on the limitations and 
targets of this process.  We demonstrate that an action intention can determine 
how people are searching for objects in the space.  However, under which condi-
tions or at which level of cognitive processing this effect occurs is yet unknown.

Neurophysiological studies suggest that up until a certain level individual 
features are processed independently (e.g., Maunsell & van Essen, 1983; Mout-
oussis & Zeki, 2002; Zeki, 1973, 1977).  In this study, we test if the intention to 
execute a goal-directed movement has an effect at the level of independent or 
interdependent feature processing.  However, first we introduce the two in our 
view most relevant theories about visual attention concerning our research 
question: the biased competition model and the selection-for-action approach.

2.1.1 Biased competition

A nowadays dominant model accounting for selective attention is the theory of 
biased competition (Desimone, 1998; Desimone & Duncan, 1995; Kastner & Un-
gerleider, 2001).  This model describes the interplay between bottom-up and top-
down sources of attention.  Its basic idea is that visual objects in scene compete 
for representation, analysis, and control of behavior.  This competition results 
from limitations in processing capacity.  On the one hand, the bottom-up input 
from the visual scene determines the spatial distribution and feature attributes 
of objects.  While processing this information, a target could “pop-out” due to a 
bottom-up bias to direct the attention toward salient local inhomogeneities.  On 
the other hand, top-down processes can bias competition toward behaviorally 
relevant information, based on the goals of the individual.  In its current form, 
the biased competition model does not make specific predictions about the role 
of action intention as a modulator of attention, but it could be easily adapted 
to do so.  (See also Birmingham & Pratt, 2005, for further information on the 
organization of spatial attention.)

2.1.2 Selection-for-action

More explicitly, the functioning of a perceptual system may be seen as gathering 
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and integrating the sensory information in order to adapt to the environmental 
conditions in which the action must take place.  It is essential for the prepara-
tion of the planned action.  This idea is reflected in different models claiming a 
close interaction between conscious visual processing and motor behavior (e.g., 
Allport, 1987; Gibson, 1979; Hommel et al., 2001; Neumann, 1987; Rizzolatti & 
Craighero, 1998).

In everyday situations, people hardly ever search for objects in their envi-
ronment just for purely perceptual purposes.  In most cases, they have a clear in-
tention to do something with the object they are searching for.  Hence, it would 
make sense to change the relative weights given to different attributes of a visu-
al object depending on the action currently at hand or planned for the immedi-
ate future.  For instance, if the intention is to find a dictionary on the bookshelf 
in order to take it from the shelf, the weight given to the processing of various 
features might be different compared to a situation where one’s intention is just 
to find the dictionary to ascertain that it is there.  In the first case, selectively 
more weight would be given to processing the information about the size and 
orientation of the dictionary than in the second case, because this information 
is relevant for preparing a grasping movement.  If the intention is to only detect 
the presence of the dictionary, it’s orientation in space is less important.

Critically, the selection-for-action approach assumes that there are no 
limitations to perceive multiple objects, but only limitations of effector sys-
tems to carry out multiple actions concurrently (e.g., Allport, 1987, 1989).  Thus, 
competition for processing resources can be assumed to take place not only in 
the visual-perceptual system but also in the action system.  Consequently, in-
formation about different attributes of an object should be bound together in 
a way that allows the purposeful use of that object according to the intended 
action.  Therefore, selective attentional processing reflects the necessity of se-
lecting information relevant to the task at hand.  Convergent evidence for the 
existence of an action-related attentional system emerges from several exper-
imental paradigms.  For instance, Craighero, Fadiga, Rizzolatti, and Umiltà 
(1999) demonstrated that if the participant has prepared a grasping movement, 
then a stimulus with congruent orientation is processed faster.  In addition, a 
common selection mechanism for the saccadic eye movements and object rec-
ognition was found in a study by Deubel and Schneider (1996).  Finally, clinical 
studies with neglect patients have shown that object affordances can improve 
the detection of visual objects (Humphreys & Riddoch, 2001) and that action 
relations between objects can improve the detection of both of them (Riddoch, 
Humphreys, Edwards, Baker, & Willson, 2003).  Recent experimental support 
for the selection-for-action notion in visual search comes from the study by Bek-
kering and Neggers (2002) mentioned above.  They demonstrated a selective en-
hancement of orientation processing (compared to the color processing) when 
the task required grasping of an object in relation to pointing toward the object.  
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This finding is in line with the idea that visual perception handles the world in 
a way that is optimized for upcoming motor acts rather than just for a passive 
feedforward way of processing.

2.1.3 Experimental questions addressed in this study

The aim of the present study was to examine one of the central remaining is-
sues of the action intention effect reported by Bekkering and Neggers (2002), 
namely about the limitations and targeted processes: does the action intention 
have an effect only on the action-relevant feature or does it bias the competition 
between both features.  Bekkering and Neggers found that participants were 
better able to discriminate the orientation of the stimuli when they had to grasp 
a target stimulus compared to the condition where they had to point to the tar-
get, since the relative orientation in space is more important for the grasping 
preparation than for the pointing preparation.  This suggests that the behav-
iorally relevant feature can be processed more efficiently.  At the same time the 
discrimination accuracy of color did not depend on the motor task, as the color 
of the object should be equally relevant for both grasping and pointing.  Howev-
er, to be convinced that the comparison of orientation and color discrimination 
is valid, the discrimination task of one feature should be equal to the discrimi-
nation difficulty of the other feature.  Notably, in Bekkering’s and Neggers’ ex-
periment the color discrimination performance was in general better than the 
orientation discrimination performance, suggesting that color discrimination 
could in principle have been easier than orientation discrimination.  Therefore 
we first wanted to replicate the previous findings while controlling the discrim-
inability of the two object features within a refined experimental set-up.  First, 
2D images projected by LCD projector on a screen were used as stimuli instead 
of 3D objects.  This enabled a fine matching of orientation and color contrasts of 
target and nontarget elements to make the orientation and color discrimination 
equally difficult in the first experiment and to control the decrease of color con-
trast in the second experiment.  Second, the implementation of 2D stimuli al-
lowed a direct visual template cueing of both color and orientation of the target, 
while orientation was cued auditorily in the 3D set-up of Bekkering and Neggers 
(2002).  Third, the flexibility of target positioning was increased.  Finally, the 2D 
screen allowed using a larger set size to manipulate the search difficulty.

The target was a conjunction of color and orientation.  Participants were 
required either to search and point toward the target or to search and grasp 
the target.  We measured the accuracy of the initial saccade.  As in grasping 
the orientation of the target is more important than during pointing, we expect 
selectively improved performance on the discrimination of this feature.  As the 
target’s color is equally relevant for both actions, we expect no such change for 
this feature.
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In first experiment, the set size was changed to simultaneously vary the 
amount of bottom-up information for both the behaviorally relevant (orien-
tation) and the behaviorally neutral (color) visual feature.  Increase of set size 
increases the difficulty of the search task (Bundesen, 1990) and this increases 
the load on cognitive processing.  A decreased effect of action intention under 
the larger set size should indicate that there are no recourses left for selective 
enhancement of the behaviorally relevant feature.  This would indicate that the 
effect of action intention is limited by processing capacity.  However, if the ef-
fect of action intention does not depend on the set size, no capacity limitations 
can be assumed.  We expected that the selective enhancement of one specific 
action-related feature is a function of the load on cognitive processing.

Further, we were interested if the top-down bias toward behaviorally rel-
evant feature has an effect only at the level of this particular feature, or does it 
affect the processing level common for both features.  In the second experiment, 
a similar conjunction search task was used, yet the discriminability of behav-
iorally neutral feature was decreased and the discriminability of behaviorally 
relevant feature remained the same as in the first experiment.  If the action in-
tention affects only processing of the behaviorally relevant feature, the effect 
should not depend on the discriminability of the behaviorally neutral feature.  
However, if the action intention somehow affects the competition between two 
features (or some other common mechanism), the effect on visual search should 
decrease, because overall target–nontarget discriminability is diminished.  Our 
hypothesis is based on the assumption that the capacity of cognitive processing 
is limited, thereby causing a competition for it amongst features.  In an attempt 
to create an unbiased situation in terms of bottom-up information about fea-
ture discriminability in the first experiment, we made the search for color and 
orientation approximately equally difficult.  In the second experiment, we pur-
posefully decreased the color contrast and thereby made color discrimination 
harder.  In this situation, the color discrimination requires more processing ca-
pacity compared to the relatively higher color contrast as used in Experiment 1.  
If this additional color processing capacity can be taken from the available ori-
entation processing capacity, the possibility to bias the orientation processing 
in the grasping condition should be decreased, leading to a decreased enhance-
ment of orientation processing in grasping compared to pointing.  However, if 
the effect of action intention operates before the feature binding, the discrim-
inability of color should have no effect on the capacity used for orientation pro-
cessing.  In conclusion, if the previously found action-related enhancement is 
indeed related to biased competition between the features involved, the effect 
should appear under equal and relatively easy discriminability of both features 
(Experiment 1) and should decrease if the discriminability of one feature is de-
creased (Experiment 2).
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2.2 Experiment 1
The aim of this experiment was to test whether the task-dependent facilitation 
of one feature (orientation in the grasping condition) is limited by task difficulty.  
This question directly derives from the results obtained in the past experiment.  
The original Bekkering and Neggers (2002) study showed a maximal action in-
tention effect for seven stimuli compared to the four and 10 set size conditions.  
Hence, the amount of bottom-up information was manipulated directly by set 
size.  The smaller set size contained seven stimuli (the optimal condition in the 
Bekkering and Neggers study) and the larger set size 16 stimuli.  This higher 
number of stimuli was chosen to double the number of stimuli in smaller set 
size and thereby to have a relatively larger variation of bottom-up information.  
Also, the smaller set size condition stayed within the limited capacity of proba-
ble parallel processing of feature conjunctions (Pashler, 1987) whereas the large 
set size should be more demanding and evoke additional serial processing.  If 
the effect of action intention depends on the limitations in cognitive capacity, 
it should decrease in larger set size, because the more difficult task leaves less 
cognitive recourses available for the selective enhancement of orientation pro-
cessing in the grasping condition.  In order to tackle this question, we had to 
refine the experimental conditions as described above.  Again, like in the Bek-
kering’s and Neggers’ article, a conjunction search task with two different mo-
tor requirements was used.  In one condition, the task of the participant was to 
point to the target, in another condition to grasp it.

2.2.1 Method

Determining feature search performance

Aiming to compare performance on individual features in a conjunction search 
task in a meaningful way, we should make sure that the difficulty of each task is 
at least approximately comparable.  Discrimination of one feature (e.g., clock-
wise tilt vs. counterclockwise tilt) might be inherently more difficult for the vi-
sual system than discrimination of another feature (green vs. red).  Therefore, 
we first determined 50% detection thresholds in orientation and color feature 
search tasks.  These values were then used to set the feature contrasts in the 
conjunction search task of Experiment 1.  

Three volunteers (aged 24-30 years) participated in this pilot measure-
ment, among them one of the authors.

Stimuli were presented on a 20-in. CRT-monitor (subtending 31° × 23°) and 
generated by a Power Macintosh computer using software routines provided in 
the Psychophysics Toolbox (Brainard, 1997; Pelli, 1997; http://psychtoolbox.org/).  
Screen resolution was set to 1152 × 870 with a refresh frequency of 75 Hz.  The 
background luminance of the screen was 25 cd/m².  The luminance of the stim-
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uli was 35 cd/m² (40% contrast).  Viewing distance was 40 cm.
The stimuli had the shape of a bar.  The length of the stimuli was 5.7°.  The 

participant had to fixate at the central fixation cross and at the same time to 
press a key.  Next, a target cue with particular color and orientation appeared in 
the centre of the screen, disappearing after 500 ms.  In the color feature search 
task, the target was a green or red 45° tilted bar.  The nontargets always had the 
opposite contrast of the target.  Color contrast could be 1.5, 2.2, 3.3, 5.0, 7.5, 11.3, 
16.9, 25.3, or 38.0%.  Next, 13 stimuli appeared in a circle with a radius of 16.7° and 
centered on the fixation cross.  One of the stimuli was the target.  In orientation 
feature search task the design was the same.  In order to overcome the internal 
representation of verticality, the reference value for manipulating the orienta-
tion was a 45° clockwise tilt.  Thus, the target was a gray bar with an orientation 
difference of 1.5, 2.2, 3.3, 5.0, 7.5, 11.3, 16.9, 25.3, or 38.0% relative to 45°.  Non-
targets had the opposite tilt of the target.  One of them was the target.  Stimuli 
disappeared after 2500 ms or after a saccade was made. Participants were in-
structed to find and fixate the target as quickly and as accurately as possible.  A 
correct response was defined by the first saccadic eye movement landing on or 
close to the target.  In both tasks, participants performed 1008 trials.

Eye movements were recorded at 250 Hz with an infrared video-based eye 
tracker (Eyelink Gazetracker; SR Research Ltd., Mississauga, Ontario, Canada) 
and software routines from the Eyelink Toolbox (Cornelissen, Peters, & Palm-
er, 2002; http://psychtoolbox.org/).  In the analysis, only trials were included 
in which participants did not make any saccades while the target cue was pre-
sented.  Only the first saccade after target presentation was analyzed.  An eye 
movement was considered a saccade when the velocity of the eye was at least 
25°/s with an acceleration of 9500°/s².

The pilot experiments took place in a closed, dark room.  Participants were 
instructed to restrain their head by the chin-rest, and to make a saccade as accu-
rately and quickly as possible toward the target.

The error rates were computed for all different contrasts between the tar-
get and nontargets.  Next, a Weibull function was fitted to the average data of 
all subjects.  Performance thresholds were determined by eye for each feature 
based on the fitted curve.

Participants

Twelve volunteers (mean age 24 years) participated in the main Experiment 1, in 
return for payment.  All participants were naïve as to the purpose of the experi-
ment and had normal or corrected to normal vision.

Apparatus and stimuli

An LCD projector presented the computer-generated stimuli on a translucent 
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screen, positioned on the table in front of the participant, with dimensions of 
51.8° horizontally and 39° vertically and a background luminance of 111 cd/m².  
The viewing distance was 45 cm. 

The performance threshold of 50% correct target detection for both color 
and orientation feature were used, a color contrast of 7.2% and an orientation 
contrast of 11.9 %.

Each trial started with a white fixation cross of 1.2° of visual angle, present-
ed in the centre of the screen for 500 ms.  After that, a target cue was presented 
in the centre of the screen for 1000 ms.  The target was a tilted bar (0.6° × 2.3°).  It 
could be either isoluminant green or red (7.2% color contrast in addition to 40% 
luminance contrast) and more or less clockwise tilted (11.9% contrast in relation 
to the 45° as a “standard”). The experimental procedure is schematically shown 
in Figure 2.1.

After the disappearance of the target cue, immediately the search display 
was presented for 1500 ms.  Stimuli were positioned in the perimeter of an imag-
inary approximate circle with a radius of 11.5°.  The search display contained 
either 16 or 7 stimuli; one of them was always the target. Among the nontarget 
elements, one-third of stimuli had the same color as the target, but different 
orientation, one-third of stimuli had the same orientation as the target, but dif-
ferent color, and one-third of the stimuli had different color and different ori-
entation compared to the target.  Displays of 16 stimuli occupied all the possible 
positions on the imaginary circle, and displays of 7 items occupied positions 
chosen randomly from the 16 positions.

Eye movements were recorded with an infrared video-based eye tracker 
(ASL 5000 Series, Model 501; Applied Science Laboratories, Bedford, MA, USA) 
at the frequency of 60 Hz.  An eye movement was considered a saccade when the 
velocity of the eye was at least 45°/s for at least 50 ms.

Design and procedure

The first factor manipulated was the behavioral task.  Participants conduct-
ed two blocks of tasks.  They had to fixate on the fixation cross, and after that 
to look at the target cue.  After the target cue disappeared participants had to 
search for the target.  Overt eye movements and minor free head movements 
were allowed.  In one block the task was to find the target as fast and as accu-
rately as possible, and to point on it on the screen as fast as possible after target 
detection.  In another block, the participants were asked to find the target as 
fast and as accurate as possible, and to grasp it on the screen with index finger 
and thumb along the linear axis.  The second factor represented the set size (7 or 
16 stimuli, randomly mixed in a block).

The search performance was assessed as the accuracy and latency of the 
first saccadic eye movement that was initiated after the appearance of the 
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search display.
Four types of responses arose from the search:
1. Hit.  The initial saccade was directed to the target.
2. Color error.  Initial saccade was made toward a nontarget with target’s 
orientation but wrong color.
3. Orientation error.  Initial saccade was made toward a nontarget with tar-
get’s color but wrong orientation.
4. Double error.  Initial saccade was made to a nontarget with both wrong 
color and orientation.
Participants completed both blocks of trials in a single session, with block 

order counterbalanced across participants.  Each block contained 160 trials, 
with an equal number of each type of target.  The trials within the block were 
presented in random order.

2.2.2 Results

In order to exclude the outlying responses, trials with latencies below 100 ms 
or above 500 ms were discarded from the analysis.  In addition, the saccades 
with ambiguous endpoint were omitted (a window was defined as a range of 
2° around the stimulus position).  Due to that, 33% of the trials were excluded

Figure 2.1: Schematic of the experimental paradigm in Experiment 1 and 2.  At 16 possible 
positions objects were  presented.  One-third of nontargets had the same color as the target, 
one-third of nontargets had the  same orientation as the target, and one-third of nontargets 
had both different color and different orientation.  In this example, the target is the red less 
clockwise oriented bar, nontargets are red bars oriented more clockwise, green bars ori-
ented less clockwise, and green bars oriented more clockwise.  After the target was found, 
participant eiher reached and pointed to the target or imitated a grasping movement on it.  
Note that for clarity, color and orientation contrasts have been exaggerated on this figure 
compared to the actual values in the experiments.  In Experiment 1, color and orientation 
contrasts were products of 50% discrimination thresholds for both features determined prior 
to the main experiment.  In Experiment 2, color contrast corresponded to the 10% color 
feature discrimination threshold and orientation contrast to the 50% discrimination threshold 
determined prior to the main experiment.
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                         Experiment 1              Experiment 2

                Percentage   Latency                          Percentage   Latency
Response type     % (SD)         ms (SD)                    % (SD)         ms (SD)

Set Size 7     
Pointing     

Hits   30.5 (11.7)     285 (59)  27.7 (12.4)     262 (51)
Orientation errors 50.5   (9.0)     270 (51)  37.5   (7.4)     260 (42)
Color errors  10.3   (4.9)     266 (70)  20.9   (7.4)     248 (48)
Double errors      8.8   (7.0)     260 (55)  13.9   (8.3)     234 (41)

Grasping     
Hits   43.3 (12.8)     298 (67)  28.3   (9.5)     264 (45)
Orientation errors 38.0 (11.7)     282 (60)  35.3   (8.3)     252 (37)
Color errors  12.3 (10.0)     264 (63)  21.7   (7.4)     240 (39)
Double errors    6.4   (3.9)     284 (71)  14.6   (7.0)     237 (41)

Set Size 16      
Pointing     

Hits   16.8   (7.2)     297 (68)  11.8   (6.1)     283 (71)
Orientation errors 52.6   (8.9)     283 (57)  39.5 (11.4)     262 (54)
Color errors  16.3   (6.2)     275 (70)  27.4 (10.4)     255 (65)
Double errors  14.3   (6.6)     269 (67)  21.3   (8.2)     255 (42)

Grasping     
Hits   17.7   (7.0)     323 (75)  10.1   (5.5)     282 (61)
Orientation errors 47.3 (12.3)     296 (60)  40.3   (7.8)     252 (47)
Color errors  18.9   (7.3)     283 (51)  29.6   (6.1)     261 (55)
Double errors  16.0   (9.1)     279 (60)  20.0   (9.7)     245 (36)

Table2.1. Mean Percentages (%) and Latencies (ms) of Initial Saccadic Eye Movements in Exper-
iment 1 and 2.

Note.  The mean percentages and latencies across different set sizes and behavioral task 
conditions.  Hit = saccade directed to the target; color errors = saccade to a nontarget with 
targets’ orientation but wrong color; orientation errors = saccade to a nontarget with tar-
gets’ color but wrong orientation; double errors = saccade to a nontarget with both wrong 
color and orientation; SD = standard deviation.  
Experiment 1 N = 12; Experiment 2 N = 13.

from the analysis (25.6% had an ambiguous endpoint, 0.02% were anticipation 
saccades under 100ms latency, 7.1% had a longer latency of more than 500 ms).

The descriptive values are presented in Table 2.1.

Hit analysis

An analysis of variance (ANOVA) of the hits with two factors (set size: 7, 16 stim-
uli; and task condition: grasping, pointing) revealed significant main effects for 
both the set size, F(1,11) = 66.02, p < .001, and task condition, F(1,11) = 8.47, p < .05. 
The accuracy of hitting the correct target with the initial saccade was signifi-
cantly lower in larger set size condition (M = 17.3%), compared to the smaller set 
size condition (M = 36.9%).  More hits were made in the grasping condition (M = 
30.5%) compared to pointing (M = 23.7%).  Importantly, there was a significant 
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interaction between set size and task condition, F(1,11) = 8.14, p < .05, indicating
that the probability to hit the target did not depend on the behavioral task in 
the larger set size condition (M = 16.8% vs. M = 17.7%, Fisher’s least significant 
difference, p > .75), whereas in the smaller set size the probability of hits was 
significantly higher in the grasping task (M = 30.5% vs. M = 43.3%, p < .01).  The 
equivalent two factorial ANOVA of the saccadic latencies showed only a main 
effect of set size, F(1,11) = 8.36, p < .05, indicating that longer latencies were ob-
tained in the larger set size condition (M = 310 ms) compared to the smaller set 
size condition (M = 291 ms).

Error analysis

The results of error analysis are shown in Figure 2.2.
First, the two set sizes were analysed separately.  The amounts of color er-

rors and orientation errors are interdependent because the error types are dis-
junct categories.  That is, if participant makes a color error in one particular trial, 
then he cannot make an orientation error in the same trial (we omitted the dou-
ble errors, as they do not give any specific information if the color or orientation 
discrimination failed, and their number was relatively constant over all com-
pared conditions).  Thus, for further analyses in the accuracy analysis, the error 
types had to be considered as two dependent variables.  In order to compare the 
accuracy in the grasping and pointing condition, we conducted for each set-size 
(7 and 16 stimuli) a separate multivariate analysis of variance (MANOVA; Wilks’s 
Λ criterion) with the two dependent variables (color errors and orientation er-
rors) searchand one within-subject factor (task condition: grasping, pointing).

For the large set-size, no influence of the task condition was obtained in the 

Figure 2.2: Saccadic er-
ror distribution plotted as 
a function of the man-
ual task and set size in 
Experiment 1.  In smaller 
set size with six nontar-
gets, the saccadic ori-
entation errors occur 
significantly less when 
participants grasp the 
target object compared 
to saccades preceding 
a pointing movement.  
In the larger set size, the 
action-intention effect 
on visual search disap-
pears.  Mean values and 
standard errors are pre-
sented.   
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multivariate analysis of the errors, Λ = .81, p > .35.  However, for the small set 
size, the MANOVA yield a significant effect of the task condition on errors, 
Λ = .49, p < .05.  A post-hoc analysis (Fisher’s least significant difference, p < .01) 
indicated that the amount of orientation errors were significantly lower in the 
grasping condition (M = 38.0%) compared to the pointing condition (M = 50.5%).  
Interestingly, the amount of color errors did not differ in both tasks (M = 12.3% 
vs. M = 10.3%)a.   Thus, results showed for the small set size a selective facilitation 
of orientation discrimination when grasping was required.

In analyzing the saccadic latencies, we defined the error type as a factor 
and conducted a 2 (task condition: grasping, pointing) × 2 (set size: 7, 16 stimuli) 
× 2 (error type: color error, orientation error) ANOVA.  Latencies revealed a main 
effect of the error type, F(1,11) = 5.69, p < .05, showing a general tendency of fast-
er erroneous color discrimination compared to the orientation discrimination.  
Also, the set size had a main effect, F(1,11) = 5.13, p < .05, the latencies increased 
along the increase of set size.

2.2.3 Discussion

Even though the present experiment was carried out in a rather different way 
from that of Bekkering and Neggers (2002), the results corroborate the earli-
er finding that visual processing of a behaviorally relevant feature is selectively 
enhanced.  The first experiment demonstrated that the action intention effect 
is also present for goal-directed actions toward 2D stimuli.  We found that par-
ticipants processed the relative orientation of stimuli more efficiently when this 
feature was selectively important for planned action relative to when it was not, 
i.e., grasping compared with pointing.  At the same time, the color discrimina-
tion performance remained the same for both the pointing and the grasping 
condition.

Most importantly, the effect of action intention was statistically significant 
only in the smaller set size, in larger set size it disappeared.  Saccadic latencies 
showed a significant set size effect, suggesting that the search task became more 
difficult for the larger set size.  The increase in bottom-up information presum-
ably increased the load on cognitive processing thereby limiting the possibility 
to process the action relevant feature optimally.  This result strongly suggests an 

a It appears that generally the color discrimination is more efficient than the orienta-
tion discrimination, despite our effort to match the discrimination difficulty for both 
features in the pilot experiment.  Our more recent experiments designed to specifically 
tackle this phenomenon show that the equal feature discriminability drawn from fea-
ture search tasks does not predict the feature discriminability in a conjunction search 
task.  Since we find this phenomenon also in a visual search tasks without any require-
ments to point or grasp, we have reason to believe that this does not affect our conclu-
sions about this study. 
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interplay between top-down (action-relevant) and bottom-up (stimulus-driven) 
visual processing.

2.3 Experiment 2
In the second experiment, we wanted to explore this interplay between bot-
tom-up and top-down sources from another perspective.  Specifically, we aimed
to test further, if the enhancement of a behaviorally relevant feature appears 
at the level of individual visual features or at the level of conjunction process-
ing where the individual features are competing with each other.  To do so, we 
manipulated the discriminability of color, the feature that should be equally rel-
evant for both pointing and grasping.  The discriminability of orientation was 
the same as in Experiment 1.  If the action intention affects only the processing 
of orientation, it should appear independently of the discriminability of color.  
If the action intention affects the competition between orientation and color, 
the effect size should also depend on the difficulty of the color processing.  In-
creasing the difficulty of color discrimination should require more of the limit-
ed processing resources.  If this happens at the cost of orientation processing, 
less capacity will be available for the enhancement of orientation processing in 
the grasping task compared to pointing.  Consequently, the action intention 
effect should decrease.  In the second experiment, we took the 10% feature de-
tection threshold instead of the previous used 50% detection level for the color 
dimension.

2.3.1 Method

Participants

Thirteen naïve volunteers (mean age 25 years) with normal or corrected to nor-
mal vision participated in return for payment.  One of them had participated in 
Experiment 1.

Apparatus, stimuli, and procedure

The apparatus, tasks, and experimental settings were similar to the Experiment 
1, except for the color contrast of stimuli.  The color contrast between target and 
nontargets was decreased to 2% contrast between red and green stimuli, which 
corresponded to the level where the participants of pilot experiment made about 
10 % correct responses in color feature search task.  The orientation of stimuli 
was the same as in the Experiment 1.  Although the effect of action intention dis-
appeared in the larger set size in Experiment 1, we still used the larger set size 
also in Experiment 2 to keep the experimental setting similar to the Experiment 
1.  Therefore both set sizes of 7 and 16 stimuli were used. 
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2.3.2 Results

Again, omission of first saccades with latencies less than 100 ms or longer than 
500 ms, and with ambiguous terminus lead to the rejection of ≈ 31% of the tri-
als (23% had ambiguous end point, 0.08% were anticipation saccades, 7.8% had 
a latency of more than 500ms).  Descriptive values are presented in Table 2.1.

Hit analysis

An ANOVA showed no effect of the task condition on the search accuracy.  The 
main effect of set size on hit probability was highly significant, F(1,12) = 92.71, 
p < .001, the increase in set size is related to the decrease of search accuracy.  In 
the smaller set size the mean hit accuracy was 28.0%, in the larger set size, it 
was 11.0%.

Also, the ANOVA of saccadic latencies yield a main effect of set size, 
F(1,11) = 5.97, p < .05, indicating slower reaction times on larger set size (M = 283 
ms) trials compared to smaller set size trials (M = 265 ms).

Error analysis

The distribution of color and orientation errors is presented in Figure 2.3.
The MANOVA (Wilks’sΛ criterion) with two within-subject factors (set 

size: 7, 16 stimuli, and task condition: grasping, pointing) and two dependent 
variables (color errors and orientation errors) showed no effect of the task.  
Only the set size revealed a significant main effect (Λ = .28, p < .001).  The 2 (task 
condition) × 2 (set size) × 2 (error type) ANOVA of the saccadic latencies yield no 
effects (all Λs < .60). 

Figure 2.3: Saccadic er-
ror distribution plotted as 
a function of the man-
ual task and set size in 
Experiment 2.  The plan-
ned manual task has no 
systematic effect on the 
direction of initial sac-
cades. Mean values and 
standard errors are pre-
sented.
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2.3.3 Comparative analysis between experiments

Critical results were obtained by analyzing the two experiments together.  The 
overall size of the action intention effect can be best characterized not by purely 
looking at the amount of orientation and color errors, but by the accuracy of the 
correct detection of a feature.  Therefore, for each participant, we determined 
the proportion of correctly discriminated color responses (color hits) and ori-
entation responses (orientation hits).  As a next step, we computed relative hit 
rates (orientation hits/color hits) for both the pointing and grasping conditions.  
Next, the ratio of hit rates was computed (grasping hit rate/pointing hit rate) 
and expressed as a logarithmic value to give equal weight to ratios below and 
above 1.  The results are shown in Figure 2.4.  The critical comparison includ-
ed only the smaller set sizes of both experiments.  A t test revealed that the hit 
rate as the measure of effect size was significantly lower with decreased color 
contrast in Experiment 2 (M = .03) compared with the Experiment 1 (M = .14), 
t(23) = 2.34, p < .05.  The action intention effect thus decreased when the discrim-
inability of the behaviorally neutral feature was decreased.  Figure 2.4 shows 
that increasing set size had an additional diminishing effect on action intention 
in both experiments.

Further, the conditional probabilities to detect one feature correctly, de-
pending on the accuracy of the detection of other feature were calculated.  First, 
we calculated the conditional probability to detect one feature correctly if the 
other feature was also detected correctly, e.g., p(color correct|orientation cor-
rect) = p(color correct, orientation correct)/[p(color correct, orientation correct) 
+ p(color incorrect, orientation correct)].  These probabilities were estimated by 
calculating the relevant ratios, e.g., hits/(hits + color errors).  Second, we calcu-
lated the conditional probability to detect one feature correctly if the other fea-
ture was detected incorrectly.  Therefore the amount of the errors on the other 
feature was divided by the sum of the errors on the other feature and double 
errors, e.g., p(color correct|orientation incorrect) = p(color correct, orientation 
incorrect)/[p(color correct, orientation incorrect) + p(color incorrect, orienta-
tion incorrect)].  Next, these values were corrected for guessing probability: for 
the conditional feature hits when the other feature was detected correctly, the 
guessing probability is 1/3 and 1/6 for smaller and larger set size, respectively; 
for the conditional feature hits when the other feature was detected incorrectly, 
the guessing probability is 2/4 and 5/10 for smaller and larger set size, respec-
tively.  These values were averaged over all set sizes, tasks, and response types.  
The mean probability to detect one feature correct if the other feature is also 
detected correctly is 19.1%.  This is significantly smaller than the mean probabil-
ity to detect one feature correctly when the other feature is detected incorrectly, 
34.2%, χ²(1,N = 25) = 4.24; p < .05.  Thus, the detection probability of one feature 
is higher when the detection of the other feature fails.
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Figure 2.4: The overall size of the action-intention effect.  The effect size is expressed as a ratio 
of grasping hit rate (orientation hits/color hits) over pointing hit rate.  This illustrates the de-
crease of the effect of action intention along the increase of the amount of bottom-up infor-
mation.  The 50% Color Discriminability refers to the higher color contrast of Experiment 1, at 
which the participnats would make 50% correct responses in a color feature search task.  The 
10% Color Discriminability corresponds to the lower color contrast used in Experiment 2, at 
which the participants would make approximately 10% correct responses in a color feature
search task.  Mean values and standard errors are presented.  
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2.3.2 Discussion

Under low color discriminability conditions, no significant enhancement of 
processing of the behaviorally relevant feature, i.e., orientation, was found.  Ap-
parently, an increased demand for color processing diminishes the action en-
hancement effect for the orientation processing as observed under otherwise 
equal conditions in Experiment 1.  An important theoretical consequence of 
this finding is that lowered color discriminability presumably modulates the 
competition between color and orientation processing.  We offer an explana-
tion that under the approximately equal feature discriminability conditions in 
Experiment 1 more processing resources could be allocated to the processing 
of behaviorally relevant feature if this feature was selectively more relevant to 
the action at hand.  In Experiment 2 the color discrimination was made more 
difficult.  We assume that as color processing was not irrelevant to finding the 
correct target, the additional resources previously allocated to the enhanced ori-
entation processing were needed for color processing.  The disappearance of the 
action intention effect under these conditions is in accordance with this line of 
reasoning.

Moreover, comparison of the conditional probabilities to detect one fea-
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ture correctly depending on the accuracy of the detection of the other feature 
revealed a clear trend.  The accuracy to detect one feature correctly is higher if 
the detection of the other feature was incorrect. This is an additional finding 
indicating a competition between the visual features. 

2.4 General Discussion
The aim of this study was to investigate the biasing effect of action intention on 
selective attention in more detail.  We corroborated the finding that the inten-
tion to grasp an image of an object selectively enhances processing of the ori-
entation of that object compared with a condition in which the task is to reach 
and point to the object.  Moreover, we now show that this selective enhance-
ment occurs even when the task is a rather unnatural pantomimic act and the 
object is a 2D object without any volumetric properties.  This finding suggests 
that the enhancement in the processing of the relevant visual feature over the 
task-irrelevant feature is a more general phenomenon.  Hence, if people have to 
find a target object in visual space, the searching process can be affected by the 
intentions they have about it.

To address the question whether it does affect only the processing of the 
action-relevant visual feature or the competition between the two features, two 
manipulations of bottom-up sources of information were conducted.  First, the 
dependence of action intention effect on the capacity limitations in the visual 
system was tested.  Increasing set size in order to increase the load on cognitive 
processing decreased the effect of action–intention.  This indicates that the ef-
fect is limited by the available processing capacity.  Second, we found that low-
ering the discriminability of the behaviorally neutral feature caused a decrease 
in the size of the action intention effect.  This indicates that the effect of action 
intention affects visual attention at a level common to both features, rather than 
a level at which features are processed independently.

Importantly, the saccadic latencies reveal that the facilitation of behav-
iorally relevant visual features cannot simply be explained by a speed-accuracy 
trade-off.  The inspection time that is needed to detect only correct color or cor-
rect orientation did not depend on the behavioral task. 

The current results also rule out an explanation in terms of simple priming 
from the cue.  In the Bekkering & Neggers study (2002), the color feature was 
primed directly on the stimulus board, while the orientation cue was primed by 
an auditory cue (high or low tone).  Therefore, one could have argued that the 
orientation cue had to be represented more cognitively, increasing the change 
to find an effect for this dimension over the color dimension.  Here, the target 
cue primed both features, and as a result, the search template was identical un-
der all conditions.  Apparently, when one feature is more relevant in terms of the 
planned action, its processing is selectively facilitated.
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One could argue that the facilitation of orientation in grasping reflects 
the influence of motor preparation to visual discrimination (see for a possible 
demonstration of such an effect Craighero et al., 1999).  However, this explana-
tion cannot explain all findings so far.  First, the effect disappeared in the Bek-
kering and Neggers study (2002) with four elements, suggesting that the visual 
discrimination enhancement is not present if the task is relatively easy.  Second, 
the fact that the effect of action intention decreased when the discriminability 
of the behaviorally neutral feature (color) was lowered implies that other factors 
besides motor-visual priming interact in the visual search processes.  If only 
the preparation to grasp would facilitate the orientation processing as an inde-
pendent factor in the conjunction search task, color discriminability should not 
have had such a dramatic effect on the effect size, since the orientation dimen-
sion was not varied across experiments.

Alternatively, we argue that the competition between color and orienta-
tion processing is modulated by a competition between the top-down and bot-
tom-up components.  Apparently, bottom-up components like for instance the 
first segmentation of the visual world based on one feature directly influences 
the processes in the conjunction search.  As a result, the top-down effect can be 
present or not.  More specifically, the data suggest that if the task is too easy as 
in the Bekkering and Neggers study (2002) with four elements, or if the task is 
too hard as in this study with 16 elements, bottom-up factors might solely deter-
mine the visual search process.

Now we would like to propose the description of the observed biased at-
tentional selection at the three levels of analysis as suggested by Marr (1982): the 
computational-, algorithm-, and implementation level of description.  First, the 
goal of the computation carried out by the attentional system is to select out of 
the visual space the information relevant for action preparation, like suggested 
in the selection-for-action approach.  The causative principle for biased selec-
tive attention is the need to select these aspects of the environment that are 
behaviorally relevant and, due to the limited capacity of cognitive processing, 
to ignore what is redundant.  A parsimonious system should process relevant 
information at the maximum.

At the level of algorithm, the representations and transformation are de-
scribed.  The explanation we offer is that of biased competition, originating 
from a top-down input.  There are two sources of top-down modulation: the 
action intention (e.g., to grasp the object) and the search template (the knowl-
edge about the features of the object).  The search template is compared with 
the incoming information, whereas the activation of action-relevant features is 
higher. In the theory of biased competition, Desimone and Duncan (1995) sug-
gest the bias operating through the attentional template.  The current data show 
that a bias can originate from an action plan.  The visual cue representing the 
color and orientation of the target was the same in both pointing and grasping 
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task, whereas the action plan—what should be done with this target—influenc-
es search accuracy.  Thus, although the physical input from the visual cue to 
the attentional template is the same for both hand movement tasks, in terms 
of this theory, the action plan modifies the template in favor of the behaviorally 
relevant visual feature.  Alternatively, the action plan could also directly increase 
the activation of task relevant visual features.  The biased competition model 
can thus be maintained if one assumes a gain in activation for action-related 
visual characteristics.  This allows the visual system to allocate more process-
ing resources to the processing of behaviorally relevant feature.  However, if the 
discriminability of the behaviorally neutral feature is decreased, the processing 
of this feature probably requires more resources, and this decreases the pro-
cessing efficiency for the behaviourally more relevant feature.  Note, that the 
behaviorally neutral feature is actually not irrelevant in order to solve the task.  
Therefore an interaction between bottom-up (stimulus discriminability) and 
top-down (behavioral goal) appearsb. 

At the implementation level, one possible mechanism would be an en-
hanced tuning of orientation-selective neurons in visual cortical areas.  Although 
current results do not reveal any indications about the neural correlates of the 
action intention effect, we propose some candidates that should be looked for 
in the future.  A neural base for biased competition in attentional modulation 
could lie in the visual dorsal stream.  It is assumed that visual objects have dif-
ferent representations in the ventral stream and dorsal stream (Ungerleider & 
Haxby, 1994; Ungerleider & Mishkin, 1982).  Though visual input is the same for 
both visual streams, dorsal processing is related to the control of manipulating 
the objects, the ventral stream is responsible for the processing of perceptual 
characteristics of objects (Goodale et al., 1991; Milner & Goodale, 1995).  Vidyasa-
gar (1999) proposed a model of visual selection employing the faster transmis-
sion and spatial coding of the dorsal stream that conducts a preattentive parallel 
processing over the whole scene.  This information is fed back into the earlier 
cortical areas to selectively facilitate the locations containing relevant informa-
tion.  A mechanism like this could underlie the bias in favor of a behaviorally 
relevant visual feature, as revealed in our results.

In addition, the neural bases for top-down attentional modulation are of-
ten attributed to the prefrontal cortex.  The attentional set that guides the visual 
processing to task-relevant information is localized in the dorsolateral prefron-
tal region (Banich et al., 2000).  In a visual search task, the participant is asked 
b Remarkably, despite that we aimed to match the difficulty for color and orientation 
discrimination in Experiment 1, color discrimination was generally better compared to 
orientation discrimination.  This suggests that color and orientation processing are not 
independent in a conjunction task.  We found additional evidence for such a dependence.  
The chance of getting a feature correct is conditional on performance for the other fea-
ture. 
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to find the predefined stimulus.  It is plausible to assume that a representation 
of this stimulus is held in working memory, which is correlated with activity in 
prefrontal cortex (D’Esposito, Postle, Ballard, & Lease, 1999; Ranganath, John-
son, & D’Esposito, 2003).  Close relationships between attention and working 
memory are assumed (Desimone & Duncan, 1995; Duncan & Humphreys, 1989).  
Miller, Erickson, and Desimone (1996) found that the maintenance of a stimu-
lus representation is related to prefrontal activity in macaques.  The prefrontal 
activity could be the underlying mechanism of top-down attentional modula-
tion due to feedback inputs to the visual cortex (Miller et al., 1996).  Recently, 
Iba and Sawaguchi (2003) also highlighted the importance of prefrontal cortex 
in a visual selection task.  After a local inactivation of macaque’s dorsolateral 
prefrontal cortex, they found a disturbance of saccadic eye movements in a vi-
sual search task (erroneously directed initial saccade, independent of stimulus 
salience) but not in a simple object detection task.  Moreover, there is evidence 
for shared neural network components at several frontoparietal areas for both 
spatial attention and working memory operations (Awh & Jonides, 2001; LaBar, 
Gitelman, Parrish, & Mesulam, 1999).

Most likely, the effect of action intention on visual search cannot be local-
ized in one specific area; rather the extensive parallel and feedback connections 
build up a network responsible for the interaction between action intentions on 
the one hand and visual processing of the world on the other hand.  Gathering 
more specific insights into the connections between action and perception in vi-
sual search might also reveal new insights in the coupling between user-driven 
top-down processes and stimulus-driven bottom-up processes in general.
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Visual Selection is Modulated 
by Action Intention

Action-Related Biased Competition 
in Feature Search



Abstract
Recent psychophysical findings have been interpreted to indicate that the at-
tentional selection of behaviorally relevant visual feature dimension can be 
selectively enhanced depending on the intention to undertake a motor action.  
The potential effects of action intention on the behaviorally less relevant visual 
dimensions are largely ignored.  The purpose of this study was to investigate 
the potential decline in the processing of behaviorally neutral visual feature as 
a function of manual task demands.  We used visual search paradigm to inves-
tigate the mechanisms of action-induced perceptual effects on visual selection.  
Fifteen participants conducted color search tasks and orientation search tasks 
with the intention to find the target as fast and as accurately as possible, and 
to point to it on the screen or to imitate a grasping movement on the screen.  
Visual search performance was measured by feature discrimination accuracy of 
the initial saccade.

Results indicated that in a grasping condition where orientation was ex-
pected to be behaviorally more relevant, color discrimination accuracy decreased 
relative to pointing condition.  In contrast, orientation discrimination accuracy 
was approximately equal in both pointing and grasping condition.  This finding 
demonstrates that action induced effects are not based on mere facilitation of 
behaviorally relevant visual feature.  We conclude suggesting a biased competi-
tion between different visual features bound to the searched objects.
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3.1 Introduction
One of the central interests in the research of visual cognition and its under-
lying processes concerns the operational mechanisms of selective attention.  
Due to the structural and functional limitations of the attentional system, only 
a relatively small amount of available visual information can be efficiently pro-
cessed.  Therefore, successful selective allocation of the limited processing re-
sources is required based on current behavioral intentions.  There is now con-
vincing amount of evidence that relations between sensory input from visual 
environment and behavioral output from motor system are not unidirectional 
from perception to action but reveal a complex interplay between attentional 
processes and goal-directed behavior (for reviews, see Perry et al., 2016; Pratt et 
al., 2015; Ridderinkhof, 2014; Schenk, 2010).  The effect of behavioral intentions 
on the allocation of visual processing resources is a question of great interest 
in the field of visual attention.  Apparently, our motor behavior hinges on the 
accuracy of visual processing.  In accordance with the selection-for-action ap-
proach (Allport, 1987, 1989) and related theories (Gibson, 1979; Hommel et al., 
2001; Rizzolatti, Riggio, & Sheliga, 1994), we argue that visual search is rather a 
servant of our goal-directed behavior and not the thing in itself.  While there has 
been much interest in describing the neural and psychological mechanisms un-
derlying visual search, the majority of the studies have considered visual selec-
tion on the basis of increments in the processing of behaviorally relevant visual 
features.  In this chapter, we describe a simple approach designed to investigate 
the potential decline in the processing of behaviorally neutral visual feature as 
a function of different task demands.  Specifically, we were interested in how 
behavioral intention modulates the discrimination accuracy of behaviorally rel-
evant and neutral visual featuresa. 

A growing body of research recognizes action-related attentional mech-
anisms regulating the selection and processing of action-relevant visual in-
formation.  Experiments designed to evaluate the effect of action planning 
on visual cognition have used a variety functional outcomes such as response 
times to stimulus detection (Craighero, Mele, & Zorzi, 2015; Fagioli, Ferlazzo, 
& Hommel, 2007; Reed, Betz, Garza, & Roberts, 2010; Wykowska, Schubo, & 
Hommel, 2009), response rates (Fagioli, Hommel, & Schubotz, 2007; Wyko-
wska et al., 2009), different measures of brain activity (Craighero et al., 2015; 
Gutteling, Park, Kenemans, & Neggers, 2013; Gutteling et al., 2015; Kiefer, Sim, 
Helbig, & Graf, 2011; Perry, Sergio, Crawford, & Fallah, 2015; Symes, Tucker, El-
lis, Vainio, & Ottoboni, 2008; Wykowska & Schubö, 2012), and eye movement 

a Here we prefer not to adopt the term „irrelevant feature“ frequently used in similar 
studies.  For instance, in our color singleton search task the color is still a relevant char-
acteristic defining the task, but it is neutral in terms of the manual behavioral task.  
Therefore we prefer the “behaviorally neutral feature“. 
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recording (Bekkering & Neggers, 2002; Hannus, Cornelissen, Lindemann, & 
Bekkering, 2005; Symes et al., 2008).  On the basis of these and related studies, 
the consensus has been reached that planning an action selectively facilitates 
visual processing of the action-relevant object features.  Indeed, convincing 
explanations for this kind of phenomena are provided by several theoretical 
models.  For instance, both the hypothesis of selection-for-action and the close-
ly linked theory of event coding (TEC; Hommel, 2009) can explain facilitated 
visual processing as a result of the action preparation.  The TEC suggests that 
action-related representational functions (e.g., planning a hand movement) 
share the perceptual representations of events (perceiving visual objects) and 
therefore activating an action system may prime the processing of stimuli char-
acterized by perceptual dimensions related to those actions.  In other words, 
the intention to grasp an object primes orientation dimension and therefore 
facilitates orientation processing.  The mere activation of an action plan could 
stimulate certain intentional weighting mechanisms and thereby increase the 
weights of those feature dimensions that allow for the specification of action 
parameters (Hommel, 2010).  Recently, a few psychophysical studies have esti-
mated the effect of the action plan on the selective processing of action-relevant 
visual features or feature dimensions.  A common underlying assumption uti-
lized in this specific line of research is the agreement that efficient orientation 
discrimination is required for precise grasping, and therefore the orientation 
of objects is behaviorally relevant in grasping conditions.  Differently, since 
prehension of the hand to fit the orientation of the object is not needed when 
pointing toward an object, pointing tasks are not expected to presume refined 
orientation discrimination.  Thereby, Gutteling and colleagues estimated par-
ticipants’ sensitivity to detect a change in stimulus orientation dependent on 
whether they prepared to grasp the stimulus or to point toward it (Gutteling, 
Kenemans, & Neggers, 2011).  They showed an increased change detection re-
sulting from grasping preparation as compared with the pointing preparation.  
Also, Wykowska and colleagues (2009) systematically tested the potential of 
action plans to bias target detection toward action-relevant visual dimension.  
Using a singleton search design, they were able to demonstrate that planning a 
grasping or a pointing movement facilitated the detection of targets and rejec-
tion of action-irrelevant singletons.  Similarly, in two studies Fagioli with col-
leagues has required preparation of pointing or grasping but performing a vi-
sual discrimination task before hand movement execution (Fagioli, Ferlazzo, et 
al., 2007; Fagioli, Hommel, et al., 2007).  Their findings suggest that action plans 
induce an intentional weighting process and thereby bias perceptual systems 
toward the entire action-relevant perceptual dimensions (e.g., size) instead of 
simple facilitation of the processing action-congruent feature values (e.g., small 
or large).  Hence, a few studies have been designed to understand the selective 
gain in the processing of action-relevant visual objects or feature dimensions.  
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At the same time, surprisingly little interest has been devoted on to potential 
interactions or even interferences between the features that make up the visual 
representation of an action-related object.  We believe that such an idea is not 
entirely far-fetched, particularly when the limitations in processing resources 
are presumed.  Given the outstanding issues, the goal of the current study was 
to validate the hypothesized interactions between concurrent visual features.

One of the most plausible and powerful models accounting for interactions 
between concurrent stimuli is the biased competition theory (Desimone, 1998; 
Duncan, 1996).  Specifically, the theory explicitly demonstrates how simultane-
ously accessible visual objects interact and compete for neural representation in 
the visual cortex.  Alongside to continuous stimulus-driven bottom-up biased 
competition, the various top-down mechanisms can bias processing toward a 
spatial location or visual feature based on the cognitive demands of the current 
task (for review, see Beck & Kastner, 2009).  However, the biased competition 
model describes suppression of representations of the action-irrelevant visual 
objects and excludes competition between individual features (Duncan, 1996; 
Duncan et al., 1997).  Still, contrary to this view, some findings suggest that the 
suppressive competition could take place not only among nearby objects but at 
the level of individual features also independently of the spatial location (Beuth 
& Hamker, 2015; Haenny & Schiller, 1988; Hannus et al., 2005; Martinez-Trujillo 
& Treue, 2004; Motter, 1994; Polk et al., 2008).  One potential source of top-down 
biased competition might be the current behavioral goal (Bekkering & Neggers, 
2002; Hannus et al., 2005; Symes et al., 2008; Symes, Tucker, & Ottoboni, 2010).  
Similarly, in a series of three fMRI experiments Xu (2010) demonstrated that 
processing of the task-irrelevant component feature of visual conjunctions is 
dynamically modulated by the processing load of the task-relevant feature.  The 
study of Hannus and colleagues (2005, presented in Chapter 2), which bears a 
particular relevance to the current study to be reported below, demonstrated 
that processing of a behaviorally relevant visual feature could be selectively en-
hanced depending on the intention to undertake a specific manual action.  This 
study showed that if there is an intention to grasp an object with a particular 
color and a particular orientation, the orientation discrimination performance 
is enhanced as compared to the situation where the task is to point at the same 
object.  Differently, the discrimination accuracy of the color as a behaviorally 
neutral feature (equally relevant for both grasping and pointing) was indepen-
dent of the motor task.  However, as the magnitude of the action intention effect 
was contingent on the salience of the behaviorally neutral feature, the authors 
suggested that action intention does not selectively enhance the behaviorally 
relevant feature, but rather biases the competition between behaviorally rele-
vant and behaviorally neutral feature toward the relevant one.
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3.1.1 Experimental questions addressed in this study

In the present study, we applied the visual search paradigm to further investi-
gate action-induced effects on the feature-based attention.  We adopted a nov-
el approach for disentangling enhanced action-dependent visual processing.  
Therefore, we tested if the processing of stimuli defined on perceptual dimen-
sion related to a certain manual action can interfere with a dimension not re-
lated to the action.  Like Wykowska, Schubö, and Hommel (2009), we designed 
simple feature search tasks.  Specifically, participants performed either a col-
or search task or an orientation search task while reaching and pointing at or 
grasping the target.  A critical aspect of our experimental design was the color 
search task where the orientation of the stimulus objects was still important for 
grasping.  To execute the correct grasping response, one has to process even 
the uniform constant orientation of color-defined objects, whereas pointing 
to the color singleton does not require any orientation processing.  This latter 
assumption is based on the findings that pointing is directed to the centre of 
the object and can be planned independently of orientation (Smeets & Brenner, 
1999).  Consequently, a higher demand for orientation processing is expected in 
the grasping condition compared to the pointing condition and therefore color 
discrimination performance might suffer.  In the orientation search task, on the 
other hand, the only relevant feature for guiding visual search is the orientation, 
as it is defining the search for the target as well the execution of the action in both 
grasping and pointing conditions.  Therefore, approximately equal visual search 
accuracy in both pointing and grasping in orientation search was expected.  In 
other words, the rationale behind the present experiment is to test if action in-
tentions deteriorate processing of behaviorally neutral visual feature dimension.

Importantly, we first equalized color and orientation discriminability at 
an individual participant level to balance stimulus discriminability over condi-
tions.  After that, we measured the accuracy of the initial saccade in two sin-
gleton feature search tasks under both pointing and grasping conditions.  We 
assumed that gaze behavior reflects the deployment of visual attention.  There 
were two predictions.  First, if there is indeed a biased competition between 
the visual features, then we would expect to see decreased color discrimination 
performance in the grasping condition of the color search task as compared to 
the pointing condition.  We propose that the reason for such an effect would be 
the higher demand for processing the orientation of stimuli in grasping con-
dition.  Alternatively, if there is a biased competition between the objects, then 
we would expect to see even increased color discrimination performance in the 
grasping condition of the color search task as compared to the pointing condi-
tion.  The reason for such an effect would be the bottom-up bias in favour of the 
color singleton target combined with the bias by virtue of greater behavioural 
relevance of orientation discrimination from top-down feedback in grasping 
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condition (e.g., Beck & Kastner, 2009; Desimone, 1998). 

3.2 Experiment
3.2.1 Method

Participants

Fifteen volunteers (aged 19-30 years) participated in the experiment in return 
for payment.  All participants were naïve as to the purpose of the experiment and 
had normal or corrected to normal vision.  The study conformed to the research 
ethics guidelines of the Psychology Department of the University of Groningen.

Apparatus and stimuli

The XGA mobile DLP projector (PG-M20X; Sharp Corporation, Japan) present-
ed the computer-generated stimuli on a translucent screen, positioned on the 
table in front of the participant, with dimensions of 94 × 94 cm, and a back-
ground luminance of 55 cd/m².  The viewing distance was 45 cm.  It is important 
to note that the objects were 2D images projected on a screen, similar to Chapter 
2 (Hannus et al., 2005).

At the beginning of each trial, the participant had to fixate at the central 
fixation cross (1.2° visual angle, Figure 3.1).  Next, a target cue with a particular 
color or orientation appeared in the centre of the screen for 500 ms.  After that, 
16 equally spaced stimuli appeared along the circumference of the circle with a 
radius of 11.5° and centered on the fixation cross.  Every stimulus had the shape 
of a bar (0.6° × 2.3°), and one of them was the uniquely defined target stimulus.  
In the color search task, the target was a green or red 45° tilted bar with a 40% lu-
minance contrast relative to the background.  In the orientation search task the 
target was an achromatic clockwise or anti-clockwise tilted bar relative to base-
line orientation of 45° (similarly, 40% luminance contrast relative to the back-
ground).  We first determined the individual color and orientation contrasts 
needed to obtain 50% discrimination accuracy in the pre-experiment, see be-
low.  On the basis of those 50% discrimination thresholds, individualized stim-
uli were prepared for each participant.  Next, we will describe this procedure in 
more detail.  However, in all task conditions, search stimuli were presented for 
1500 ms.  After the disappearance of the search array, the next trial started.

Pre-experiment: Threshold determination

When we aim to compare the feature discrimination performance of individ-
ual features, we should make sure that the difficulty of each task is at least ap-
proximately comparable.  Discrimination of one feature (e.g., clockwise tilt vs. 
counterclockwise tilt) could be more difficult for the visual system than discrim-
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ination of another feature (green vs. red).  Therefore, we first determined 50% 
discrimination thresholds in orientation and color singleton search tasks for 
each individual participant in displays employing 16 items.  These values were 
then used to set the feature contrasts in the experimental search tasks. 

In color threshold discrimination, color contrast between target and non-
targets was 1.5, 2.2, 3.3, 5.0, 7.5, 11.3, 16.9, 25.3, or 38.0% (40% luminance contrast 
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Figure 3.1: Schematic of the experimental paradigm.  At 16 possible positions, objects were 
presented.  A. Sample display from color search task with uniformly orientated stimuli; orien-
tation is irrelevant for target discrimination.  In this example, the singleton is the red bar.  B. 
Sample display from orientation search task with uniformly colored stimuli; orientation is rele-
vant for target discrimination irrespectively of the manual task.  In this example, the singleton 
is the more clockwise oriented bar.  After the target was found, participant eiher reached 
and pointed to the target or imitated a grasping movement on it.  Note that in the actual 
experiment color and orientation contrasts varied as they were products of individual 50% 
discrimination thresholds determined prior to the main experiment.
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in relation to the background).  The nontargets always had the opposite contrast 
of the target.  Participants were required to find the target as quickly as possi-
ble.  Orientation threshold determination was designed similarly.  To prevent a 
potential use of the internal representation of verticality, the reference value for 
manipulating the orientation was a 45° clockwise tilt.  Thus, the target was a gray 
bar (40% luminance contrast in relation to the background) orientation contrast 
between target and nontargets was created by both increasing and subtracting 
1.5, 2.2, 3.3, 5.0, 7.5, 11.3, 16.9, 25.3, or 38.0% from the reference 45°.  Nontargets 
had the opposite tilt of the target.  In both tasks, participants performed 144 tri-
als (nine contrast levels × one positive and one negative contrast).

Procedure of the main experiment

After the 50% discrimination thresholds had been determined, each participant 
performed feature search tasks requiring pointing to the target or imitating a 
precise grasping movement on it both for color and orientation singletons at 
individual threshold levels.  Each search trial started with the presentation of 
a white fixation cross of 1.2° of visual angle, in the centre of the screen until 
fixation was stable for 500 ms.  After that, the target cue was presented in the 
centre of the screen for 500 ms.  The target was a tilted bar (0.6°× 2.3° with the 
luminance contrast set 40% higher than the background).  In color search tasks, 
the target was either isoluminant green or red, the color contrast being adjust-
ed to the individual 50% discrimination threshold for each participant.  In the 
orientation search tasks, the target was either more or less clockwise tilted, the 
orientation contrast adjusted to the individual 50% discrimination threshold 
for each participant.  The experimental procedure is schematically illustrated 
in Figure 3.1.  After the disappearance of the target cue, the search display was 
presented for 1500 ms.  The target was presented in each trial.

Participants obtained detailed written instructions and performed learn-
ing trials before the experiment began.  They were instructed to find the target 
as fast and as accurately as possible and to point at it on the screen or to mimic 
a grasping movement on the screen with the index finger and thumb along the 
linear axis of the target.  Note that the study presented in Chapter 2 has shown 
that imitation of manual actions is sufficient for elicitation of action-related fa-
cilitation effects of visual selection.  The same conclusion has been reached by 
Gutteling and colleagues (2011).  Our participants were instructed to complete 
four block-wise visual search tasks: color search and orientation search, point-
ing and grasping in a single session, with block order counterbalanced across 
participants.  One block consisted of 80 trials.  The search performance was as-
sessed as the accuracy and latency of the first saccadic eye movement that was 
initiated after the appearance of the search display.  An eye movement was con-
sidered a saccade when the velocity of the eye was at least 25°/s with an acceler-
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ation of 9500°/s².  A saccadic response was defined as the initial eye movement 
landing on a stimulus or within 1° of its borders.  

Analysis and statistics

In the saccadic accuracy and latency analyses, trials were rejected if (a) the ini-
tial saccade did not land within 1° around a stimulus (5.4%), (b) the saccadic la-
tency was shorter than 100 ms (0.6%), or (c) the saccadic latency was longer than 
500 ms (0.4%).  Responses were classified into two categories: (a) hit—initial 
saccade directed to the target; (b) error—initial saccade directed to a nontarget.  
For the analysis of feature discrimination accuracy, we calculated the feature 
hits as percentages of the total number of trials.

To examine whether there was a biased competition evident in the feature 
discrimination accuracy the individual hit scores (%) for all four conditions 
were determined.  Then, repeated measures analysis of variance (ANOVAs) and 
planned comparisons of the last square means were performed for two with-
in-subject factors: (a) manual task (two levels: pointing; grasping), (b) visual 
search task (two levels: color search; orientation search).  A significance level of 
α = .05 was considered for all statistical tests.

3.2.2 Results

At the outset, we aimed to verify that any potential differences between feature 
discrimination accuracies across two manual tasks were not caused by speed-ac-
curacy trade-off.  Therefore, we analyzed the mean saccadic latencies of hits.  
We performed a 2 × 2 repeated measures ANOVA with two factors (manual task, 
visual search task).  Although in general the correct orientation discrimination 
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was performed somewhat slower (M = 260, SD = 7 ms) than color discrimination 
(M = 254, SD = 5 ms), this main effect of the visual search task was not signifi-
cant, F(1,15) = 3.49, p = .081, ηp² = .189.  Both the main effect of manual task and 
interaction between the factors were small, F’s < 1.

Next, we analyzed in which percentage of trials in the pointing and the 
grasping condition the initial saccade was directed toward the color target 
and to the orientation target (Figure 3.2).  The 2 × 2 repeated measures ANO-
VA showed a small significant interaction between the manual task and visual 
search task, F(1, 14) = 4.65, p = .049, ηp² = .249.  However, this effect was not strong 
enough to reveal any significant main effects.  Although in general the orien-
tation discrimination performance was slightly higher than color discrimina-
tion performance, this main effect of visual search task was weak, F(1,14) = 3.92, 
p = .068, ηp² = .218.  The main effect of manual task was also small, F < 1.  Im-
portantly, though, the hypothesized prediction was tested by following planned 
comparisons between manual task conditions across the two target-defining 
feature dimensions.  Comparisons indicated that the manual task had an effect 
on feature discrimination performance in color search and not in orientation 
search.  Specifically, as predicted by our hypothesis of a selective effect of manu-
al task on feature discrimination accuracy in color search, the percentage of the 
initial saccades to target stimulus was significantly lower in the grasping condi-
tion compared to the pointing condition, t(14) = 2.54, p = .024, suggesting a de-
creased feature discrimination performance in grasping condition as compared 
with pointing condition.  In contrast, the percentage of the initial saccades to 
target stimuli did not significantly differ between grasping and pointing condi-
tions, t(14) = 0.73, p = .479, suggesting approximately equal orientation discrim-
ination independent of the manual task. 

3.3 Discussion
Most theories of action-related attentional mechanisms assume that action 
plans selectively facilitate processing of action-relevant visual objects or fea-
tures.  Although there is clear evidence that action intentions modulate per-
ceptual processing (e.g., Engbert & Wohlschlager, 2007; Fagioli, Ferlazzo, et al., 
2007; Lindemann, Stenneken, van Schie, & Bekkering, 2006; Müsseler, Wühr, 
Danielmeier, & Zysset, 2005; Symes et al., 2008; Witt & Proffitt, 2008), the un-
derlying neurocognitive mechanisms of this modulation are still unclear.  The 
results of the present experiment demonstrate that action-related perceptual 
facilitation is not necessarily an independent gain in the processing of behav-
iorally more relevant visual feature.  We compared visual search performance 
in two singleton search tasks while varying manual tasks planned toward the 
objects to be searched.  Our findings demonstrate a discrimination-efficien-
cy trade-off in feature-based selection for action.  We found that the planned 
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manual task selectively interferes with discrimination of behaviorally neutral 
feature: color discrimination accuracy decreased when grasping was required 
in comparison to the pointing task.  We also observed that grasping did not 
increase orientation discrimination accuracy as compared with pointing.  This 
latter finding suggests that when the behaviorally relevant visual feature is the 
only feature defining the visual search task, there may not be any room for an 
impact of the top-down action preparation.  We suggest here that the explicit 
decrease in color discrimination accuracy in grasping condition is due to bi-
ased competition between objects’ features.  In the following sections, we will 
attempt to elaborate upon aspects of selection-for-action, as we see it, implicat-
ed in conceptualizations of intentional weighting and biased competition.

3.3.1. Selection-for-action

The present study aims to make a basic contribution to the growing body of 
literature on the deeply ingrained relationship between perceptual and mo-
tor systems.  According to the hypothesis of selection-for-action (Allport, 1987, 
1989), action-related attentional mechanisms determine the early selection and 
processing of action-relevant visual information.  Allport (1987) suggested that 
attentional selection is not needed for coping with central limited capacities of 
cognitive processing but rather for operating the strictly limited effector sys-
tem.  The rules that are proposed to govern this early selection derive from the 
necessity to select particular attributes from the environment that are relevant 
to the action at hand.  This, in turn, requires action-irrelevant information to 
be ignored.  Therefore, the attentional processes are viewed as the selection of 
action-relevant events or stimuli relying on particular action plans.  The present 
study, however, was designed to unravel the process of ignoring behaviorally 
neutral visual information. 

Psychophysical findings from stimulus discrimination tasks as well as de-
tection tasks have found early effects of action intentions on the visual selection 
of action-congruent information. Specifically, when observers prepare a grasp-
ing movement, they tend to direct overt visual attention to the target orientation 
more frequently than during pointing preparation (Bekkering & Neggers, 2002; 
Hannus et al., 2005, presented in Chapter 2).  Psychophysiological evidence for 
this kind of early selection adjacent to action intentions suggests that action 
preparation activates visual processing resources in the occipital areas (van Elk, 
van Schie, Neggers, & Bekkering, 2010) and this can occur as early as the V1 
(Gutteling et al., 2011).  Moreover, the action-related priming effect is not limit-
ed to the specific feature values representing target properties of the compatible 
behavioral actions but selectively increases the weight of entire task-relevant 
feature dimension (Fagioli, Hommel, et al., 2007; Wykowska et al., 2009) and 
its psychophysiological correlates can be traced to the early stages of processing 
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(Kiefer et al., 2011; Wykowska & Schubö, 2012).  The current results suggest that 
the increased tendency to shift the initial gaze toward the behaviorally relevant 
visual feature that has been revealed in previous studies presented in Chapter 2 
cannot be merely due to selectively privileged processing of (or more intentional 
weight assigned to) the feature dimension that is more relevant in terms of the 
planned motor action.  Our findings indicate that action intention modulates 
even the activation of the feature dimension neutral for the manual task.

3.3.2. Intentional weighting as biased competition

Our observations converge with support for the TEC (Hommel, 2009) and offer 
nuanced considerations of the functional underpinnings of the effect of action 
intention on visual selection.  The TEC suggests that perceiving and acting are 
identical processes, i.e., perceptual events and action plans are represented in a 
common format of assembled feature codes (Hommel, 2009).  According to the 
TEC, it is possible to increase the weights of a particular feature to facilitate the 
coding of that particular feature, and this is based on top-down anticipation of 
the behaviorally relevant feature.  As mentioned above, Faggioli and colleagues 
(2007) have demonstrated that action preparation primes compatible feature 
dimensions in general, not merely specific feature values of those dimensions.  
Given the results of the present study, we suggest that intentional weighting 
might be achieved by biased competition between behaviorally relevant and be-
haviorally neutral visual features.

Biased competition in visual selection is manifested in suppressive interac-
tions between stimuli.  Exposure to concurrent visual stimuli yields competition 
for neural representation in visual cortex.  This is an automatic continuous pro-
cess employing both automatic and deliberate direction of attention.  Suppres-
sion of concurrently presented stimuli is achieved by enhanced amplitude and 
duration of responses to some other objects.  The model of biased competition 
holds that top-down biases can be based on spatial locations (Bles, Schwarzbach, 
De Weerd, Goebel, & Jansma, 2006; Luck, Chelazzi, Hillyard, & Desimone, 1997) 
or particular features across the visual field (Bichot, Rossi, & Desimone, 2005; 
Haenny & Schiller, 1988; Motter, 1994), and achieved by contrast gain, response 
gain, or baseline shift (see Beck & Kastner, 2009; Boynton, 2009).  Accordingly, 
encouraged by TEC, Wykowska and colleagues (2009) demonstrated a selective 
bias toward action-relevant feature dimension and inhibition of the irrelevant 
feature.  Specifically, they showed that planning a pointing or grasping move-
ment facilitates detection of targets and rejection of irrelevant singletons on 
action-congruent feature dimensions even when visual search targets and man-
ual execution stimuli are spatially disentangled.  Recording of initial saccades 
during singleton search tasks in the current study provides direct evidence for 
an action-related decrease in the processing of the behaviorally neutral visual 
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feature.  Specifically, although participants performed two separate singleton 
search tasks, we argue that in our experimental design only orientation search 
task represented a perfect simple feature search condition, where achromatic 
stimuli varied in orientation dimension.  In the case of the color search task, 
orientation dimension was homogenous at the feature level but the top-down 
instruction to grasp the target induced the need to process also the orienta-
tion of the uniformly oriented stimuli.  Therefore we suggest the emergence of 
semi-conjunction stimuli, where bottom-up color information was combined 
with the top-down necessity to process orientation information.  Put simply, 
the top-down grasping intention generated a condition where a stimulus-driv-
en color singleton search acquired the characteristics of a color and orientation 
conjunction search task.  This condition allows us to draw conclusions about 
the allocation of attentional resources in favor of behaviorally relevant feature.  
Accordingly, by comparing color discrimination accuracy between pointing and 
grasping, we were able to demonstrate color performance decrease in orienta-
tion-dependent grasping tasks.  Therefore we suggest a biased competition to 
take place whereby higher intentional weighting of the behaviourally relevant 
feature (orientation) occurs at costs of the behaviorally neutral feature (color).

Contrary to color search, in the orientation search task, the only task-rel-
evant visual dimension was the orientation, as it was defining the search for 
the target as well the execution of the action in both grasping and pointing 
conditions.  As predicted, orientation discrimination performance was approx-
imately equal in both the pointing and grasping condition.  However, this re-
sult has not previously been described.  For instance, Gutteling and colleagues 
(2011) compared orientation discrimination performance across pointing and 
grasping tasks and compared this with corresponding luminance discrimina-
tion tasks.  They showed an increased orientation discrimination performance 
in grasping as compared with pointing.  More recently, authors from the same 
research group confirmed this finding and showed that the orientation-reliant 
grasping preparation modulates orientation sensitivity in the anterior intra-
parietal sulcus (aIPS; Gutteling et al., 2013) which is a part of the dorsal visual 
stream and thereby connected to the visual cortex (Grefkes & Fink, 2005).  This 
inconsistency in the results may relate to methodological differences between 
the studies.  In both studies, Gutteling and colleagues have used change detec-
tion tasks where only one stimulus was presented (Gutteling et al., 2011; 2013).  
Differently, in the current study, we used singleon search tasks where the bot-
tom-up contrast between target and distractors could also be used in pointing 
condition.

3.3.3 Selection-for-action in ventral stream

Our findings raise an interesting question regarding the impact of selec-
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tion-for-action on visual processing of the color which is usually regarded as a 
feature processed in the ventral stream.  However, despite the well-established 
functional distinction between differentiated visual processing of  object-based 
information (“what”) in the ventral visual stream and visuospatial information 
(“where”) in the dorsal visual stream (Ungerleider & Haxby, 1994; Ungerleider 
& Mishkin, 1982), the two visual systems have connections at several levels 
(Hutchison & Gallivan, 2016; Pisella et al., 2006; Zanon, Busan, Monti, Pizzola-
to, & Battaglini, 2010; Takemura et al., 2016; van Polanen & Davare, 2015).  Giv-
en that the aIPS connects the ventral and dorsal streams with premotor and 
prefrontal areas (Borra et al., 2008) and modulates contributions from ventral 
stream to visuomotor processes as a function of task characteristics (Verhagen, 
Dijkerman, Grol, & Toni, 2008), our findings are not surprising.  The appar-
ently biased competition between features could, thereby, rely on differential 
recruitment of ventral areas in service of grasping as suggested by van Polanen 
and Davare (2015).  A related explanation has been given by Ganel and Goodale 
(2003) showing that perceptual judgments of objects require holistic perception 
without the possibility to filter out irrelevant features, while during grasping 
the irrelevant feature was completely ignored. 

Our experiment also adds to previous work on a conditional selection of 
task-irrelevant object features (Xu, 2010) which demonstrates that processing 
of task-irrelevant features depends on the encoding demands of the task-rele-
vant feature.  Given that our visual search tasks at the 50% threshold levels were 
rather ambitious tasks, our findings could well be construed as complementa-
ry support for suppression of task-irrelevant feature dimension in complicated 
tasks.

Whereas most of the previous studies have been designed for detection 
tasks of highly salient stimuli and conclusions about visual selection have been 
based on manual reaction times (Fagioli, Ferlazzo, et al., 2007; Fagioli, Hom-
mel, et al., 2007; Wykowska et al., 2009), only a few studies have applied eye 
tracking (Bekkering & Neggers, 2002; Gutteling et al., 2011) and controlled the 
bottom-up saliency along with manipulation of top-down action preparation 
(Hannus et al., 2005, presented in Chapter 2).  Here, by making use of the advan-
tages of eye movement recording (Kowler, 2011; Liversedge & Findlay, 2000), we 
were able to describe the direction of overt visual attention and carefully disen-
tangle discrimination accuracy of different but perceptually equated features.  
Specifically, our design allowed us to selectively bias visual discrimination per-
formance away from behaviorally neutral color discrimination task.  Taken that 
detection and discrimination are different types of tasks (Sagi & Julesz, 1984) 
that may even relay on distinctive neuronal functions (e.g., Dupont et al., 1993; 
Hol & Treue, 2001), the findings of this study can be interpreted as a novel evi-
dence for the interdependent competition between object features.
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Finally, further studies with more focus on ecological validity are suggest-
ed.  A better understanding of the mechanisms underlying action-related com-
petition between visual features will clearly require additional support from 
more natural visual search tasks and psychophysiological studies.  However, the 
presented finding establish that task demands related to object manipulation 
modulate interactions between object features.
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Chapter 4

Some Features are More Equal 
than Others

Stimulus-Driven Bias 
Toward Color Discrimination



Abstract
While searching for objects, we combine information from multiple visual mo-
dalities.  Classical theories of visual search assume that features are processed 
independently prior to an integration stage.  Based on this, one would predict 
that features that are equally discriminable in single feature search should re-
main so in conjunction search.  We test this hypothesis by examining wheth-
er search accuracy in feature search predicts accuracy in conjunction search.  
Participants searched for objects combining color and orientation or size; 
eye-movements were recorded.  Prior to the main experiment, we matched fea-
ture discriminability, making sure that in feature search 70% of saccades were 
likely to go to the correct target stimulus.  In contrast to this symmetric sin-
gle feature discrimination performance, the conjunction search task showed 
an asymmetry in feature discrimination performance: in conjunction search, a 
similar percentage of saccades went to the correct color as in feature search but 
much less often to correct orientation or size.  Therefore, accuracy in feature 
search is a good predictor of accuracy in conjunction search for color but not 
for size and orientation.  We propose two explanations for the presence of such 
asymmetries in conjunction search: the use of conjunctively tuned channels and 
differential crowding effects for different features. 
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4.1 Introduction
How do we combine input from visual modalities, such as color and orientation, 
when we search for information?  Most current theories assume that individual 
visual features are first processed independently prior to some form of integra-
tion.  This traditional idea finds support in earlier studies that suggested the ex-
istence of anatomically distinct pathways for color and orientation (Livingstone 
& Hubel, 1984).  Also, psychophysical evidence indicating that color is perceived 
before other features (Arnold, 2001; Moutoussis & Zeki, 1997a, 1997b) is in line 
with the concept of independent feature processing.

However, other psychophysical findings do not support such a strict dis-
sociation between single feature and conjunction search (Clifford, Spehar, 
Solomon, Martin, & Zaidi, 2003; Duncan & Humphreys, 1989; Eckstein, 1998; 
Findlay, 1997; Found, 1998; Nothdurft, 2000; Pashler, 1987).  In addition, color 
selectivity is suggested to be as frequent among orientation selective neurons 
as it is among unoriented neurons (von der Heydt, Friedman, & Zhou, 2003).  
Physiological studies further indicate the presence of complex interactions be-
tween oriented and non-oriented color cells of visual cortical areas V1 and V2 
(Roe & Ts’o, 1999; Yoshioka & Dow, 1996).  Altogether these findings suggest an 
abundance of conjunctively tuned mechanisms in the visual cortex (Gegenfurt-
ner, 2003).

Target selection in visual search is assumed to be mediated by salience 
maps—integrated representations of bottom-up sensory information and top-
down attentional modulation—that direct the gaze shifts to the most relevant 
locations (Treue, 2003).  Although such salience maps are generally modeled 
as independent, single feature maps, there is no reason why this should be so.  
Thus, visual mechanisms tuned to more than one feature could be used for con-
junctively tuned salience maps (Li, 2002).

4.1.1 Experimental questions addressed in this study

The experiments discussed in this chapter were designed to further investi-
gate the mechanisms underlying target selection in conjunction search.  More 
specifically, we studied whether both features of a conjunction are processed 
symmetrically and contribute equally to target selection in visual search.  Our 
hypothesis is that if features are processed fully symmetrically, then searching 
for a conjunction of two equally discriminable features should result in equal 
discrimination accuracy in conjunction search (even though performance in 
conjunction search could be lower than in single feature search).

Classical theories such as feature integration theory (Treisman, 1977; Treis-
man & Gelade, 1980; Treisman & Sato, 1990), guided search (Wolfe, 1994; Wolfe et 
al., 1989; Wolfe & Gancarz, 1996), and similarity theory (Duncan & Humphreys, 
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1989), do not make specific predictions about possible interactions between fea-
tures.  Several findings have shown that when color is used in a conjunction 
with other features, the visual system can use it more efficiently than other fea-
tures (Luria & Strauss, 1975; Williams & Reingold, 2001; Williams, 1967), but oth-
er findings do not support such asymmetry in the processing of object features 
(Bichot & Schall, 1999; Treisman & Sato, 1990).  Thus, despite decades of study 
and a very large knowledge base on visual search, we cannot be sure about what 
to expect.

An important point in our experimental design concerns the perceptual 
balancing of feature contrasts.  The strength of perceptual segmentation can 
at least partly be explained by simple discriminability (Enns, 1986).  Therefore, 
if discriminability of single features has not been matched, it is impossible to 
distinguish between biases resulting from salience differences and those re-
sulting from other effects.  To the best of our knowledge, the balancing of fea-
tures on the basis of their discriminability has not been used so far to assess the 
(in)dependence of feature processing (however, see Nothdurft, 2000, for a com-
parable approach in a study on the independence of salience mechanisms).

We conducted three experiments to investigate the presence of interac-
tions between features in conjunction search.  Search performance was mea-
sured in terms of accuracy and latency of the initial saccade.  There is a reason to 
believe that the initial saccade describes the allocaton of visual attention (Beut-
ter, Eckstein, & Stone, 2003; Deubel & Schneider, 1996).  It is widely assumed 
that observers fixate on one point of the display and use peripheral vision to 
decide which location would be the most relevant for the next fixation (Bloom-
field, 1979; Williams, 1966).  Decisions to sequentially foveate further areas of 
the display reflect the underlying attentional processing; initial saccade reflects 
which stimulus is assumed to be most likely the target at the beginning of the 
search where all stimuli are at equal distance from the fixation mark.  In all cas-
es, prior to the main experiment and for each participant, we first measured 
target-nontarget discrimination performance for each single feature used.  On 
the basis of the resulting psychometric curves, we determined the feature con-
trast threshold necessary to obtain 70% correct responses.  For all features, a 
single feature search task was then conducted using these contrasts.  Subse-
quently, these same contrasts were used to assess performance for each feature 
in a conjunction search task.  This procedure allowed us to compare search per-
formance in single feature and conjunction search.
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4.2 Experiment 1
4.2.1 Method

Participants

Six volunteers (3 males, 3 females; age range 18 – 23 years) participated in the 
experiment. All participants had normal or corrected-to-normal vision. 

Apparatus and stimuli

Stimuli were presented on a 20-in. CRT-monitor and generated by a Power 
Macintosh computer.  The software for experimental control was generated by 
Matlab (The MathWorks, Inc.), using the Psychophysics and Eyelink Toolbox ex-
tensions (Brainard, 1997; Cornelissen et al., 2002; see http://psychtoolbox.org/).  
The screen resolution was set to 1152 x 870 pixels with a refresh rate of 75 Hz.  
The background luminance of the screen was 25 cd/m².  The luminance of the 
stimuli was 35 cd/m².  The distance between the eyes and the screen was 40 cm. 

The stimuli consisted of oriented bars in all experiments (Figure 4.1).  The 
length of the stimuli was about 5.7°.  Before the start of a trial, participants were 
instructed to fixate on a central fixation mark and subsequently commenced the 
trial by pressing the spacebar.  Next, a cue representing the target color and ori-
entation appeared at the centre of the screen, disappearing after 500 ms.  Partic-
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Figure 4.1:  Schematic of the conjunction search task in Experiment 1.  At 13 possible posi-
tions, objects were presented.  One third of the nontargets had the same color as the target, 
1/3 had the same orientation as the target, and 1/3 had both a different color and orien-
tation.  In this example, the target is the red bar, rotated counter-clockwise relative to 45° 
oblique.  Nontargets are green, counterclockwise-rotated bars, red bars rotated clockwise, 
and green bars rotated clockwise.  Note that for clarity, color and orientation contrasts have 
been exaggerated compared with the actual values used in the experiment.  In the actual 
experiment color and orientation contrasts varied as they were products of individual 70% 
discrinimation thresholds determined prior to the main experiment.

Saccade

0
Key Press

500 ms



ipants were asked to look at the target cue and to remember its characteristics.  
Thereafter, 13 equally spaced stimuli (one target, 12 nontargets) appeared along 
the circumference of a circle with a radius of around 17° and centered on the 
fixation mark.  Participants were instructed to make an eye movement to the 
target and to do this as fast and accurately as possible.  In this first experiment, 
stimuli disappeared after a saccade was made and were replaced by small circles 
(< 1°) at each of the locations of the stimuli.  At the end of each trial, feedback 
about accuracy was given.

Eye movements were recorded at 250 Hz with an infrared video-based 
eyetracker (Eyelink I Gazetracker; SR Research Ltd., Osgoode, Canada).  In 
further analysis, only trials were included in which participants did not make 
any saccades while the cue was presented.  Only the first saccade after target 
presentation was analyzed.  An eye movement was considered as a saccade 
when the velocity of the eye was at least 25°/s with an acceleration of 9500°/s² 
and an amplitude of minimal 1°.  The experiments took place in a closed, dark 
room.  Participants rested their chin on a chinrest to prevent them from making 
head-movements.

Single feature search for threshold determination

Prior to the main experiment, participants performed single feature search 
with different target-nontarget contrasts in order to determine individual 
thresholds for 70% discrimination for both color and orientation.  Color con-
trasts (red/green) were created by increasing (decreasing) the luminance of the 
red (green) gun with a particular percentage (1.5, 2.2, 3.3, 5.0, 7.5, 11, 17, 25, 38, or 
45%) and decreasing (increasing) the luminance of the green (red) gun with the 
same amount, such that total luminance stayed constant.  Orientation contrasts 
were created by tilting the target—again, either positively or negatively—1.5, 
2.2, 3.3, 5.0, 7.5, 11, 17, 25, 38, or 45° relative to a baseline orientation of 45°.  Both 
tasks consisted of 260 trials (13 possible target positions × 10 contrast levels × 
one positive and one negative contrast).  The threshold value was interpolated 
by fitting a cumulative Gaussian function to the data.

Main experiment: Single feature search task

After the 70% discrimination thresholds had been determined, each participant 
performed two blocks of a single feature search task both for color and orienta-
tion at this individual threshold level.  One block consisted of 26 trials (13 possi-
ble target positions × one positive and one negative contrast). 

Main experiment: Conjunction search task

In the conjunction search condition, the 70% discrimination thresholds of both 
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features were combined for a conjunction search task.  Thus, the target could be 
either green or red, and tilted clockwise or counter-clockwise relative to base-
line.  Among the nontargets, four had the same color as the target but differ-
ent orientation, four had the same orientation but different color, and four had 
both different color and orientation.  One block consisted of 52 trials (13 pos-
sible target positions × four possible contrasts: one positive and one negative 
for color, one positive and one negative for orientation).  Participants started 
at random with either a feature or conjunction search task and then alternated 
between these blocks.

Analysis and statistics

Responses were classified into four categories:
1. Hit.  The initial saccade was directed to the target.
2. Orientation correct.  Initial saccade was directed to a nontarget with cor-
rect orientation but different color.
3. Color correct.  Initial saccade was directed to a nontarget with correct col-
or but different orientation.
4. Double error.  Initial saccade was directed to a nontarget with both differ-
ent color and different orientation.
In order to eliminate potential reflexive eye movements, we filtered out all 

saccades initiated faster than 100 ms after stimulus presentation.  For the anal-
ysis of search performance, we calculated the so-called feature hits.  In single 
feature search tasks, we simply considered the hit responses.  For conjunction 
search tasks we distinguished between color hits (sum of hits and color correct) 
and orientation hits (sum of hits and orientation correct).

To determine if there were dependencies in conjunction search, we needed 
to verify two things.  First, feature discrimination performance in single fea-
ture search should not differ for the two features.  We used a paired Student’s t 
test to check whether discriminability of single features was correctly balanced.  
Second, if the feature contrasts are correctly balanced, then independence of 
feature dictates that conjunction search feature performance should also be 
balanced.  In other words, there should be no interaction between search type 
(single feature, conjunction) and feature (color, orientation).  We used repeated 
measures ANOVA to verify this.  We also verified whether the finding was con-
sistent with the result of a paired permutation test (Good, 2000).  An alpha level 
of .05 was used for all statistical tests.

Besides examining the presence of discrimination asymmetries, we also 
wanted to directly compare absolute feature discrimination performance in 
single feature and conjunction search.  This likely provides additional informa-
tion about the mechanisms underlying feature processing in single feature and 
conjunction search that is not immediately apparent from the raw data.  To be 
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able to do this, we first applied a correction to the raw data.  The reason for this 
is that there is a discrepancy between the logged responses and the actual, un-
derlying, target selection decision of the participants.  This discrepancy is not 
the same in single feature and conjunction search, making it hard to compare 
uncorrected results across tasks.  There are two main sources for the discrepan-
cy: different a priori guessing rates and a spatial bias in the error distribution.  
The first source is fairly obvious—different nontarget configurations in sin-
gle feature and conjunction search result in different probabilities of correctly 
choosing a feature by mere chance.  The spatial bias in the errors is less obvious 
and we discovered its presence only after the experiments had been carried out.  
We found that in most experiments many more errors resulted from selecting 
a nontarget immediately neighboring the target than from selecting one at an-
other location.  This effect was especially apparent in single feature search and 
is, in hindsight, in line with previous findings (Findlay, 1997).  Therefore, it ap-
pears that even though patricipants sometimes correctly noticed the presence 
of a feature discontinuity, they did not select the target but its immediate neigh-
bor.  We corrected for this by considering part of the error responses as correct 
responses, in such a way that the number of errors at immediately neighboring 
locations becomes the same as the mean number of errors at all other locations.  
For details about the correction procedure, we refer the reader to the Appendix 
A.
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                   Proportion  Latency
Response type     % (SD)                    ms (SD)

Single feature search   
Color search   

Hits   70.1 (13.8)  383 (181)
Errors   29.9 (13.8)  475 (316)

Orientation  search   
Hits   74.6 (13.2)  417 (192)
Errors   25.4 (13.2)  553 (338)

Conjunction search   
Hits   46.9 (19.5)  679 (316)
Orientation correct      9.0   (5.6)  693 (407)
Color correct  39.4 (16.0)  691 (428) 
Double errors     4.5   (1.4)  723 (718) 

Table 4.1. Mean Percentages (%) and Latencies (ms) of Initial Saccadic Eye Movements 
in Experiment 1.

Note.  The mean percentages and latencies (ms) across different visual search task con-
ditions.  Hits = initial saccade to target; orientation correct = initial saccade to a nontarget 
with correct orientation but wrong color; color correct = initial saccade to a nontarget with 
correct color but wrong orientation; double error = initial saccade to a nontarget with both 
wrong color and orientation; SD = standard deviation.  N = 6.



In order to obtain better insight into the timing of the underlying process-
es, we also analyzed saccadic latencies.  In this analysis, we only included tri-
als in which either color or orientation was correctly identified (in conjunction 
search, we thus excluded the hits).

4.2.2 Results

The descriptive statistics for this experiment are presented in Table 4.1.

Feature discrimination performance

Figure 4.2 shows the percentages (mean and standard error) of correctly iden-
tified colors and orientations in feature and conjunction search.  Figure 4.2A 
shows the uncorrected and figure 4.2B the corrected data (for a description of 
the correction procedure, please consult the Appendix A).

On the basis of the uncorrected data, we found that search type (single fea-
ture search task, conjunction search task) interacts with feature (color, orien-
tation) discrimination performance, F(1,5) = 23.96, p < .001.  This finding was 
supported by a paired permutation test.  The performance difference between 
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Figure 4.2: Saccadic hit distribution as a function of the search task in Experiment 1.  Both 
percentages of uncorrected responses (A) and percentages of responses corrected for error 
bias and guessing probability (B) are presented.  In conjunction search, the orientation dis-
crimination accuracy decreased significantly compared with single feature search, whereas 
color discrimination accuracy remained approximately equal in both search tasks.  Mean 
values nad standard errors are presented.

A B
Conjunction Search

Uncorrected Data

Pr
op

or
tio

n 
of

 T
ot

al
 R

es
po

ns
es

 (%
)

0
10
20
30
40
50
60
70

Color Hits  Orientation Hits

Single Feature Search

80
90

100

0
10
20
30
40
50
60
70
80
90

100

Color Hits  Orientation Hits

 Corrected for Error Bias 
and Guessing Probability



single feature and conjunction search was larger for orientation than for color, 
p < .05.  Color and orientation discrimination accuracy in single feature search 
did not differ significantly, t(5) = -2.22, p = .08.

Analysis of the corrected data indicates that the average decrease in fea-
ture discrimination performance (the difference between single feature and 
conjunction search in absolute percentage) was 48% larger for orientation than 
for color (95% confidence interval: 17% to 80%).  There was no significant differ-
ence between color discrimination performance in single feature and conjunc-
tion search, t(5) = 0.60, p = .57.

Saccadic latencies

In general, the shortest latencies appeared during correct performance in the 
single feature search task.  Correct identification of color and orientation was 
significantly slower in conjunction compared to single feature search (p < .05 
for both features).  In conjunction search, there was no significant difference 
between hit latencies of color and orientation discrimination.

4.2.3 Discussion

We found that feature contrasts that yield equal performance in single feature 
search, result in a clear performance asymmetry in conjunction search.  Due to 
the matched feature contrasts, the accuracy of color and orientation discrimina-
tion performance in single feature search was approximately equal (uncorrect-
ed data).  In conjunction search, color performance remained approximately at 
the same level as in feature search, whereas orientation performance decreased 
substantially.  In other words, feature contrasts that result in symmetric dis-
crimination performance in single feature search did not result in symmetric 
performance in conjunction search.  Therefore, relative search accuracy in terms 
of feature discrimination in single feature search appears to be a good predictor 
for accuracy in conjunction search for color but not for orientation.  Note that in 
the corrected data, it appears that the balance between color and orientation is 
no longer present.  We do not see this as a problem.  The slight imbalance is such 
that in single feature search, orientation performance has increased relative to 
color performance.  If anything, this would only lead us to underestimate the 
size of the asymmetry that we find in conjunction search.

Importantly, the time needed to initiate a saccade to a stimulus with target 
color or target orientation in a conjunction search task was approximately equal.  
At first sight, this rules out a “speed-accuracy trade-off” explanation.  However, 
comparing the latencies of color and orientation discrimination between single 
feature and conjunction search reveals significantly shorter latencies in both 
single feature search tasks.  Therefore, a possible explanation of the asymmetry 
could be that the extra time in conjunction search is used more efficiently for 
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color than for orientation discrimination (relative to the single feature search).  
To investigate this, we conducted a second control experiment in which we lim-
ited inspection time.

4.3 Experiment 2
4.3.1 Method

Participants

Four volunteers (2 males, 2 females) participated in the experiment; all of them 
had participated in Experiment 1.

Apparatus and Stimuli

The experimental apparatus and stimuli were similar to those in Experiment 1.  
The only differences were that now the stimulus was presented for only a lim-
ited amount of time and was followed by a mask (consisting of a large number 
of randomly oriented bars on every stimulus location).  Randomly, in one-half 
of the trials the stimuli were masked after 200 ms inspection time, in the other 
half of the trials, the stimuli were masked after 400 ms inspection time.  The in-
dividually adjusted color contrast and orientation values of Experiment 1 were 
used for all participants.

Tasks

Except for the stimulus time and masking, the tasks were identical to the single 
feature search and conjunction search tasks of Experiment 1.  If participants 
did not make a saccade toward a stimulus before the mask appeared, they were 
asked to make a saccade to the location where they thought the target had been.

Analysis

The analysis was analogous to that of Experiment 1, except that we did not apply 
a permutation test.  With four participants, the number of possible permuta-
tions was too small to yield reliable results.

4.3.2 Results

The descriptive statistics are presented in Table 4.2. 
Figure 4.3 shows the mean percentages of correctly identified colors and 

orientations in feature and conjunction search for both presentation times.  
Figure 4.3A and 4.3C show the uncorrected data and Figure 4.3B and 4.3D the 
corrected data.  The analysis of the uncorrected performance data of the two 
inspection time conditions shows that the interaction between search type and 
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feature was significant, F(1,3) = 11.66, p < .05.  Feature discrimination perfor-
mance of color and orientation in single feature search did not differ signifi-
cantly, t(3) = -1.70, p = .19.  There were no three-way interactions with inspection 
time.

On the basis of the corrected data, we found that orientation discrimina-
tion performance decreased 55% more than color performance in conjunction 
search (95% confidence interval: 0.4% to 110%).  Color discrimination perfor-
mance in single feature and conjunction search did not differ significantly, 
t(3) = -0.19, p = .86.  Again, there were no three-way interactions with inspection 
time.

4.3.3. Discussion

Despite the fact that the participants had only a short time to process the stim-
uli—200 or 400 ms, approximately the time needed to find a feature in a single 
feature search task—we were still able to find the feature discrimination asym-
metry in conjunction search.  Moreover, the effect size was of the same order of 
magnitude as what we found in the first experiment (although the 95% confi-
dence interval of the effect size was larger, presumably due to the smaller num-
ber of participants).  In the next experiment, we wonder whether the feature 
discrimination asymmetry is present for the combination of color and another 

Table 4.2. Mean Percentages (%) and Latencies (ms) of Initial Saccadic Eye Movements 
in Experiment 2.

Note.  The mean percentages and latencies (ms) across different visual search task con-
ditions and inspection time durations.  Hits = initial saccade to target; orientation correct = 
initial saccade to a nontarget with correct orientation but wrong color; color correct = initial 
saccade to a nontarget with correct color but wrong orientation; double error = initial sac-
cade to a nontarget with both wrong color and orientation; SD = standard deviation.  N = 4.

                 Inspection time 200 ms Inspection time 400 ms

    Proportion Latency Proportion Latency
Response type      % (SD)     ms (SD)     % (SD)     ms (SD)

Single feature search     
Color search     

Hits   62.9 (13.6)  499 (132) 76.0 (16.1)  546 (125)
Errors   37.1 (13.6)  578 (122) 24.0 (16.1)  593 (135)

Orientation  search     
Hits   74.7   (9.4)  480 (109) 84.7 (10.4)  510   (81)
Errors   25.4   (9.4)  591 (134) 15.3 (10.4)  601   (84)

Conjunction search     
Hits   36.6 (15.3)  605 (104) 39.8 (12.2)  668 (117)
Orientation correct  13.8   (5.7)  682 (114)   8.4   (3.5)  802 (119)
Color correct  41.1 (16.0)  676 (182) 45.2 (14.2)  699   (83)
Double errors      8.5   (2.4)  801 (307)   6.7   (1.9)  831 (216)

Chapter 4. Some features are more equal than others
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Figure 4.3: Saccadic hit distribution as a function of the search task in Experiment 2.  Panel A 
presents the uncorrected percentages of responses, and Panel B presents the percentages 
of responses corrected for error bias and guessing probability for an inspection time of 200 
ms.  Panel C presents the uncorrected percentages of responses, and Panel D presents the 
percentages of responses corrected for error bias and guessing probability for an inspection 
time of 400 ms.  In general, in conjunction search, the orientation discrimination accuracy 
decreased compared with single feature search, whereas color discrimination accuracy 
was approximately equal in both search tasks.  Mean values and standard errors are pre-
sented.
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feature, namely, size, as well.
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Figure 4.4:  Schematic of the conjunction search task in Experiment 3.  At 13 possible posi-
tions, objects were presented.  One third of the nontargets had the same color as the target, 
1/3 had the same size as the target, and 1/3 had both a different color and size. In this ex-
ample, the target is the large red disc. Nontargets are large green discs, small red discs, and 
small green discs. 
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4.4. Experiment 3
4.4.1 Method

Participants

Seven volunteers (3 males, 4 females; age range 18 - 30 years) participated in this 
experiment.  All participants had normal or corrected-to-normal vision. 

Apparatus and stimuli

The experimental apparatus was similar to the one used for the first two ex-
periments, with the difference that a different monitor and screen resolution 
were used (a 22-in. CRT-monitor at a resolution of 2048 × 1536 pixels).  The back-
ground luminance of the screen was approximately 7.5 cd/m².  The luminance 
of the stimuli was 10 cd/m².  The distance between the eyes and the screen was 
50 cm.

The most important difference between this experiment and the previous 
is that the stimuli were colored discs varying in size, instead of bars with an 
orientation.  The base size of the discs was 2.4°. 

The experimental procedure was the same as in the previous experiment.  
Participants were presented with a central cue (500 ms), followed by 13 circu-
larly arranged, equally spaced stimuli of which one was the target (200 ms), fol-
lowed in turn by a mask in which the stimuli were replaced by small position 
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markers (< 1°).  Data were recorded when the participants made an eye move-
ment toward one of the small position markers (Figure 4.4).  Eye movements 
were recorded at 250 Hz with an infrared video-based eyetracker (Eyelink II; 
SR Research Ltd., Osgoode, Canada) and analyzed in the same manner as in the 
first two experiments. 

Single feature search for threshold determination

Participants performed single feature search tasks with different target-nontar-
get conrasts in order to determine individual thresholds for 70% discrimination 
of color and size.  Color contrasts were created in the same manner as in the 
first two experiments.  Modulations of 0.7, 1.0, 1.3, 1.8, 2.5, 3.3, 4.5, 6.0, 8.1, and 
11 % relative to base color were used (note that compared to the previous exper-
iments, contrast levels are different due to the use of a different monitor).  Size 
contrasts were created by modulating base size (defined by the radius) with 5.0, 
6.5, 8.4, 11, 14, 18, 23, 30, 39, and 51 %. 

Participants performed 520 search trials (13 possible target positions × 10 
contrast levels × one positive and one negative contrast × two repetitions) for 
each feature, and the 70% discrimination thresholds were again determined by 
fitting a cumulative Gaussian to the results.

Past studies have shown that searching for a larger item among smaller 
distractors is easier than vice versa (Treisman & Gormican, 1988).  This effect 
was also apparent in our data and was a reason for us to define two separate size 
discrimination thresholds: one threshold for targets larger than the base size 
and other threshold for targets smaller than the base size.

Main experiment: Single feature search task

After the 70% discrimination thresholds had been determined, participants 
again performed blocks of single feature search tasks for both of the features 
with contrasts set to the thresholds determined in the first part of the experi-
ment.  One block consisted of 52 trials (13 possible target positions × one positive 
and one negative contrast × two repetitions), and each participant performed 
two blocks for each feature.

Main experiment: Conjunction search task

In the conjunction search task, stimuli were characterized by color as well as by 
size.  The nontarget configuration was analogous to those in the other experi-
ments: four had correct color yet different size, four had correct size and differ-
ent color, and four had both different color and size. One block consisted of 52 
trials (13 possible target positions × four possible targets).  Participants began 
at random with either a feature or conjunction search task and then alternated 
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between these blocks.

4.4.2 Results

The descriptive statistics are presented in Table 4.3.

Feature discrimination accuracy

Figure 4.5 shows the mean percentages of correctly identified colors and ori-
entations in feature and conjunction search.  Figure 4.5A shows the uncorrect-
ed and Figure 4.5B the corrected data.  On the basis of the uncorrected data, 
we found that search type (single feature search task, conjunction search task) 
interacts with feature (color, size) discrimination performance, F(1,6) = 10.21, 
p < .05.  This finding is supported by a paired permutation test.  The perfor-
mance difference between single feature and conjunction search is larger for 
size than for color, p < .05.  Feature discrimination performance of color and 
size in single feature search did not differ significantly, t(6) = -0.67, p = .53. 

Analysis of the corrected data reveals that the discrimination performance 
decrease in conjunction search (compared to single feature search) was, on av-
erage, 12% larger for size than it was for color (95% confidence interval: 2% to 
22%).  There was no significant difference between color discrimination perfor-
mance in single feature and conjunction search, t(6) = -0.10, p = .93. 

Table 4.3. Mean Percentages (%) and Latencies (ms) of Initial Saccadic Eye Movements 
in Experiment 3.

Note.  The mean percentages and latencies across different visual search task conditions.  
Hits = initial saccade to target; size correct = initial saccade to a nontarget with correct size 
but wrong color; color correct = initial saccade to a nontarget with correct color but wrong 
size; double error = initial saccade to a nontarget with both wrong color and size; SD = stan-
dard deviation.  N = 7.

                 Proportion                  Latency
Response type   % (SD)    ms (SD)

Single feature search   
Color search   

Hits   72.2   (5.8)  253   (80)
Errors   27.8   (5.8)  297 (174)

Size  search     
Hits   75.7 (12.1)  256   (46)
Errors   24.3 (14.1)  291 (110)

Conjunction search   
Hits   55.1   (8.7)  296   (78)
Size correct  16.5   (4.6)  318 (133)
Color correct  26.8   (6.9)  335 (140) 
Double errors    1.7   (1.6)  286 (123) 

Chapter 4. Some features are more equal than others
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Figure 4.5: Saccadic hit distribution as a function of the search task in Experiment 3.  Both 
uncorrected percentages of responses (A) and percentages of responses corrected for error 
bias and guessing probability (B) are presented.  In conjunction search, the size discrimina-
tion accuracy decreased significantly compared with single feature search, whereas color 
discrimination accuracy was approximately equal in both search tasks.  Mean values nad 
standard errors are presented.   
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 Saccadic latencies

There was no significant difference in latency for correct identification of 
color and size in conjunction compared to single feature search F(1, 6) = 5.15, 
p = .06.  A paired-samples t test revealed a difference between the average saccadic 
latencies of color hit responses and size hit responses in conjunction search, 
t = 2.60, p < .05.  On average, the saccadic latency of color correct responses was 
16 ms longer than that of size correct responses (95% confidence interval: 1 to 
31 ms).  Given that the mean latency of color correct responses was 319 ms, this 
translates to an average difference of 5%.

4.4.3 Discussion

The results of this experiment show that color discrimination performance in 
conjunction search is better than size discrimination performance when using 
feature contrasts that have been matched for discrimination difficulty.  This is 
in line with the results of the first two experiments.  Again, the results cannot 
be explained by a speed-accuracy trade-off.  Although there was a difference in

4.4. Experiment 3
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saccadic latencies between trials that resulted in a color hit or a size hit, we be-
lieve it is too small to be of any relevance in the explanation of performance 
asymmetry (to be consistent, we should have found a substantially larger differ-
ence in latency for orientation hits and color hits in Experiment 1, but we found 
none).

4.5 General Discussion
Despite carefully balancing the discriminability of features, we found a strong 
asymmetry in feature discrimination performance during conjunction search.  
Participants much more often directed their first saccade toward the correct 
color than toward the correct orientation (Experiments 1 and 2) or correct size 
(Experiment 3) in conjunction search.  The asymmetry in feature performance 
was present in the uncorrected data, and therefore was clearly not a product of 
the correction procedure.  To compare absolute performance in feature and con-
junction search, we applied corrections for guessing and spatial bias in the error 
distribution.  While the correction should not be considered as giving a 100% 
accurate picture of true performance, we nevertheless believe that the corrected 
data are useful for interpreting the results.  A clear indication for this is that the 
results are consistent across experiments.  On the basis of corrected data, we 
can conclude that color search performance was approximately the same in fea-
ture and conjunction search, while orientation and size performance decreased 
in the latter.

The present results are in line with those of a previous study presented in 
Chapter 2 (Hannus et al., 2005).  However, in that study, rather than for each in-
dividual, features were balanced at the group level, which we believe to be much 
less accurate.  On the basis of this study, we can now exclude a speed-accuracy 
trade-off and compare absolute performance between single feature and con-
junction search.  Moreover, we have also demonstrated a similar bias for a con-
junction of color and size.

Our findings are also in line with earlier reports about bias toward color 
processing when combined with other features.  Williams (1966) showed that 
cueing the target color increases the probability that observers fixate objects of 
that particular color; cueing target size or shape results in a smaller increase.  
Using different methods, a bias toward color processing was also found in con-
junctions of color and shape (Luria & Strauss, 1975), as well as in triple-conjunc-
tion search (Williams & Reingold, 2001).  Recently, Nothdurft (2000) found a 
large overlap in the color and orientation salience mechanisms used in conjunc-
tion search.

We present two types of explanation for these asymmetric performance re-
sults in conjunction search.  The first resides in the existence of interactions be-
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4.5. General discussion

tween feature processing mechanisms.  The second relates the asymmetries to 
relative differences in crowding, i.e., the effect that neighboring elements in the 
surround have on a feature’s discriminability.  We will first discuss both types 
of explanation.  Then we will review classical visual search theories and indicate 
how these theories may need to be changed to accommodate our findings.

4.5.1 Discrimination asymmetries are due to interactions between feature 
processing mechanisms

If features are processed strictly independently of each other, we should have 
found equal discrimination performance in conjunction search (as discrimin-
ability of individual features was matched).  Our finding could thus imply that 
features are not processed strictly independently.  Interactions between fea-
tures could come about in three ways.  First, independent feature maps may 
interact in a suppressive way, such as proposed by “winner-take-all” type com-
petition models of visual processing (Itti & Koch, 2000; Lee, Itti, Koch, & Braun, 
1999).  Such models predict that attention amplifies those visual filters better 
tuned to the stimulus and suppresses those more poorly tuned.  However, since 
we matched color and orientation/size discriminability, this type of explana-
tion does not answer the question why orientation and size, but not color, is 
suppressed.

Second, recent studies have suggested the existence of temporal asyn-
chronies in the processing of features (Arnold, 2001; Moutoussis & Zeki, 1997a, 
1997b).  Color was generally processed faster, which could result in a selective 
bias toward this feature, and another way by which a form of competition could 
arise during conjunction search (with the fastest feature, color, being the “win-
ner”).  However, our results are at odds with what would be expected on the ba-
sis of this idea.  If participants were to first select on the basis of color and then 
on orientation or size, we would expect that orientation or size discrimination 
performance would actually be better than color discrimination performance.  
Selecting on color reduces the number of objects to search among for the cor-
rect orientation or correct size and, in principle makes the task easier.  Thus, 
an explanation in terms of a temporal asynchrony in feature processing is also 
inconsistent with our findings.

The third possibility relates to the possible involvement of conjunctively 
tuned filters in visual search.  Different visual channels have been proposed for 
visual properties such as spatial frequency and orientation.  During conjunction 
search, we may use a different set of “visual channels” than during single feature 
search.  For orientation discrimination, this proposal suggests that we may shift 
from achromatic orientation channels used in single feature search to chromat-
ically sensitive orientation channels in conjunction search.  This idea in itself 
is not far-fetched.  Color selectivity has been claimed to be as frequent among 
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orientation selective neurons as it is among unoriented neurons (von der Hey-
dt et al., 2003).  In line, orientation and color appear to be explicitly coded in 
combination at early stages.  Moreover, theoretical work on image segmenta-
tion has suggested that conjunctively tuned channels might be beneficial in this 
realm (Burghouts & Geusebroek, 2006).  If this is true, our data suggest that the 
color-orientation “conjunction channel” may have broader orientation tuning 
characteristics (making it harder to detect small orientation differences).  In 
line, Beaudot and Mullen (2005) conclude that chromatic orientation discrim-
ination is about 1.5-2 times worse than luminance orientation discrimination.  
Based on our psychometric functions for orientation discrimination, the latter 
translates approximately into the decrease in performance from feature to con-
junction search that we find here.  Something similar could be the case for size.  
Spatial frequency discrimination is slightly worse for color than for luminance 
gratings (Webster, De Valois, & Switkes, 1990), which would indeed predict a 
small decrease in size discrimination performance when changing from feature 
to conjunction search.

A question that follows from the conjunction channel explanation is why 
the visual system would not use the more efficient luminance channel for ori-
entation or size discrimination in conjunction search.  A possible answer is that 
perhaps it cannot.  This would be comparable to what has been found for spatial 
frequency channels; letters, for example, cannot be detected “off-channel” (Sol-
omon & Pelli, 1994).  Participants are forced to turn to a specific channel based 
on the bottom-up signal and fail to use different channels for different masking 
noises (Majaj, Pelli, Kurshan, & Palomares, 2002).  Similarly, participants may 
be forced to use different channels for orientation or spatial frequency process-
ing depending on whether color also needs to be discriminated.

4.5.2 Discrimination asymmetries are due to crowding

The second explanation for the asymmetry is that the influence of surround-
ing objects on feature discriminability, a phenomenon called ”crowding,” dif-
fers for the different features used in our experiments.  In the single feature 
search tasks, all nontargets were uniform (e.g., in size search, all nontargets had 
equal size and color was the same for both target and nontarget).  In contrast, 
in conjunction search, nontargets were heterogeneous with respect to both fea-
tures, possibly introducing crowding effects.  From our (corrected) conjunction 
search results it appears that color discrimination performance is the same as 
in single feature search, while orientation and size discrimination deteriorated.  
One possibility, therefore, is that orientation and size discrimination suffer sub-
stantially from crowding, while color discrimination does not or only very little.  
Theoretically, an increase in crowding effect in the conjunction display could 
either be due to an increase in variability in orientations or sizes present or due 
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to the addition of color variation.  Given that orientation discrimination dete-
riorates with increasing orientation variation of background elements (Noth-
durft, 1993) we presume the first option is the more likely one.  While crowding 
has been studied extensively for letters or numerals, we are not aware of studies 
that have investigated crowding effects for basis features such as color and size.  
If crowding does indeed underlie the asymmetry, our results would imply that 
crowding effects are small for size and largely absent for color.

In summary, our results indicate that discrimination accuracy in single 
feature search does not necessarily predict discrimination accuracy in conjunc-
tion search.  Two plausible explanations are that an asymmetry exists in feature 
processing (e.g., different visual channels are used in feature and conjunction 
search) or that crowding introduced by the more variegated stimulus pattern in 
conjunction search has asymmetric effects across features.  Note that the two 
types of explanation are not necessarily mutually exclusive (e.g., an increase in 
crowding could be related to the use of a conjunctively tuned channel) and could 
therefore both play a role.  Our current data do not allow us to distinguish be-
tween these two lines of explanation. 

A further aspect to note is that both explanations are in accordance with 
the idea that parallel and serial processing are not dichotomous.  If there is a 
channel tuned to both color and orientation and one to both color and spatial 
frequency, it is no longer necessary to assume the existence of a serial binding 
stage, at least for these particular sets of features.

Similarly, if a feature’s discriminability substantially decreases purely as a 
result from an increase in stimulus variability in conjunction displays, there is 
neither a need for a specific serial stage to explain reduced search performance 
in conjunction search.

4.5.3 Classical visual search theories and their predictions

Our main premise questions whether classical models of visual search can pre-
dict asymmetry. According to the guided search model (Wolfe, 1994; Wolfe et 
al., 1989; Wolfe & Gancarz, 1996), preattentive processing takes place in inde-
pendent maps that code features in terms of salience.  Attention is then guided 
to the most salient stimulus.  Since the salience of color and orientation/size 
was matched, we should have found, according to guided search, equal perfor-
mance for both color and orientation/size in conjunction search.  We did not 
find equal performance, and our results are therefore not directly interpreta-
ble by means of the guided search model.  Nevertheless, it may be possible to 
accommodate our findings when slightly modifying this model.  One option 
would be to change the model in such a way that in conjunction search color is 
always preferentially guiding the attentional processes, at least when presented 
in combination with orientation or size.
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One possibility is that despite matching of discriminability of features, 
participants’ ability to categorize them may not have been equal.  In that case, 
the ability to use these features to guide visual search may not have been equal 
either.  If so, we should find an explanation for why features matched in dis-
criminability cannot be categorized to the same extent.  Both explanations for 
the asymmetry given in the previous section could account for this.  A switch 
between channels could explain why color and orientation/size are differential-
ly categorizable.  We performed our feature matching on luminance bars and 
discs.  If participants use a less sensitive filter in conjunction search, it will also 
become harder to categorize a feature.  Also reduction in discriminability as a 
result of crowding could render a feature less easy to categorize.  Such a “catego-
rization stage” may need to become an integral part of models of visual search.

Similarity theory (Duncan & Humphreys, 1989) suggests that attention is 
directed toward aspects of incoming information: at the first, unlimited capaci-
ty, parallel stage of processing the visual representation of stimuli is segmented 
into structural units, which form a perceptual description of the visual input.  
Input descriptions are then compared to an internal template of the target, 
whereby the structural units containing some property of the template can get a 
higher weight and thus a higher probability of being selected.  Hereby, attention 
could be directed to some aspects of the incoming information, e.g., orientation 
or color of the structural units.  Due to the matching of feature discriminabil-
ity, interpreted in terms of this theory, color and orientation/size should have 
had equal weights.  Yet, we found that in conjunction search color outweighs 
orientation and also size.  To bring similarity theory in line with these findings, 
it somehow should account for such asymmetries, for example, by assigning a 
larger a priori weight to the structural units with the correct color compared to 
the units with the correct orientation and size.

Finally, in its original form, feature integration theory (Treisman, 1977; 
Treisman & Gelade, 1980; Treisman & Sato, 1990) does not predict our current 
findings either.  This theory suggests that in the first step of processing, single 
visual features are processed and represented in separate feature maps, which 
are later integrated into a map of locations that can be accessed in order to di-
rect attention to the most salient areas.  For compatibility, our results would 
require that in the second, cross-dimensional stage of processing, where feature 
maps activate specific locations in the master map, the activation due to the 
color map is amplified relative to the activation coming from the orientation or 
size map.  In this way, the locations containing a stimulus with the correct color 
would become more active, and saccades toward these locations would become 
more likely.
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4.6 Conclusions
Our experiments indicate that equal feature discriminability in single feature 
search does not imply equal discriminability in conjunction search.  We pro-
pose that two explanations, not necessarily exclusive, may underlie this finding.  
First, in conjunction search, features may be processed by conjunctively tuned 
channels.  An attractive aspect of this proposal is that it explains conjunction 
search without the need for a binding stage, at least for the feature combina-
tions used in our experiments.  The second explanation is that the influence of 
crowding as a result of the more variegated background in conjunction displays 
differs across features.  Further research will be needed to determine the contri-
bution of both effects to the observed asymmetry.

4.6. Conclusions
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Chapter 5

Asymmetrical Effects of 
Feature Precueing

Biased Competition in Conjunction Search



Abstract
Accurate object vision requires combining visual features such as color and ori-
entation.  While traditional visual search theories have assumed that individual 
features are first processed independently and only bound together at a later 
stage, more recent evidence suggests the involvement of mechanisms tuned to 
more than one visual feature.  If so, one would predict that prior exposure to 
partial stimulus information (precueing) primarily improves visual search when 
this information can be processed by such a conjunctively tuned mechanism.  
To test this prediction, we determined to what extend precueing with chromatic 
unspecifically oriented or achromatic specifically oriented information affects 
the discrimination accuracy of color and orientation in a subsequent conjunc-
tion search.  Specific to the case studied here, one expects differential effects on 
search performance when precuing with chromatic unspecifically or achromat-
ic specifically oriented stimuli.  We recorded eye movements while participants 
search for bars combining color and orientation.  Two experiments showed that 
precueing with the achromatic target and nontarget orientations can improve 
subsequent orientation discrimination performance while simultaneously re-
ducing color discrimination and leading to a net decrease in conjunction target 
selection.  In contrast, precueing with chromatic stimuli with unspecific ori-
entation improved both subsequent conjunction target selection performance 
and color discrimination without any decrement of orientation discrimination.  
These results provide evidence for a biased competition between visual features 
in search tasks for conjunctions of color and orientation.
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5.1 Introduction
Visual perception requires combining a large amount of input with different vi-
sual characteristics.  Most traditional theories describing visual search behavior 
have assumed that individual visual features are first processed independently 
and are only after that integrated to represent the complex objects in the visual 
field (e.g., Bartels & Zeki, 1998; Cowey, 1979; Duncan & Humphreys, 1989; Enns, 
1986; Treisman & Gelade, 1980; Wolfe et al., 1989).  This assumption has been 
supported by demonstrations of the existence of anatomically distinct pathways 
for features such as color or orientation (Livingstone & Hubel, 1984, 1987; Mout-
oussis & Zeki, 1997a).  Psychophysical evidence indicates that color is perceived 
before some other features (Arnold, 2001; Viviani & Aymoz, 2001).  Evidence 
from the flash-lag paradigm suggests that in feature search as well as in con-
junction search conditions, orientation processing is around 200 ms faster than 
color processing (Kang & Shevell, 2012).  Both findings are in agreement with 
the idea of independent feature processing.  Furthermore, recent studies have 
suggested that color is an efficient feature dimension providing advantages 
for both top-down and bottom-up display segmentation and object grouping 
(Anderson, Heinke, & Humphreys, 2010; Anderson et al., 2012; Olds, Graham, & 
Jones, 2009; Sobel, Pickard, & Acklin, 2009).  The ecological theory of perception 
suggests that separate channels for processing of orientation and color reflect 
the cortical adaptation to the spatial correlations of those features in the visu-
al world (Cecchi, Rao, Xiao, & Kaplan, 2010).  Recently, however, the issue has 
grown in importance in the light of physiological findings that do not support 
a strict independence of the processing of visual features.  There is a growing 
body of literature that recognizes that a considerable fraction of orientation 
selective neurons are also selective for color (Beaudot & Mullen, 2005; Engel, 
2005; Friedman, Zhou, & von der Heydt, 2003; Johnson, Hawken, & Shapley, 
2008; Leventhal, 1995; Roe & Ts’o, 1999; Sincich & Horton, 2005; von der Heydt 
et al., 2003; Yoshioka & Dow, 1996).  In fact, the conjoint representation of col-
or and orientation in the visual system—described as the McCollough effect—
has been proposed 50 years ago (McCollough, 1965).  There is evidence that both 
non-oriented and oriented color-selective neurons in V1 contribute to the per-
ception of color (Engel, 2005; Gegenfurtner & Kiper, 2003; Sumner, Anderson, 
Sylvester, Haynes, & Rees, 2008).  Despite the extensive interest in this topic, 
the specific mechanisms and processes involved in the processing of visual con-
junctions are not completely understood.  In the present study, we use psycho-
physics to estimate the degree of interdepencency in the processing of stimulus 
features that are combined into visual conjunctions.

Strong prior psychophysical evidence for an interaction of single features 
during conjunction search comes from a previous study presented in Chapter 
4 (Hannus, van den Berg, Bekkering, Roerdink, & Cornelissen, 2006).  In that 
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study, participants were instructed to overtly search for objects that combined 
color and orientation (or size) information while their eye-movements were re-
corded.  Before the main experiment, color and orientation (or size) saliences 
were equated by making sure that in single feature search tasks 70% of the ini-
tial saccades were likely to land on the correct target.  In contrast to this fixed 
symmetric feature discriminability at the single feature level, the conjunction 
search performance showed a remarkable asymmetry: in conjunction search, 
the initial saccades fixated much more often on the correct color than on the 
correct orientation or correct size.  Similar asymmetries have also been de-
scribed in the selection-for-action paradigm as presented in Chapters 1 and 2 
(i.e., Bekkering & Neggers, 2002; Hannus et al., 2005).  Notably, in both 3D and 
2D experimental settings observers start overt visual search more likely with a 
saccade fixating on a stimulus with the target color rather than the target ori-
entation.  Bekkering and Neggers (2002) demonstrated that although action 
intention can bias visual processing toward action-relevant visual feature, i.e., 
enhance visual discrimination of orientation in a grasping task compared with 
a pointing task, the overall color discrimination performance still outweighs 
orientation discrimination performance.  In a carefully controlled experimental 
setting, this effect was replicated by Hannus et al. (2005, presented in Chap-
ter 2).  In that experiment, the authors first determined color and orientation 
contrasts required for 50% correct discrimination of the target in simple fea-
ture search tasks and combined these contrasts into conjunction stimuli.  Even 
under those conditions, color discrimination accuracy was significantly better 
than orientation discrimination accuracy.  Furthermore, in a follow-up experi-
ment using extremely low color contrasta—while keeping orientation contrast 
at the previous 50% feature discriminability level—observers still fixated more 
frequently on the low-contrast target color than on the higher-contrast target 
orientation.  All things considered, previous findings indicate that color appears 
to be a heavily preferred feature dimension for visual search compared to orien-
tation (or size).  This color preference clearly begs the question as to its under-
lying mechanism.

One explanation for this color preference phenomenon is that during 
conjunction search the visual system uses mechanisms conjunctively tuned to 
both color and orientation (Friedman et al., 2003; Gegenfurtner, 2003; Li, 2002; 
Nothdurft, 2000; Sumner et al., 2008; Zhaoping, May, & Koene, 2009).  Along 
with color sensitive neurons that do not encode orientation, human early visu-
al cortex appears to contain a large number of jointly selective neurons tuned 
to both color and orientation (Engel, 2005).  Experimental and computational 
a   Color contrast between target and nontargets was decreased to 2% which corresponded 
to the level where in the pre-experimental equating conditions participants made only 
10% correct discriminations.  This was the lowest isoluminant contrast for green and red 
stimuli achievable on that experimental equipment.
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research has indicated that orientation-sensitive color detectors have a some-
what coarser orientation selectivity compared to achromatic orientation detec-
tors (Beaudot & Mullen, 2005; Webster et al., 1990).  Therefore, it would be quite 
plausible to assume that since these conjunctively tuned mechanisms are less 
sensitive to orientation differences than the achromatic orientation channels 
used in feature search, the orientation discrimination performance decreases 
in conjunction search (Hannus et al., 2006, presented in Chapter 4).  Olds and 
colleagues (2009) have demonstrated that such a feature processing asymme-
try persists even when a preview of the orientations of the subsequent target 
and distractors has been presented for enhancement of orientation processing.  
Similarly, Zhuang and Papathomas (2011) showed that color (and also location) 
precueing can enhance visual search performance in terms of reaction time 
and/or accuracy, while orientation precueing cannot.  Also, color precuing can 
have a stronger facilitating effect on search speed than orientation precuing 
(Anderson et al., 2010).

Alternatively, the selective preference for the color dimension in visu-
al search could be described by the biased competition model of selective at-
tention (Desimone & Duncan, 1995; Duncan, 1998).  The biased competition 
model suggests that objects in the visual field are not processed independently 
but constantly compete for neural representation by the visual cortex (Beck & 
Kastner, 2009).  Biased competition is manifested in suppressive interactions 
among objects such that individual neural responses to the nearby objects are 
modulated by other simultaneously presented objects (Reynolds et al., 1999).  
There are two sources of bias that allow an object to be processed over other 
objects: bottom-up sensory information carried by the physical properties of the 
objects and top-down cognitive information based on an observer’s intentions 
(Beck & Kastner, 2009).  To successfully detect an object, the observer has to 
create a processing bias favoring one of the objects over the other, whereby the 
features of the object to-be-found first have to be segregated from the features 
of other objects (Vecera & Behrmann, 2001).  The biased competition model, 
however, describes suppression of representations of the task-irrelevant visual 
objects and excludes competition between individual features (Duncan, 1996; 
Duncan et al., 1997).  Still, contrary to this assumption and as proposed in Chap-
ter 3, other findings suggest that the suppressive competition could take place 
not only among nearby objects but at the level of individual features within an 
object, (Beuth & Hamker, 2015; Haenny & Schiller, 1988; Hannus et al., 2005; 
Martinez-Trujillo & Treue, 2004; Motter, 1994; Polk et al., 2008).  Here, we also 
hypothesize that biased competition might not only operate at the level of ob-
jects—increasing the relative weight of one object at the cost of others—but also 
serves early object segregation by manipulating the relative weights of the fea-
tures of visual objects.

5.1 Introduction
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5.1.1 Experimental questions addressed in this study

The experiments presented in this chapter were designed to further investi-
gate the mechanisms underlying the feature discrimination asymmetry in the 
search for conjunctions of color and orientation.  We do so by using the method 
of temporal disassociation or precueing (e.g., Allik, Toom, & Luuk, 2003; Rosen-
baum, 1983), similar to what has previously been used in comparable studies 
(Anderson et al., 2010; Olds et al., 2009; Zhuang & Papathomas, 2011).  The cen-
tral idea of this method is to present a portion of critical information before the 
rest of the information in order to provide some extra time for the processing 
of the precued feature.  Specifically, we manipulated the amount of time par-
ticipants had available to process one or the other feature before the complete 
conjunctive stimulus was presented.  For example, if the task is to search for a 
green-horizontal target object among nontarget objects that are green-vertical, 
red-horizontal and red-vertical, the information about the objects’ colors could 
be presented in advance, i.e., precued.  In the temporal disassociation method, 
the stimulus is transformed from a “semi-neutral” state into a “specified” state.  
In this particular example, initially uniformly oriented (e.g., 45° tilted) but accu-
rately colored objects would be presented before the complete stimulus.  Only 
when the target and nontarget orientation information is added, the observ-
er can complete the task, i.e., decide on where the green-horizontal target bar 
is.  The assumption behind this method is that the observer will try to use the 
precued information to segregate potential targets (green objects) from nontar-
gets (red objects) and selectively limit their search to only a subset of stimuli to 
improve search performance (Egeth, Virzi, & Garbart, 1984; Kaptein et al., 1995; 
Smallman & Boynton, 1990).  In our view, this initial processing and segregation 
provide a form of top-down information regarding potential locations of the 
target (Posner et al., 1980).

How would precueing affect feature discrimination performance if fea-
tures were processed independently of each other?  We would predict symmet-
rical gains in performance, i.e., the gain in orientation discrimination perfor-
mance obtained by precueing orientation information should be equal to the 
gain in color discrimination performance obtained by precueing color infor-
mation.  Moreover, as a result of competition between features, we would ex-
pect that any decrements in orientation performance that result from precue-
ing color should be equal to the decrements in color performance that would 
result from precueing orientation.  On the other hand, if there is dependence 
in the processing of different features, we might expect asymmetrical gains in 
feature discrimination performance, in a similar fashion as we have previously 
observed in conjunction search (Hannus et al., 2006, presented in Chapter 4).  
Such dependence could result from (a) involvement of mechanisms conjunc-
tively tuned to more than one visual feature or (b) biased competition between 
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features that prioritizes one feature while suppressing the other. 
An important aspect of our experimental design concerns the discrimin-

ability of feature contrasts.  It is obvious that the ease of the perceptual seg-
mentation can at least partially be explained by the discriminability of the com-
bined features (Enns, 1986).  Therefore, as long as the discriminability of the 
individual features has not been equalized, it is impossible to distinguish be-
tween biases resulting from contrast differences and those resulting from fea-
ture interactions.  Consequently, for each participant, we first equalized feature 
discriminability, making sure that in feature search 70% of the saccades were to 
go to the correct target stimulus.  These individually equalized feature contrasts 
were then combined to define the individualized conjunction stimuli used in 
the main experiment.

To preview our main finding, the results reveal an interesting asymmetry.  
We discovered differential effects of precueing color and orientation which are 
dependent on the duration of the precue.  This supports biased competition be-
tween object features.

5.2 Experiment 1
We began our investigation of whether partial precueing has a symmetrical ef-
fect on color and orientation discrimination by precueing either orientation or 
color of the complete stimuli while manipulating the time between the onset of 
the precue (PC) and the onset of the complete conjunction, i.e., the feature onset 
asynchrony (FOA).

5.2.1 Method

Participants

Six volunteers (3 females, aged between 22 and 32 years) participated in the ex-
periment.  All participants reported having normal or corrected to normal vi-
sion.  Individual written informed consent was obtained.  The study conformed 
to the research ethics guidelines of the Psychology Department of the University 
of Groningen.

Apparatus 

Stimuli were generated on a Power Macintosh computer and presented on a 22–
in. CRT-monitor, at a resolution of 1152 × 870 pixels, with a refresh frequency of 
75 Hz.  The software for experimental control was programmed in Matlab using 
the Psychophysics and Eyelink Toolbox extensions (Brainard, 1997; Cornelissen 
et al., 2002; see http://psychtoolbox.org/).  The achromatic background lumi-
nance of the screen was approximately 7.5 cd/m².  The distance between the eyes 
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and the monitor screen was 50 cm.
Eye movements were recorded at 250 Hz with an infrared video-based eye 

tracker (Eyelink II; SR Research Ltd., Osgoode, Canada).  Only the initial sac-
cade after the complete stimulus presentation was analyzed.  An eye movement 
was considered a saccade when the velocity of the eye was at least 25°/s with an 
acceleration of 9500°/s and had an amplitude of minimal 1°.  The experiments 
took place in a closed, dark room.  Participants rested their chin on a chinrest to 
prevent head-movements.

Feature discrimination threshold determination: Stimulus material and procedure

Before the main experiment, participants performed two single feature search 
tasks with different target-nontarget contrasts to determine individual thresh-
olds for 70% discrimination accuracy for both color and orientation.  Color 
contrasts were produced by increasing (decreasing) the luminance of the red 
(green) gun with a particular percentage (1.4, 1.8, 2.5, 3.3, 4.5, 6.1, 8.2, 11.2, 15.1, or 
20.4%) and decreasing (increasing) the luminance of the green (red) gun with 
the same amount, such that total luminance stayed constant.  Orientation con-
trasts were created by tilting the target and presenting an orientation differ-
ence of 1.8, 2.5, 3.3, 4.5, 8.1, 11.2, 22.4, 30.2, 40.8, or 55.0°.  Both tasks consisted of 
260 trials (13 possible target positions × 10 contrast levels × one positive and one 
negative contrast).

The 70% discrimination threshold value was interpolated after fitting a cu-
mulative Gaussian function to the data.

Main experiment: Stimulus material and procedure

After the 70% discrimination thresholds had been determined in feature search 
tasks, individually tuned conjunction stimuli were prepared for each partici-
pant based on their individual feature discrimination performance.  Thus, in-
dividualized conjunctions were created from a factorial combination of two 
different colors (greenish or reddish) with two different orientations (clockwise 
or anti-clockwise tilted relative to baseline orientation of 45°).  Participants fix-
ated the central fixation mark and started the trial by pressing the space bar 
(Figure 5.1).  After that, the target cue at the position of fixation mark indicated 
which color and orientation the target would have on that specific trial.  After 
500 ms the cue disappeared and 13 stimuli were presented along the circum-
ference of a circle with a radius of around 17° that was centered on the fixation 
mark, this is called a PC.  In chromatic unspecific orientation PC (RG-45°) condi-
tions all stimuli were uniformly oriented at 45°, with seven stimuli having the 
target color and six having the nontarget color.  After an FOA of 80, 160, 320, 
or 640 ms the orientation values were added—seven stimuli took on the target 
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Figure 5.1: Schematic of the experimental paradigm in Experiment 1.  At 13 possible positions, 
objects were presented.  In all examples, the target is  the red more counter-clockwise ori-
ented bar.  One third of the non-targets had the same color as the target, 1/3 had the same 
orientation as the target, and 1/3 had both a different color and orientation.  A. Sample 
display from a precued condition of the chromatic uspecifically oriented precue (PC).  B. 
Sample display from a precued condition of the achromatic specifically oriented PC.  C.  
Sample display from a not precued condition.  Note that in the actual experiment color and 
orientation contrasts varied as they were products of individual 70% discrimination thresholds.

0
Key Press

500 ms

Saccade

A Chromatic Uspecific Orientation Precue (RG-45°)

Mask
80, 160, 320, or 640 ms

B Achromatic Specific Orientation Precue (Ach-45±°)

C No Precue (NO-PC)

0
Key Press

500 ms

Saccade Mask
80, 160, 320, or 640 ms

0
Key Press

500 ms
Saccade Mask



orientation and six the nontarget orientationb.  In achromatic specific orientation 
PC (Ach-45±°) conditions the stimuli were first non-chromatic gray, with seven 
having the target orientation, and six having the nontarget orientation.  After 
an FOA of 80, 160, 320, or 640 ms the color values were added—seven stimuli 
acquired the target color and six acquired the nontarget color.  In no-PC condi-
tions (FOA = 0) the color and orientation values were presented simultaneously.  
After a a saccade had been executed, stimuli were replaced by a mask consisting 
of a large number of randomly oriented colored lines that covered the whole 
screen.  Small black discs (< 1°) were presented at each of the stimulus locations.

Participants were instructed to indicate the position of the target by mak-
ing an overt eye-movement after both features had been presented.  In total 468 
trials were performed (13 target positions × two PC types × four targets × four 
FOA + no-PC trials: 13 target positions × four targets), randomized and divided 
into four blocks. 

Analysis and statistics

All saccades initiated faster than 100 ms after complete stimulus presenta-
tion were eliminated as potential reflexive eye movements (this procedure 
removed 2.3% of the data).  Responses were classified into four categories:

1. Target hit.  Initial saccade was directed to the target; 
2. Orientation correct.  Initial saccade was directed to a nontarget with cor-
rect orientation but wrong color; 
3. Color correct.  Initial saccade was directed to a nontarget with correct col-
or but wrong orientation; 
4. Double error.  Initial saccade was directed to a nontarget with both wrong 
color and orientation.  
We calculated feature hits as percentages of the total number of trials: the 

proportion of color hits (target hits and color correct) indicated color discrimina-
tion accuracy (CDA) and proportion of orientation hits (target hits and orienta-
tion correct) indicated orientation discrimination accuracy (ODA).  Since the effects 
of the different PC types are in fact better evaluated using data that take into 
account individual differences in relative CDA and ODA performance increase 
or decrease due to the PCs, we normalized each participant’s CDA and ODA per-
formance with respect to their performance in the no-PC condition; we call this 
the relative precueing effect.

In order to detect differences between relative color disctimination accura-
cy (rCDA) and relative orientation discrimination accuracy (rODA), we applied 

b   In the experiment, also FOAs of 20 and 40 ms were presented. However, display timing 
verification performed after the experiments had been completed indicated that these 
times had not been met with sufficient accuracy.  Consequently, these trials were ex-
cluded from further analysis.
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         Discrimination Accuracy                        Saccadic    Latency
    
                                  Target          Color          Orientation            Color        Orientation
       Hits           Hits                   Hits                  Correct         Correct
PC FOA    % (SD)        % (SD) % (SD)           ms (SD) ms (SD)

No-PC   - 37.6 (15.9)     77.2 (12.1)     52.8 (11.3)           621 (217)     626 (263)
RG-45° 640 53.0 (15.8)     89.5   (4.7)     59.0 (13.9)           759 (330)     662 (398)
 320 48.3 (26.3)     83.2 (15.0)     58.4 (19.4)           737 (383)     537   (99)
 160 50.0 (16.4)     85.8   (6.6)     59.9 (18.4)           626 (260)     597 (269)
   80 38.6   (8.8)     80.4   (3.5)     51.2 (11.6)           634 (202)     595 (281)
Ach-45±° 640 20.9   (9.7)     45.4   (6.7)     65.5 (13.0)           632 (199)     478 (153)
 320 26.7 (12.6)     51.4 (11.0)     66.8 (12.6)           549 (101)     481 (115)
 160 32.6 (13.3)     59.8   (9.9)     61.8   (8.6)           557 (125)     564 (139)
   80 36.1 (10.0)     73.0 (10.6)     55.0 (11.9)           605 (163)     559 (160)

 Table 5.1.  Mean Discrimination Accuracy as a Percentage (%) of Initial Saccadic Eye 
Movements and Saccadic Latencies (ms) in Experiment 1.

Note. The mean percentages and latencies across different precueing (PC) conditions and 
feature onset asynchrony (FOA; ms) conditions. While the mean discrimination accuracy of 
both features represents feature hits as percentages of the total number of trials (the pro-
portion of color hits [target hits and color correct] and proportion of orientation hits [target 
hits and orientation correct]), the mean values of saccadic latencies represent only correct 
feature identification cases.  RG-45° = chromatic unspecific orientation PC; Ach-45±° = ach-
romatic specific orientation PC; SD = standard deviation.

a series of repeated measures analysis of variance (ANOVAs) for three with-
in-subject factors: (a) feature (color; orientation), (b) FOA (-640; -320; -160; -80 
ms), (c) PC type (RG-45°; Ach-45±°).  Where necessary,  the Greenhouse-Geiss-
er and Huynh-Feldt corrections were used to correct p-values for violations of 
sphericity.  A significance level of α = .05 was considered for all statistical tests.  
Interactions between the within-subject factors were explored by planned com-
parisons of the last square means.  Scheffé’s method was used to control the 
overall confidence level in multiple comparison post hoc tests.  To estimate the 
relative gains in feature discrimination accuracy with respect to other precue-
ing conditions, we performed one sample t tests against zero.  For those latter 
analyses, to account for multiple testing, we applied the Benjamini–Hochberg 
False discovery rate (FDR; Benjamini & Hochberg, 1995) correction (q = .05) for 
the multiple one sample t tests.  Corrected q-values will be presented in the pa-
renthesis along with the uncorrected p-values.

5.2.2 Results

The descriptive statistics of proportional feature discrimination accuracy and 
saccadic latencies are presented in Table 5.1. 

The one-way within-subject ANOVA revealed that without precueing, the 
CDA was significantly higher than ODA, F(18.02), p = .008, ηp² = .783 (see Table 
5.1).  Next, we will represent an analysis of relative precueing effects, i.e., relative 
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gains and decrements in feature discrimination accuracy with respect to this 
asymmetrical feature discrimination performance.

Relative feature discrimination change in relation to no precueing

Figure 5.2 shows the relative precueing effects, i.e., the rCDA and rODA, where 
zero indicates the absence of an effect.  Relative precueing effects were assessed 
via 2 × 4 × 2 (PC type × FOA × Feature) within-subject ANOVA.  The main effect 
of PC type, F(1,5) = 19.20, p = .007, ηp² = .793, indicated higher relative gain in 
feature discrimination accuracy in the RG-45° compared to the Ach-45±°.  What 
is interesting in this data is that the main effect of feature demonstrated a 
higher overall gain in the rODA compared with the rCDA, F(1,5) = 8.25, p = .035, 
ηp² = .623.  The main effect of FOA was not significant, F(3,15) = 0.36, p = .784, 
ηp² = .067.  The PC type × FOA interaction was only weak, F(3,15) = 2.94, p = .067, 
ηp² = .547. Importantly, the planned comparisons of the PC type × Feature in-
teraction, F(1,5) = 32.89, p = .002, ηp² = .868, revealed two remarkable results.  
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Figure 5.2: Mean relative feature discrimination change due to precueing with respect to no 
precueing in Experiment 1.  Panel A presents the relative precueing effect of chromatic un-
specifically oriented precues (RG-45°) as a function of feature onset asynchrony (FOA) and 
Panel B presents the relative precueing effect of achromatic specifically oriented precues 
(Ach-45±°) as a function of FOA.  The RG-45° resulted in approximately equal relative color 
and orientation discrimination accuracy.  The Ach-45° resulted in relative decrease in color 
discrimination accuracy and increase in orientation discrimination accuracy when the pre-
cueing time lenghtened.  Mean values and standard errors are presented.
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First, the rCDA and rODA were approximately equal in the RG-45° condition, 
t(5) = 0.54, p = .616.  Second, in the Ach-45±° condition the rCDA significantly 
decreased both in relation to the rODA, t(5) = 5.51, p = .003, and in relation to the 
rCDA in the RG-45° condition, t(5) = 8.48, p < .001.  The significant FOA × Feature 
interaction, F(3,15) = 8.76, p = .001, ηp² = .637, showed that with an increase in 
FOA the overall rCDA decreased and rODA increased.  The 3-way interaction 
was not statistically significant, F(3,15) = 2.17, p = .134, ηp² = .303. 

The qualitative pattern represented in Figure 5.2 and evident in the in-
teraction between PC type and feature invites further analysis of the relative 
precueing effects.  Therefore, to assess the magnitude of the relative precueing 
effects, eight one-way t tests for single means against zero were performed for 
each PC type.  The most noteworthy aspect of the data appeared in the Ach-45±° 
conditions, in that the PCs of 640, 320, and 160 ms had a very powerful decreas-
ing effect on the rCDA, t(5) = -7.06, p = .001 (.004); t(5) = -5.29, p = .003 (.009); and 
t(5) = -7.36, p = .001 (.004), respectively (Figure 5.2B).  Importantly, at the same 
time, the rODA showed a significant gain after 640 and 320 ms PCs, t(5) = 3.70, 
p = .014 (.022), and t(5) = 3.86, p = .012 (.022), respectively.  Precueing with RG-45°, 
on the other hand, slightly improved both the rCDA and rODA, but after FDR 
corrections this remained below the statistical significance level, ps ≥ .040 (qs ≥ 
.32, Figure 5.2A). 

Relative target discrimination accuracy

We further analyzed relative target discrimination trials proportionate to the 
no-PC trials.  The within-subjects 2-way ANOVA (Precue type × FOA) revealed 
a significant main effect of Precue type, F(1, 5) = 22.51, p =.005, ηp² = .818, show-
ing that precueing with the RG-45° resulted in higher relative target hit rates 
compared with Ach-45±°.  The main effect of FOA and the interaction between 
Precue type and FOA were not statistically significant (p > .06).

Saccadic latencies

Finally, we performed a 2 × 4 × 2 (PC type × FOA × Feature) within-subject ANO-
VA on saccadic latencies to control for any potential speed-accuracy trade-offs.  
In order to isolate correct color and orientation discriminations, we included 
only trials that resulted either in correct color (but wrong orientation) or cor-
rect orientation (but wrong color) identifications.  Only the main effect of fea-
ture revealed statistical significance, F(1,4) = 21.03, p = .010, ηp² = .840c.  Post hoc 
analysis indicated that on average the correct orientation discrimination per-
formance was faster than correct color discrimination performance (M = 574, 
SE = 78 and M = 644, SE = 96, respectively, p = .010).  The main effect of PC type 
c   Since one participant made no correct orientation discriminations in RG-45°, only 
data from five participants were analyzed.
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was not significant, F(1,4)= 1.38, p = .306, ηp² = .256, and so were the interactions 
between PC type and Feature, F(1,4) = 0.50, p = .520, ηp² = .110, and the 3-way in-
teraction with FOA, F(1,4) = 0.43, p = .736, ηp² = .097.

5.2.3 Discussion 

We investigated how well the precued information about locations of the target 
and nontarget colors or orientations can be used to direct visual conjunction 
search.  We focused on the execution of the initial saccade and determined to 
what extent it is guided by the precued information.  Therefore, we calculated 
relative gains and decrements in the CDA and ODA with respect to the trials in 
which no precued information was available.  Our findings indicate that pre-
cueing with color or orientation information clearly has an effect on subsequent 
feature discrimination performance.  Importantly, the effect is asymmetrical 
for achromatic and chromatic oriented PCs.  Although at first glance the gen-
eral asymmetry toward higher CDA in proportional performance data might 
deserve an interpretation, let it be clear that based on the results in the relative 
precueing effects, this asymmetry is not informative.  Therefore, we concen-
trate our discussion on the relative precueing effects that considers the corre-
sponding feature discrimination asymmetry relative to the no-PC trials as an 
asymmetrical baseline.

The most striking result to emerge from this experiment is that longer pre-
cueing of the orientations of subsequent objects without any chromatic infor-
mation resulted not merely in gains in the rODA but also in a strong decrement 
in the rCDA.  In contrast, precueing with chromatic PCs that contained some 
but irrelevant orientation information had no differential effect on subsequent 
relative feature discrimination accuracy.  This result confirms our hypothesis 
of dependent feature processing.  Thus, although in the RG-45° conditions the 
proportional CDA was higher than ODA, the relative precueing effect indicat-
ed that this could not be explained by precued color information.  The relative 
precueing effects indicate that precueing of relevant color information and ir-
relevant orientation information yields approximately the same levels of sub-
sequent feature discrimination accuracy for both color and orientation as it is 
without any PC.  This finding supports the explanation that the increased CDA 
compared with ODA in absolute terms simply confirms the bottom-up feature 
discrimination asymmetry that has been found in previous studies (Bekkering 
& Neggers, 2002; Hannus et al., 2005; Hannus et al., 2006, presented in Chap-
ters 2 and 4).  The advance color processing period provided by the RG-45° could 
not be effectively used for color discrimination enhancement, while the advance 
orientation processing period provided by the longer Ach-45±° was effectively 
used for orientation discrimination enhancement.

Our findings so far are neither in conflict with the idea of biased competi-
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tion between features nor with the proposal of conjunctively tuned visual mech-
anisms in conjunction search.  If color and orientation were processed entirely 
independently, then biased competition between the features would predict an 
increase in CDA in parallel with a decrease in ODA.  This was evident in the not 
precued trials and RG-45° conditions and is in agreement with a bottom-up bias 
toward color processing.  However, if we assume that due to some orientation 
information represented in RG-45° this PC type biases visual processing in favor 
of conjunctively tuned mechanisms, then no concurrent decrease in ODA can 
be expected.  Thus, our results are also in line with the prediction made on the 
basis of an involvement of conjunctively tuned visual mechanisms.  Moreover, 
our findings suggest that the two proposed explanations may reflect the same 
processes at different functional levels.  It is plausible and perhaps even inevi-
table to assume that biased competition between visual features is the behav-
ioral manifestation of the functions of conjunctively tuned visual mechanisms.  
Thus, with regards to the chromatic PCs with some orientation characteristics, 
we detected small improvements in both CDA and ODA.  We speculate that, 
although the PC did not contain orientation information that could have been 
used for selecting potential targets, it nevertheless contained uniform orienta-
tion information that may have been used to activate chromatically sensitive 
orientation mechanisms.  If so, we would further expect that presenting an RG-
45° would improve subsequent ODA as compared with a chromatic PC without 
any orientation information at all.  This prediction was tested in Experiment 2.

Our results, however, do not allow us to completely rule out a potential con-
found.  It could be that color is a more effective spatial cue than orientation, and 
that spatial attention, therefore, outweighs feature-based attention in conjunc-
tion search.  For instance, in an investigation into precueing effects, Liu, Pestilli, 
and Carrasco (2005) found that even an uninformative luminance PC increased 
both orientation discrimination performance and stimulus-evoked activity in 
the early visual cortex.  Thus, to probe the effect of spatial luminance precueing 
and thereby isolate the precueing effects of chromaticy as well as orientation 
from spatial luminance, we also introduced an achromatic non-oriented PC.

Before proceeding further, it will be necessary to discuss the effects of PC 
duration.  Our results show that there is a way to bias visual search mechanisms 
in favor of using advance information about object orientation, but this can be 
effectively employed only after a relatively long PC presentation, in the range of 
the sustained top-down attention (Nakayama & Mackeben, 1989).  Specifically, 
the rODA exceeded rCDA after achromatic orientation information had been 
presented for over 160 ms.  Thus, our results show an interesting interaction 
between bottom-up and top-down effects in conjunction search of color and ori-
entation.  It appears that if participants have enough time to activate their ori-
entation-sensitive visual mechanisms, they use this information and bias their 
search toward orientation.  In that case the ODA becomes significantly higher 
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than in not precued trials and close to the discrimination threshold obtained in 
the feature search task.  In the present study, most likely, the achromatic PCs 
activated achromatic visual mechanisms.  This could be an explanation for why 
the CDA simultaneously decreased.  For instance, the top-down directed bias 
can be achieved by increasing baseline neuronal firing rates in V2 and V4 al-
ready before sensory input (Luck et al., 1997) and also by increasing neuronal 
sensitivity in V4 (Reynolds, Pasternak, & Desimone, 2000).

Additional evidence for the idea that the ineffective (for the conjunction 
search task) mechanisms were activated by the Ach-45±° and the effective mech-
anisms by the RG-45° emerged from the differential effects on fast target iden-
tification (initial saccade landing on the target).  Precueing with Ach-45±° re-
duced target selection efficacy compared to the RG-45°.  A plausible explanation 
for this would be that the Ach-45±°activated orientation discrimination mecha-
nisms that could not be used for the accurate target identification (even though 
it did selectively improve the ODA).  Hence, after the chromatic information 
was added to create complete stimuli, to complete the task, conjunctively tuned 
mechanisms had to be activated.  Therefore, such an Ach-45±° provided no net 
benefit, and in fact even reduced target selection performance with respect to 
the no-PC trials.  On the other hand, precueing with the RG-45° did activate the 
effective, chromatically sensitive orientation mechanisms for target identifica-
tion.  To validate this explanation and differentiate the chromaticity effect of a 
PC from orientation effect of a PC that was present in the RG-45°, we designed 
a second experiment.

5.3 Experiment 2
In the second experiment, we aimed to estimate if a chromatic PC with some 
irrelevant uniform orientation information is a relatively more effective PC for 
subsequent orientation discrimination compared with a chromatic PC contain-
ing no orientation information at all.  Such an effect would support our proposal 
that conjunctively tuned mechanisms account for color prevalence in conjunc-
tion search.  Additionally, to rule out the possibility that color is merely a more 
effective spatial cue than orientation, we also tested for any potential general 
effects of spatial cueing and introduced a PC that contained neither chromatic 
nor orientation information—an achromatic non-oriented PC (see Figure 5.3).  
We, therefore, compared the effects of four types of PC: (a) chromatic unspecific 
orientation PC (RG-45°, similar to the Experiment 1), (b) chromatic non-oriented 
PC containing no orientation information (RG-0°; see Figure 5.3A), (c) achro-
matic specific orientation PC (Ach-45±°, similar to the Experiment 1), and (d) 
achromatic non-oriented PC containing no orientation or color information (Ach- 
0°; see Figure 5.3B).
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5.3 Experiment 2
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A Chromatic Non-oriented Precue (RG-0°)

0
Key Press

500 ms

Saccade Mask
160 or 640 ms

B Achromatic Non-oriented Precue (Ach-0°)

0
Key Press

500 ms

Saccade Mask
160 or 640 ms

Figure 5.3: Schematic of the additional conditions used in Experiment 2. At 13 possible po-
sitions, objects were presented. In all examples, the target is  the red more counter-clock-
wise oriented bar. One third of the non-targets had the same color as the target, 1/3 had 
the same orientation as the target, and 1/3 had both a different color and orientation. In 
addition to the three precueing conditions used in Experiment 1, in Experiment 2 two addi-
tional conditions were introduced. A. Sample display from a precued condition of the chro-
matic non-oriented precue. B. Sample display from a precued condition of the achromatic 
non-oriended precue. Note that in the actual experiment color and orientation contrasts 
varied as they were products of individual 70% discrinimation thresholds determined prior to 
the main experiment.

Drawing upon the findings of Experiment 1 we aimed to test three expectations.  
Two expectations suggest that biased competition between features account for 
the asymmetry of feature discrimination accuracy in conjunction search:

1. If a top-down bias toward orientation discrimination can be induced, 
then Ach-45±° selectively enhances subsequent orientation discrimination, and 
this comes at the expense of CDA. We then predict a relative increase in the 
ODA and a relative decrease in the CDA after the 640 ms Ach-45±° presentation 
as compared with no-PC and Ach-0°.



2. If a top-down bias exclusively toward color discrimination can be in-
duced, then RG-0° selectively enhances subsequent color discrimination, and 
this comes at a proportional expense of ODA. We then predict a relative increase 
in CDA and decrease in ODA after RG-0° presentation as compared with no-PC 
and Ach-0°.

A third prediction specifically suggests that bottom-up activated conjunc-
tively tuned visual mechanisms account for asymmetry of feature discrimina-
tion accuracy in conjunction search:

3. If the RG-45°activates conjunctively tuned mechanisms that are used for 
conjunction search of color and orientation, then we predict an increase in the 
ODA after this PC as compared with RG-0°.

Additionally, a few meaningful relative feature discrimination perfor-
mance ratios were calculated between different PC types.

5.3.1 Method

Participants

Six participants (3 females) with reportedly normal or corrected to normal vision 
participated in the experiment, four of them had participated in Experiment 1.

Apparatus and stimulus materials

The experimental apparatus was the same used in Experiment 1.  The only dif-
ferences were two manipulations in the stimulus materials.  Firstly, RG-0° rep-
resented chromatic discs with surface sizes equal to the oriented PCs used in 
Experiment 1 (Figure 5.3A), whereas the amount of luminance and color infor-
mation was kept equal to the RG-45°.  The second manipulation concerned the 
FOA: only FOA of 160 and 640 ms were usedd, as well as the baseline of not pre-
cued trials.

Similarly to the Experiment 1, individual thresholds of 70% feature dis-
crimination accuracy were measured and used to build conjunction stimuli for 
each participant, allowing us to assume that the bottom-up discriminability of 
color and orientation were equal.  Participants performed 156 trials per PC type 
in two sessions. Each session consisted of four equally sized blocks of random-
ized trials.

Analysis

Similarly to Experiment 1, we concentrated on the relative feature discrimina-
tion accuracies with respect to other PC types.  Relative precueing effects in re-

d In the experiment, also an FOA of 40 ms were presented. As in Experiment 1, these trials 
were excluded from further analysis. 
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lation to no-PC or a different type of PC were assessed by two methods: (1) in 
order to compare the differences in relative precueing effects between the rCDA 
and rODA, we conducted 2 × 2 (FOA × Feature) within-subject ANOVAs and (2) 
in order to assess relative gains and decrements in feature discrimination ac-
curacy at feature level that are accounted by the differences between the rela-
tivized PC types, we performed separate one sample t tests against zero.  Prin-
ciples of analysis and statistical procedures were similar to the principles and 
procedures applied in Experiment 1.  Since we had specific predictions about 
potential competition between features that we aimed to test, we applied FDR 
corrections for pairs of relative color and orientation discrimination change per 
FOA, q = .05.

5.3.2 Results

We calculated nine relevant precueing effects, eight of them are illustrated in 
Figure 5.4, plotted as functions of FOA across the two features.  Firstly, we esti-
mated the relative effect of Ach-45±° with respect to the no-PC and Ach-0°.

Relative precueing effects of achromatic specific orientation

Achromatic specific orientation in relation to no-PC

As expected from Experiment 1, we found a substantial relative precueing ef-
fect of Ach-45±° on the subsequent discrimination accuracy of individual fea-
tures (Figure 5.4A).  The main effect of feature, F(1,5) = 17.74, p = .008, ηp² = .780, 
and interaction between FOA and feature, F(1,5) = 36.54, p = .002, ηp² = .880, 
indicated that precueing orientation information for the subsequent search 
task decreased the rCDA.  Planned comparisons indicated that after 640 ms 
precueing difference between the rODA and rCDA was significant, t(5) = 6.04, 
p = .002, whereas after 160 ms precueing this difference was not significant, 
t(5) = 1.50, p = .19.  The main effect of FOA was not significant, F(1,5) = 0.85, p = .40, 
ηp² = .146.  One sample t tests showed that longer Ach-45±° significantly enhanced 
the rODA and decreased rCDA in relation to no precueing.  In fact, after 640 ms 
of Ach-45±° the gain in rODA was significant, t(5) =  2.97, p = .031 (.031), com-
plemented by decrement of rCDA, t(5) =  - 9.49, p < .001 (.001).  After 160 ms of 
precueing the gain in rODA was not significant, t(5) =  0.13, p = .90, whereas the 
decrement of rCDA appeared marginally significant, t(5) =  - 2.45, p = .058 (.117).
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Achromatic specific orientation in relation to achromatic non-oriented PC

When investigating the relative effects of precueing orientation information 
in comparison with precueing just luminance information at the same loca-
tions, we detected the main effect of feature, F(1,5) =34.89, p = .002, ηp² = .875, 



Figure 5.4: Mean relative feature discrimination change due to precueing with respect to dif-
ferent precueing conditions in Experiment 2. Display icons illustrate calculation of the partic-
ular ratio. Relative precueing effects in respect to no-PC conditions: (A) Ach-45±°, (B) Ach-0°, 
(C) RG-0°, and (D) RG-45°; relative precueing effects of (E) Ach-45±° in respect to Ach-0°; (F) 
RG-45° in respect to RG-0°;  (G) RG-0° in respect to Ach-45±°; (H) RG-0° in respect to Ach-0°.  
Differences between color discrimination accuracy and orientation discrimination accuracy 
* p < .05, ** p < .01, *** p < .001, differences from reference precue #p < .05, ## p < .01, ### 
p < .001. Mean values and standard errors are presented.
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and interaction between feature and FOA , F(1,5) =24.48, p = .004, ηp² = .830 
(Figure 5.4E).  Planned comparisons showed that both after 640 ms and 160 ms 
of precueing with Ach-45±° the rODA was significantly higher than the rCDA, 
t(5) = 7.64, p < .001, and t(5) = 2.70, p = .043, respectively.  The main effect of FOA was 
not significant, F(1,5) = 4.76, p = .08, ηp² =  .488.  A closer examination of relative 
changes at the feature level revealed that after 640 ms precueing the gain in the
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rODA was significantly above zero, t(5) = 4.62, p = .006 (.006), while the rCDA 
was decreased considerably below zero, t(5) = -13.85, p < .001 (< .001).  After 160 
ms precueing the decrement of the rCDA was also significantly below zero, t(5) 
= -4.95, p = .004 (.009), while the gain in the rODA was not significant t(5) = 1.11, 
p = .32. 

Secondly, we tested the relative effect of RG-45° as compared with no-PC, 
RG-0°, Ach-45±°, and Ach-0°.

Relative precueing effects of chromatic unspecific orientation

Chromatic unspecific orientation in relation to no-PC

We found that precued chromatic information about the color of the subsequent 
conjunction stimuli combined with non-informative orientation information 
somewhat increased the rCDA as compared with the rODA (Figure 5.4D).  How-
ever, neither main effects nor interactions reached statistical significance (ηp² ≤ 
.310).  Still, the one sample t tests revealed that in relation to no-PC conditions 
there was a significant gain in the rCDA, t(5) = 3.52, p = .017 (.034) for 640 ms and 
t(5) = 3.41, p = .019 (.038) for 160 ms of preciueing.  The rODA was approximately 
equal to the not precued condition, ts ≤ 0.59, ps ≥ .58. 

Chromatic unspecific orientation in relation to chromatic non-oriented PC

Precueing effects of the RG-45° over the RG-0° showed that while the rODA ap-
peared somewhat higher than rCDA, no statistically significant effects emerged 
(ηp² ≤ .364; Figure 5.4F).  Complementary, the one sample t tests revealed no sig-
nificant relative feature gains or decrements, ps ≥ .06.

Chromatic unspecific orientation in relation to achromatic specific orientation

The ratios of the RG-45° to the Ach-45±° revealed a significant main effect of 
feature, F(1,5) = 40.97, p = .001, ηp² = .891, and interaction between FOA and fea-
ture, F(1,5) = 44.21, p = .001, ηp² = .898 (Figure 5.4G).  Contrast analysis indicated 
that after 640 ms of precueing the rCDA was higher than the rODA, t(5) = 10.40, 
p < .001, while after 160 ms precueing this difference was not significant, 
t(5) = 2.29, p = .07.  When we zoomed into the relative gains and decrements at 
feature level, we found that after 640 ms precueing the rCDA was significantly 
increased from zero, t(5) = 14.33, p < .001 (< .001) and in the 160 ms conditions 
the corresponding gain approached statistical significance, t(5) = 3.13, p = .026 
(.052).  Importantly, the excessive gain in the rCDA after longer PCs was ac-
companied with decrease of the rODA, t(5) = -2.59, p = .049 (.049).  There was no 
change in the rODA after 160 ms precueing, t(5) = 0.64, p = .55.

5.3 Experiment 2
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Chromatic unspecific orientation in relation to achromatic non-oriented PC

We also calculated the ratio of the RG-45° to the Ach-0° and did not detect any 
differential effects on FOA or feature, neither was their interaction significant 
(ηp² ≤ .240).  The one sample t tests showed a small differential effect for 640 ms 
precueing, the rCDA being above zero, but only weakly after the FDR was ap-
plied, t(5) = 3.03, p = .029 (.058); the other ratios did not show a relative change in 
feature discrimination accuracy (ps ≥ .13).

Third, we assessed the relative effectiveness of precueing color informa-
tion without any orientation information. 

Relative precueing effects of chromatic non-oriented PC 

Chromatic non-oriented PC in relation to no-PC

The ratios of the RG-0° to the no-PC revealed an increase in the rCDA and de-
crease in the rODA (Figure 5.4C), the main effect of feature was significant, 
F(1,5) = 38.38, p = .002, ηp² = .885.  The main effect of FOA and the factorial in-
teraction were not significant (ηp² ≤ .378).  Planned comparisons revealed that 
the difference between the rCDA and rODA was significant both after 640 ms, 
t(5) = 3.26, p = .022, and 160 ms precueing, t(5) = 6.61, p = .001.  Importantly, the 
relative changes from no-PC baseline zero were considerable.  The gain in the 
rCDA approached statistical significance, t(5) = 2.30, p = .070 (.070) after 640 ms 
precueing and was clearly elevated after 160 ms of precueing, t(5) = 5.03, p = .004 
(.008), while rODA showed a decrement in relation to the baseline after 640 ms 
of precueing, t(5) = -2.88, p = .035 (.070) and 160 ms of precueing, t(5) = -3.69, 
p = .014 (.014).

Chromatic non-oriented PC in relation to achromatic non-oriented PC

As illustrated in Figure 5.4H, the RG-0° was no more effective for subsequent 
feature discrimination accuracy than the Ach-0°, all effects were statistically not 
significant (ηp² ≤ .150).  A marginal gain in the rCDA appeared after 160 ms of 
precuenig, t(5) = 3.07, p = .028 (.055), but the rest of relative changes were mar-
ginal, ts ≤ 1.77, ps ≥ 14.

Finally, we turned to achromatic precueing with no orientation informa-
tion to test, if any precueing effects could be explained by simple luminance 
precueing at locations of subsequent conjunction stimuli. 

Relative precueing effects of achromatic non-oriented PC in relation to no-PC

Precueing luminance information at the locations of subsequent conjunction 
stimuli produced a difference in feature discrimination accuracy.  The main ef-
fect of feature, F(1,5) = 11.00, p = .021, ηp² = .688 (Figure 5.4B) revealed the asym-
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metry toward the CDA.  Planned comparisons indicated that this was due to the 
significant difference between the rCDA and rODA both after 640 ms, t(5) = 2.72, 
p = .042, and 160 ms precueing, t(5) = 2.64, p = .046.  The main effect of FOA and 
interaction between the factors were not significant (ηp² ≤ .245).  Also, although 
the gain in the rCDA was apparent after 160 ms of precueing, the power of this 
effect vanished after FDR correction, t(5) =  2.61, p = .048 (.089).  The remaining 
relative changes were even smaller, ts ≤ 2.23, ps ≥ .09.

5.3.3 Discussion

To summarize, relative precueing effects supported our hypothesis of biased 
competition between conjunction features, at least for combinations of color 
and orientation.  We found that integrating orientation information into chro-
matic or achromatic PC has a differential influence on the relative precueing ef-
fects.  Our findings indicate that compared to no PC or a luminance PC without 
either color or orientation, an achromatic orientation PC increases subsequent 
orientation discrimination performance and decreases color discrimination 
performance.  Thus, integrating orientation information into the achromatic 
non-oriented luminance PC mirrored the relative precueing effect we already 
observed in Experiment 1: orientation discrimination performance increased, 
while color discrimination performance decreased.  However, this effect re-
quires a relatively long precue duration, in the range of sustained top-down 
directed attention (Nakayama & Mackeben, 1989).  This suggests that if observ-
ers have enough time to activate orientation-sensitive visual mechanisms, then 
they are able to use the advanced orientation information and override the uni-
versal color preference tendency (or bottom-up biased competition in favor of 
color) that has been established in previous studies (Bekkering & Neggers, 2002; 
Hannus et al., 2005; Hannus et al., 2006, presented in Chapters 2 and 4).

Further support for biased competition between features appeared in the 
relative precueing effect of chromatic PC without any orientation.  Importantly, 
precueing mere color information substantially expanded (with respect to no-
PC) the asymmetry between color and orientation discrimination — simulta-
neously with an increase in color discrimination performance the orientation 
discrimination performance further suffered and this was evident already after 
a short PC.  We expected a similar effect also in the relative comparison between 
chromatic non-oriented and achromatic non-oriented PC, but this effect was 
not present—these two PC types resulted in approximately equal feature dis-
crimination performances.  This could be explained by the fact that the relative 
precueing effect of the achromatic non-oriented PC in relation to no-PC showed 
a rather similar effect to what appeared in the chromatic non-oriented PC con-
dition.  Specifically, the luminance PC also expanded the bottom-up asymmetry 
in favor of color and therefore a difference between the relative effects of the 
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RG-0° and the Ach-0° could not arise.  However, this latter finding also suggests 
that precueing of spatial locations without any useful feature information is al-
ready advantageous for the subsequent search, similar to what has been report-
ed before (Liu et al., 2005).

Importantly, the effects of integrating orientation information into the 
chromatic PC supports the hypothesis that chromatically tuned orientation 
mechanisms are activated during conjunction search.  First, we detected a selec-
tive improvement in color discrimination accuracy in the relative precueing ef-
fect of the RG-45° without any decrease in orientation discrimination accuracy.  
Second, the relative precueing effect of chromatic unspecific orientation in re-
lation to chromatic non-oriented PCs indicated a small increase in orientation 
discrimination performance.  Although not statistically significant, we propose 
that this latter finding could still indicate the use of chromatic orientation-sen-
sitive mechanism with a somewhat lower orientation selectivity compared with 
the achromatic orientation mechanism (Beaudot & Mullen, 2005; Webster et 
al., 1990).

5.4 General Discussion
In this study, we tested the presence of dependencies in feature processing 
during conjunction search.  We measured observers’ color and orientation 
discrimination performance as a function of providing partial advance infor-
mation about color or orientation present in the visual objects of a subsequent 
search display.  In the first experiment, we determined relative feature discrim-
ination accuracy with respect to no advance information. In the second experi-
ment we further determined the relative effects of selectively precueing color or 
orientation information as well as precueing spatial locations without showing 
any color or orientation information.  We additionally manipulated the amount 
of time to process the partially advanced information.

Previous studies (Hannus et al., 2005; Hannus et al., 2006, presented in 
Chapters 2 and 4) had suggested that during the search for conjunctions of color 
and orientation, color discrimination performance is significantly higher than 
orientation discrimination performance despite having equalized color and ori-
entation discriminability at the feature level.  The main finding of our current 
experiments is that precueing of chromatic unspecific orientation information 
and achromatic specific orientation information clearly affects subsequent fea-
ture discrimination performance during conjunction search.  Interestingly, the 
effects we revealed are asymmetrical.  Contrary to what has been found previ-
ously (Olds et al., 2009; Zhuang & Papathomas, 2011), our findings suggest that 
relatively long achromatic precueing of locations with target (and nontarget) 
orientations improves subsequent orientation discrimination.  However, our 
most intriguing finding was that such an improvement simultaneously reduces 
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5.4 General discussion

color discrimination performance.  Specifically, when we compared how much 
the advance presentation of achromatic information about orientations of sub-
sequent conjunction stimuli differs from feature discrimination performance 
without any PC or achromatic cueing of the locations without any orientation 
information, we found that the relative improvement in orientation discrimina-
tion performance is accompanied by a decrease in color discrimination perfor-
mance.  This finding is perhaps even not so surprising and could be the result of 
competition not only between objects as proposed by the original biased com-
petition model (Desimone & Duncan, 1995; Duncan, 1996; Duncan et al., 1997) 
but also between features bound to the individual objects.  We have recently 
been able to demonstrate this kind of competition between objects’ features in 
somewhat similar study of selection for action (Chapter 3).  In particular, we 
showed that compared with pointing, the intention to grasp enhances the top-
down weighting of grasping-compatible orientation whereby it decreases CDA.  
Accordingly, our results are in line with the idea that features are not processed 
independently of each other.

What happens when the PCs are chromatic unspecifically oriented bars?  
Importantly, precueing of chromatic information that did not contain relevant 
orientation information yet did contain some unspecific orientation informa-
tion, did not affect color and orientation discrimination differentially.  Although 
there was a relative gain in CDA as compared with non-precued conjunction 
search, it was not significantly higher than ODA.  Thus, chromatic unspecifi-
cally oriented PCs enhanced subsequent color discrimination performance 
while leaving orientation discrimination performance unaffected.  Given that 
in our second experiment, the RG-45° condition had a rather similar effect on 
color discrimination performance as the RG-0° condition, we would argue that 
this implies a small and fast facilitation of color discrimination.  Differently, 
the RG-0° produced a small decrease in subsequent orientation discrimination 
performance while the RG-45° did not.  We suggest that although the RG-45° 
did not contain orientation information that could be used for selecting poten-
tial targets, it nevertheless contained uniform but unspecific orientation infor-
mation that may have been used to activate chromatically sensitive orientation 
mechanisms.  Likely, this is facilitated by the generally broad orientation tuning 
of chromatically tuned orientation selective channels (Beaudot & Mullen, 2005; 
Webster et al., 1990).

Additional evidence for the idea that the inappropriate (for the conjunc-
tion search task) mechanisms were activated by the Ach-45±° and appropriate 
mechanisms by the RG-45° comes from evaluating correct target selection.  We 
found that after precueing with chromatic unspecifically oriented information 
the probability to perform a correct target selection increases compared with 
no precueing condition, and this increase is positively related to the duration 
of precueing.  In contrast, achromatic specifically oriented information PC de-
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creased the probability to select the correct target compared to no PC condi-
tion.  Furthermore, this decrease was also related to the duration of PC; longer 
precueing resulted in a larger decrease.  The explanation for this would be that 
the Ach-45±° activated orientation mechanisms that could not be used for the 
actual conjunction target search task (even though it did selectively improve 
orientation discrimination).  Hence, after the chromatic information was add-
ed to create the complete stimulus, to complete the task, conjunctively tuned 
mechanisms had to be activated.  Therefore, such an achromatic orientation PC 
provides no net benefit, and in fact, even reduces target selection performance.  
On the other hand, precueing with the chromatic yet unspecifically oriented PC 
did activate the appropriate conjunctively tuned mechanisms for performing 
the actual conjunction search task, resulting in a net increase in target discrim-
ination performance.

5.5 Conclusions
Using selective precueing of feature information, we found evidence for depen-
dent processing of color and orientation information in visual search.  Our re-
sults corroborate previous evidence for the involvement of chromatically-tuned 
orientation-sensitive channels in the search for color-orientation combinations.  
Moreover, these results are in agreement with computational evidence suggest-
ing that primary visual cortex contains conjunctively tuned mechanisms that 
could serve to create a salience map that guides eye-movements and attention.  
Our results additionally suggest that the top-down direction of attentional se-
lection toward orientation induces a competition between orientation and color 
processing. 
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Chapter 6

Epilogue

Biased Competition Between 
Object Features



The aim of this thesis was to gain a better understanding on how different visual 
features such as colors and orientations are combined in the visual system de-
pendent on action-related behavioral intentions and stimulus-driven physical 
properties.  Using psychophysical measures, we have described interferences 
between these two sources of attentional modulation.  In this final chapter, a 
brief summary of the empirical results of this thesis will be presented together 
with a summary of conclusions, limitations, and suggestions for future studies.

The results of this thesis provide evidence that in the visual modality fea-
ture dimensions compete for attentional selection.  Importantly, the results 
indicate that in conjunction search, the visual selection is prioritized for infor-
mation about object color relative to object orientation.  This prioritization is 
consistent with the presence of color and orientation sensitive channels.  The 
results also confirmed that top-down modulation driven by either action inten-
tion or sustained precueing could, at least to some extent, counter this strong 
preference for color selection.  The specific claims tested in this thesis were as 
follows.  First, action-related top-down modulation selectively enhances the se-
lection of the action-relevant visual feature.  Second, this selective enhancement 
is not an isolated process at the level of a particular feature value but is an inte-
grative element of cognitive processing.  Third, while overt conjunction search 
behavior—by default—is biased toward color, this can be adaptively changed by 
top-down information directed toward the orientation dimension.

Chapter 6. Epilogue

112



6.1 Summary of Findings
6.1.1 Action-related bias in conjunction search

The experiments presented in Chapter 2 tested whether planning of manual 
actions produces a selective bias toward processing of the action-relevant vi-
sual feature or a biased competition between action-relevant and behaviorally 
neutral feature.  Specifically, conjunction search tasks combining color and ori-
entation dimensions were designed where observers either pointed or imitated 
grasping movements toward visual objects on the screen while their gaze be-
havior was monitored.  In order to explore the mechanisms of the bias toward 
processing of the action-relevant visual feature, we manipulated the load on 
cognitive processing.  In the first experiment, we aimed to equalize the stim-
ulus-driven amount of information about colors and orientations in the visual 
array and modulated cognitive load by varying the number of conjunction stim-
uli in the array.  In the second experiment, we further aimed to increase the task 
demands by considerably decreasing the discriminability of the behaviorally 
neutral feature and therefore to bias visual processing toward this feature di-
mension.  It was expected that if the action-related bias affects only processing 
of the action-relevant feature (i.e., orientation), the effect should not depend on 
the discriminability of the behaviorally neutral feature (i.e., color).  Differently, 
if the increased load on processing of behaviorally neutral feature is accompa-
nied by decrease in the selective bias toward action-relevant feature, this would 
suggest that a biased competition between features takes place, which, in turn, 
indicates that the action-related bias operates at a very early level of attentional 
selection.

In the first experiment, participants demonstrated improved orientation 
discrimination performance in the grasping task as compared with the point-
ing task.  Importantly, the color discrimination performance remained approxi-
mately equal for both the pointing and the grasping tasks.  This finding suggests 
that action intention has the power to bias visual selection toward the action-rel-
evant visual feature.  However, this effect appeared only under lower cognitive 
processing load and disappeared when set size was increased, suggesting lim-
itations for selective bias toward action-relevant feature.  In the second exper-
iment, i.e., under lower discriminability of the behaviorally neutral feature, no 
bias toward processing of the action-relevant feature appeared, indicating that 
increased load on one feature dimension (even though behaviorally neutral, still 
relevant for completing the search task, and, therefore) reduces the possibility 
to selectively prioritize the action-relevant feature.  In summary, these findings 
can be interpreted as evidence for a biased competition between action-relevant 
and behaviorally neutral feature dimensions.

6.1 Summary of findings
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6.1.2 Action-related biased competition in feature search

A further example for the action-related interference between visual feature di-
mensions was provided in Chapter 3.  This study was designed to specifically ex-
plore the effects of action intention on the processing of a behaviorally neutral 
visual feature dimension.  The experiment addressed the decline in discrimi-
nation performance of a behaviorally neutral visual feature as a function of 
manual tasks.  Specifically, this study demonstrated that processing of stimuli 
defined on perceptual dimension related to a certain manual action interferes 
with a dimension not related to the action.

The presented experiment required observers to perform either a singleton 
color search task or orientation search task while pointing at or imitating grasp-
ing the target.  Prior to the experiment, individualized stimuli were prepared 
for each participant in order to control for potential individual differences in 
feature discrimination ability.  The crucial aspect of the experimental design 
was the color search task where the orientation of the stimulus objects was still 
relevant for performing grasping task.  Particularly, in order to imitate grasp-
ing the target, the observer had to process even the homogenious orientation of 
color-defined objects, whereas pointing to the color singleton did not require 
any orientation processing.  Therefore, a relatively higher demand for orien-
tation processing in the grasping condition compared with the pointing con-
dition was expected along with a concurrent decrease in color discrimination 
performance.  Differently, in the orientation search task, the only relevant fea-
ture for guiding visual search was the orientation, as it was defining the search 
for the target as well the execution of the action in both grasping and pointing 
conditions.  Consequently, approximately equal visual search accuracy in both 
pointing and grasping was expected in orientation search tasks.

Comparison of feature discrimination performance in color and orienta-
tion search tasks showed a discrimination-efficiency trade-off in feature-based 
selection for action.  Importantly, manual task selectively interfered with dis-
crimination of the behaviorally neutral feature, i.e., in the color search task the 
visual search accuracy decreased when grasping was required in comparison 
with the pointing condition.  In contrast, the manual task did not affect visual 
search accuracy in orientation search tasks.  Taken together, these results sug-
gest that decrease in color discrimination accuracy in grasping condition is due 
to biased competition between color and orientation bound to the object.  The 
findings presented in Chapter 3 complement those of Chapter 2 by providing 
further support for the conclusion that selective enhancement of action-rele-
vant visual feature cannot be explained by isolated privileged processing of the 
action-related feature dimension or a particular value of the feature.  Therefore, 
this study strengthens the idea that action intention modulates even the activa-
tion of the feature dimension neutral for the manual task and a biased competi-

Chapter 6. Epilogue

114



tion between visual feature dimensions takes place.

6.1.3 Stimulus-driven bias toward color discrimination

Chapter 2 revealed that in conjunction search, observers more frequently tend 
to direct their initial saccade toward the target color rather than the target ori-
entation, even when the color contrast was minimal.  The experiments reported 
in Chapter 4 were carried out in order to further verify such asymmetric fea-
ture discrimination performance in conjunction search.  Importantly, based 
on prominent theoretical models of visual attention, one would predict that vi-
sual features that are equally discriminable in singleton feature search should 
remain so in conjunction search.  This prediction was carefully tested in three 
experiments.  Notably, again, individualized stimuli were prepared for each 
participant in order to cautiously control for potential individual differences in 
their feature discrimination ability.  Similarly to our previous studies, a visual 
search paradigm was used and gaze behavior served as the dependent measure.

In the first experiment, individual feature contrast thresholds necessary 
to obtain 70% correct responses in singleton color and orientation search were 
determined prior to the main experiment.  Next, singleton search tasks were 
conducted using those 70% individual discrimination thresholds.  Finally, these 
same contrasts were used to assess performance for each feature in a conjunc-
tion search task.  Results clearly demonstrated that feature contrasts yielding 
equal performance in singleton search nevertheless result in a strong perfor-
mance asymmetry in conjunction search.  Specifically, color and orientation 
contrasts equalized at the feature level and bound together into conjunction 
stimuli yielded a significant decrease in orientation discrimination accuracy in 
conjunction search.  The second experiment was conducted in order to control 
for a potential speed-accuracy trade-off due to the substantially longer saccadic 
latencies in conjunction search as compared to singleton search tasks.  In spite 
of a reduced stimulus presentation time, the reduction in orientation discrimi-
nation accuracy in conjunction search reappeared.  A third experiment further 
confirmed the presence of this feature discrimination asymmetry by demon-
strating that the same kind of asymmetry also emerged in a conjunctive search 
for color and size.

In conclusion, results of all three experiments demonstrated that discrimi-
nation accuracy in singleton search does not predict discrimination accuracy in 
conjunction search.  This finding indicates that visual features bound together 
are not processed independently and that stimulus-driven information biases 
visual search toward color.  One potential explanation is that different visual 
channels are used in feature and conjunction search whereas a competition be-
tween color and orientation processing would be another interpretation.  How-
ever, as it was not possible to confirm any of those explanations, a fourth study 
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was designed.

6.1.4 Biased competition in precued conjunction search

In Chapter 5, the underlying mechanisms of the feature discrimination asym-
metry in conjunction search were further explored.  Additional to the account 
proposed in Chapter 4 about using conjunctively tuned channels in conjunction 
search, a biased competition explanation was tested.  Specifically, the tempo-
ral disassociation of feature presentation was used to provide observers with 
advanced information about the spatial distribution of either colors or orienta-
tions of the subsequent visual search array.  In this way, a top-down bias toward 
one of the target features was induced.  Similarly to experiments presented in 
Chapters 3 and 4, individualized stimuli were used based on participants' single 
feature discrimination ability. 

Results of the first experiment revealed that longer precueing with the ori-
entation values without any chromatic information of the conjunction objects 
resulted in a relative gain in orientation discrimination accuracy and a simul-
taneous decrement in relative color discrimination accuracy.  In contrast, pre-
cueing with chromatic precues that contained some but irrelevant orientation 
information had no differential effect on the subsequent relative feature dis-
crimination accuracy.  This result confirmed the hypothesis of interdependent 
feature processing in line with the idea of biased competition between features.  
The second experiment further supported the notion that salience-based con-
junction search for color and orientation combinations seems to be biased to-
ward color whereas sustained top-down orientation bias can reverse this effect.

In the light of the current findings, it would be reasonable to suggest that 
the initially contrasted explanations of biased competition and conjunctively 
tuned visual mechanisms (as presented in Section 5.3) may be explanations at 
different levels for one and the same phenomenon.  It is plausible to propose 
that biased competition between visual features is the behavioral manifestation 
of the effect of the neural underpinning of conjunctively tuned visual channels.  
Future studies are invited to further test if the biased competition between fea-
tures arises because of the very existence and use of conjunctively tuned chan-
nels.

6.2 Conclusions
The four psychophysical studies reported in this thesis investigated the inter-
actions between action-related and stimulus-driven effects on visual selection.  
Taken together, the present studies provide strong evidence for the assump-
tion of biased competition in feature-based visual selection.  Three studies of 
the present thesis suggest that on the basis of the stimulus-driven informa-
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tion, the visual selection is—by default—biased toward color discrimination.  
However, two of the studies also provide new support for the crucial role of 
action-related attentional mechanisms in visual selection.  The results indicate 
that action intention can bias the competition between the action-relevant and 
stimulus-driven saliences in visual selection.

6.3 Future Perspectives
Having demonstrated competitive selection between action-relevant and sa-
lience-driven feature dimensions, subsequent studies investigating additional 
sources of attentional modulation could provide further support for the pro-
posed biased competition between visual feature dimensions.  Also, whilst the 
findings of the presented studies shed new light on the processes of selective 
visual attention, I aware that our research has some delimitations and limita-
tions.  Specifically, the design of the experiments presented in Chapters 2 - 4 
did not address the functions of visual working memory in the search behavior.  
Still, visual working memory is one fundamental component process of visual 
attention that allows to absorb and maintain relevant visual information for the 
upcoming decisions and behavior.  Working memory controls top-down mod-
ulation of neural representations of information that is used for cognitive con-
trol of action planning (Miller & Cohen, 2001).  It is important to acknowledge 
that visual working memory and visual attention are inextricably intertwined.  
On the one hand, when observer attends to an object, information associated 
with that object enters visual working memory, on the other hand, information 
in visual working memory is information that is associated with attended ob-
jects (LaBar et al., 1999).  Visual search tasks that were used in the presented 
experiments require formation of representations of target objects or search 
templates (Duncan & Humphreys, 1989; Wolfe, 1994) that are represented in 
visual working memory.  The design of the presented studies did not address 
the process of forming search templates and competitive processes in the vi-
sual working memory.  However, it is important to bear in mind the possibility 
that bias could be induced in the working memory.  Indeed, perhaps the most 
serious limitation of the current experimental design was the inability to ex-
clude the possibility that the prioritization of color processing in conjunction 
search takes place in the visual working memory.  Hence, it could be that fea-
ture discrimination accuracy appeares to be biased towars color because for 
some reason color obtains a higher status in the search template (cf. Olivers, 
Peters, Houtkamp, & Roelfsema, 2011).  One could argue that color might some-
how acquire a privileged representation in the visual working memory, rather 
than in the selection process.  For instance, it is possible that observers in the 
present studies were able to improve color discrimination accuracy in conjunc-
tion search tasks due to adopting a categorization strategy that is not necessary 
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for singleton search.  Although this possibility was discussed in Section 4.5.3, I 
suggest that future research is also needed to control for observers developing 
memory-related search strategies.  One particular solution against verbally me-
diated color categorization would be to use several color values within the same 
color dimension, e.g., different hues of a non-prototypical color.  In addition, to 
expand the knowledge on the range of action-related bias in selection-for-ac-
tion and attentional selection, it would be very interesting to investigate visual 
search performance after explicitly manipulating the formation of search tem-
plates in the visual working memory.

Given that the focus of the studies was on contrasting visual search effi-
ciency across cognitive and stimulus-driven experimental manipulations, I did 
not address the bottom-up inter-trial priming effects due to changes (or con-
stancy) of the target-defining feature across the successive search displays (e.g., 
Becker, Harris, Venini, & Retell, 2014; Burnham, 2015; Theeuwes, 2013).  How-
ever, to further the current research, I suggest that it would be advantageous 
to additionally manipulate the sequential presentation of target features and 
differentially analyse its effect on subsequent feature discrimination accuracy 
as a function of manual tasks and bottom-up salience. 

Our currently used approach points at the potential role of conjunctively 
tuned visual mechanisms in conjunction processing.  However, the exact nature 
of these remains to be determined.  These could be hardwired such as conjunc-
tively tuned simple cells in primary visual cortex.  However, earlier studies have 
proposed that different kinds of feature binding are possible, both ad hoc bind-
ing of any feature conjunctions due to neural synchronization and also conjunc-
tion detection of familiar feature combinations (Hommel & Colzato, 2009).  The 
prospect of being able to differentiate between different modes of conjunction 
search serves as continuous spur to future research.

The presented studies also suggest future avenues for neurophysiological 
validation of a biased competition account of feature-based selection.  Compet-
itive interactions between feature dimensions encourage functional neuroim-
aging of the neural mechanisms that enable this kind of dynamic assignment of 
attentional weights to feature dimensions as a function of the behavioral task.  
Results so far have been promising and have shown that action planning mod-
ulates neural activity related to action relevant visual features in V1 (Gutteling 
et al., 2015).  Similarly, attention to color has manifested in the neural respons-
es in color-sensitive cortical areas (Chawla et al., 1999; Liu et al., 2003; Saenz 
et al., 2002).  A conjunction search task should probably reveal corresponding 
activation pattern in occipital and occopito-temporal regions, resulting from a 
contrast of the pointing and grasping conditions and being predictive of gaze 
behaviour.   Functional interactions between ventral and frontoparietal regions 
could reveal directionality in the coupling between brain areas that orchestrate 
the allocation of selective visual attention.
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The final recommendation for future studies comes from one particular 
strength of the experimental design used in the present thesis.  Specifically, as 
long as the feature contrasts have not been matched and feature values are not 
adjusted by means of individual psychometric curves, it is impossible to distin-
guish between biases resulting from salience differences, sensory effects, and 
action intentions.  Therefore, I recommend that studies aiming to compare de-
tection, discrimination or other performance measures over different feature 
dimensions should consider, firstly, equalizing feature contrasts, and, secondly, 
doing so at the individual level for each participant 
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Correction Procedure
Close inspection of the data revealed that there was a significant spatial bias in 
the distribution of the errors.  We found that many more errors were saccades 
to one of the immediate neighbors compared to more distant distractors, espe-
cially in single feature search.  As will be explained below, this probably means 
that in part of the trials in which participants successfuly identified the target 
feature, they made a saccade toward one of the neighboring distractors. Since 
correction for this bias is expected to make the interaction effect only stronger 
(as explained at the end of this Appendix), we considered it justified to do the 
statistical analyses on the raw data. 

In addition to this spatial bias, the a priori probabilities of hitting a target 
feature were different in single feature and conjunction search.  Because this 
difference was the same for all features, we also did not correct for this when we 
assessed interaction effects. 

These two effects give a rather distorted picture of absolute performance 
and make it impossible to directly compare single feature search performance 
with conjunction search performance.  This is the reason why we corrected for 
these effects.  Below, we describe in detail how this was done.  This procedure is 
identical for both color/orientation and color/size experiments, and we discuss 
here the former.

Spatial bias in errors

A close look at the spatial distribution of the errors revealed that it was not uni-
form.  More specifically, many more errors were due to saccades toward dis-
tractors immediately neighboring the target than to more distant distractors 
(Figure A1). 

If we define the distance between the target and its immediate neighbors 
to be 1, the distance between the target and the direct neighbors of its neighbors 
as 2, and so forth, then there was a large bias toward errors with a distance of 
1 to the target compared to errors with a distance of 2, 3, 4, 5, or 6 to the target.  
In case of a uniform distribution, we should have found each distance to ac-
count for about 17% of the errors.  However, we see that, on average, 56% of the 
errors in single feature search and 25% in conjunction search had a distance of 
1, while the remaining errors with distances 2 to 6 were more or less uniform-
ly distributed.  A large part of this bias can probably be explained by partici-
pants searching for and making saccades to discontinuities, rather than specific 
items (Findlay, 1997).  But since there was also a small bias in conjunction search 
(where searching for discontinuities does not help to solve the task), there must 
be other causes as well (e.g., inaccuracies in the planning of the initial saccade).  
For the purpose of comparing performance in single feature and conjunction 
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search, we believe it is reasonable to consider as hits part of the errors that have 
a distance of 1 to the target.

We transformed the data such that after correction the resulting distribu-
tion of errors was uniform (i.e., after correction, each distance accounted for 
about 1/6th of the total number of errors).  We first estimated how many of the 
errors with a distance of 1 were expected to be due to errors in discrimination 
(i.e., errors due to considering a distractor feature as a target feature) and how 
many were due to errors in saccade programming or made to a location repre-
senting local inhomogenities in global texture (i.e, errors due to saccades to-
ward an immediate neighbor of the correctly identified target).  Assuming that 
all errors with distances from 2 to 6 were discrimination errors, the average 
number of errors at these positions was used as an estimate of the number of 
discrimination errors at distance of 1.  The remaining errors at distance of 1 are 
assumed to be saccade errors; correction consists of considering these as hits.

In single feature search, this correction consists of subtracting the esti-
mated number of saccade errors at a distance of 1 from the total number of error 
responses and adding this to the correct responses.  In conjunction search, the 
situation is slightly more complicated, because there are three types of error 
responses.  As the amount of distractors was the same for each of these three 
types, each kind of distractor had the same probability to be a neighbor of the 
target.  Therefore, the probability of a saccade error resulting in one type of er-
ror over another was the same for all three kinds of errors.  Thus, correction of 
conjunction search data consists of adding the estimated number of saccadic 
errors to the correct responses and subtracting one-third of this number from 
each error response type. 

Correction procedure
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Figure A.1: The spatial 
distribution of errors as a 
function of distance from 
the target in single fea-
ture search (color) and 
conjunction search of 
Experiment 1.  The imme-
diate neighbors of the 
target have a distance 
of one, whereas the 
most distant ones have a 
distance of six.  In single 
feature search, there is 
a bias toward the imme-
diate neighbors of the 
target.
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Guessing rate correction—rationale 

In single feature color search, the a priori probability of choosing an item with 
correct color is 1/13.  The same holds for correctness of orientation in orientation 
search.  In conjunction search, however, the a priori chance of having the color 
correct is 5/13 (the target as well as four of the nontargets have the correct col-
or).  Also, the chance of having orientation correct is 5/13.  This means that the 
a priori probabilities of a feature hit are different in single feature and conjunc-
tion search.  To be able to compare single feature search results directly with 
conjunction search results, we need to correct for this.  We have done this by 
making use of the following two assumptions:

1. If a particular feature was identified, then the selected item will possess 
this feature (i.e., participants use the information they have).  Thus, if a partici-
pant identified, for example, the target color, then we assume that the response 
was either “hit” or “color correct” in conjunction search and “hit” in single fea-
ture search (see Analysis and Statistics for details about response types).

2. If a particular target feature was not identified, then this feature does 
not play a role in the selection process (i.e., missing information is guessed).  
Thus, if, for example,  a participant, did not identify an item with the target col-
or, he or she guessed with respect to color.  For conjunction search this means 
that if he or she also did not identify the orientation, the response was purely 
random; but if he or she did identify an item with correct orientation, then the 
response will be either “hit” or “orientation correct” (with probabilities propor-
tional to the number of “hit” and “orientation correct” items).

Guessing correction—single feature search

From Assumption 2, it follows that in single feature search in 12 out of 13 times 
that a participant was not able to locate the target, this resulted in an “error” 
response and 1 in 13 times this resulted in a “hit” response.  In other words, the 
number of error responses reflects only 12/13 of the number of discrimination 
errors (we distinguish between “responses” and “discriminations”.  The former 
refers to the response that has been logged, whereas the latter refers to informa-
tion that a participant had at the moment of the saccade).  Combining this with  
the first assumption—from which it follows that all discrimination hits resulted 
in hit responses—leads to the following two equations:
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Rewriting gives:
  

These two equations were used to remove the effects of guessing from the 
single feature search data.

Guessing correction—conjunction search

In conjunction search, there are four instead of two possible types of discrim-
ination (“hit”, “color correct”, “orientation correct”, “double error”), as well as 
four corresponding types of responses. Assumption 1 implies that, again, a dis-
crimination hit will always result in a hit response.  However, from Assumption 
2, it follows that in all other cases, a certain amount of guessing is involved, 
making the response type probabilistic.  For example, when only the correct col-
or was identified, the probability that this resulted in a hit response was 1/5, and 
the probability that it resulted in a correct color response was 4/5.  Table A1 gives 
an overview of the response probabilities for all discrimination types.

From this table, it follows that each of the response counts is a linear com-
bination of one or more discrimination counts.  This gives us a linear system of 
four equations with four unknowns:

By matrix inversion, we get:

These four equations were used to remove the influence of guessing from 
the conjunction search data.
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Results of corrections

The correction for the spatial bias in the error consists of redistributing correct 
responses over error responses.  It therefore increases the count of correct re-
sponses and decreases that of error responses and, consequently, results in a 
performance increase.  Given that this spatial bias was substantially larger in 
single feature search than in conjunction search, performance in single fea-
ture search increases more than performance in conjunction search.  (Compare 
Figure A2A and A2C, which show uncorrected and error bias corrected data, 
respectively.)  Correction for differences in a priori chances has the opposite 
effect: by decreasing the number of correct responses and increasing the num-
ber of errors, it results in a decrease in performance.  Guessing chances in con-
junction search were higher than in single feature search and, consequently, 
correction for guessing mostly affects conjunction search performance.  (Com-
pare Figure A2A and A2B, which show uncorrected and guessing-corrected 
data, respectively.)  After combining both types of correction (Figure A2D), we 
can directly compare performance in single feature and conjunction search. 

Note that the corrections make the difference between orientation perfor-
mance in single feature and conjunction search larger, whereas it makes the 
difference between color performances in these two types of search smaller.  
Therefore, although we found an interaction effect already in the uncorrected 
data, it is to be expected that the effect is even larger in the corrected data.

                              Discrimination
Response  Hit Color      Orientation Double 
                        Correct         Correct   Error

Hit      1    1/5              1/5     1/13
Color Correct       4/5         4/13
Orientation Correct                    4/5     4/13
Double error                            4/13

Table A.1. Probability Distribution in Conjunction Search.
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Figure A.2: The effects of different corrections illustrated for Experiment 1. Panel A, uncorrect-
ed data; Panel B, data after guess correction; Panel C, data after correction for spatial bias 
in errors; Panel D, data after applying both corrections. Bars show standard errors.
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English Summary

Our visual system is able to focus on those aspects of our surrounding that are 
relevant for what we want to do: this is called selective visual attention.  My the-
sis is dedicated to refining our understanding of this brain process.  I posed two 
main questions: how is selective attention influenced by what we intend to do 
with objects that we can see (our action intention) and how is it influenced by 
the aspects of the shape of the objects (their physical properties).

To answer these questions, I used visual search experiments.  In such an ex-
periment, the participant has to find one particular object (the target) amongst 
many others that look very similar (distractors).  These objects were placed in a 
circle around the centre of the screen.  To assess the selective visual attention of 
a participant, I tracked her eye movements to determine which object she first 
looked at (this is possible because eye-movements almost always tend to fol-
low attention).  In my experiments, I varied (a) aspects of the objects (i.e., their 
color, but also aspects of their shape: orientation or size) to manipulate how 
“eye-catching” they are (also called their perceptual salience), and (b) the hand 
movement that the participant had to make in the direction of the target (once 
found) to influence the intention (this could either be a pointing or a grasping 
movement).

Each of the objects in my search experiments consisted of a combination 
of a color and a shape aspect (orientation or size), referred to as conjunction 
stimuli.  The target had a unique combination of color and shape, which the par-
ticipant was briefed about shortly before the trial.  The distractors shared either 
the colour or the shape with the target.  Participants had to search for the target 
while keeping their eyes fixated on a dot in the middle of the screen.  Once they 
(thought they) had detected which object was the target, they had to make an 
eye-movement to this object.  In the analysis, I kept track of how often the eyes 
moved to an object with the target’s color or the target’s shape.  Thus, the select-
ed object could not be the target, but still have the proper color or shape.  This 
procedure allowed us to differentiate between the feature discrimination accu-
racy for color and for orientation (or size).  These accuracies were compared for 
the different experimental manipulations. 

First, I studied whether the planning of different hand movements affects 
the processing of visual information.  In a conjunction search task with objects 
that combined equally salient color and orientation, observers were asked to 
plan either a pointing or a grasping movements towards the target.  The idea 
behind it was that pointing is a task which does not require precise orientation 
processing whereas grasping does.  In other words, orientation is therefore an 
action-relevant feature, whereas colour is action neutral.  I found that grasping 
indeed improves orientation discrimination accuracy  but leaves color discrimi-
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nation accuracy untouched.  Interestingly, this improvement in orientation dis-
crimination was absent for low color contrast.  Therefore, the findings suggest a 
biased competition between the action-relevant and the action-neutral features.  
A further study addressed the dependence of color discrimination performance 
on the hand movement task.  I found that grasping deteriorates color—but not 
orientation—discrimination performance in comparison to pointing.  I argue 
that grasping required the processing of orientation, even when it was not rele-
vant for the search task itself.  Thus, grasping interfered with color processing. 
These findings indicate that the observer’s intention to make a hand movement 
influences attentional selection and suggest a biased competition between the 
different visual features of the objects.

Secondly, I studied the influence of salience.  Prior to my experiments, I 
made sure that the colors and shapes that I used had equal perceptual salience. 
Therefore, the conjunction stimuli used in the experiments combined color and 
shape balanced for saliency.  My expectation was, therefore, that a participant 
would equally often look at an object with the target shape as with the target 
color.  A series of three experiments demonstrated that this assumption was not 
correct. I found a strong feature discrimination asymmetry in the conjunction 
search tasks.  In the conjunction search tasks the shape discrimination perfor-
mance substantially decreased.  This indicates a strong bias towards color pro-
cessing.  In two additional experiments, such a bias was confirmed.  FInally, 
I showed that informing the participant ahead of time (pre-cueing) about the 
orientation of each object improves orientation discrimination accuracy, while 
simultaneously decreasing color discrimination accuracy.  In contrast, precue-
ing with color information does not affect subsequent orientation discrimina-
tion but increases color discrimination.  These results indicate an innate bias in 
attentional selection in favor of color.  

In summary, my studies have shown that visual selection—by default—is 
heavily biased towards color and is subject to competition between features.  Ac-
tion intention can change this bias towards the action-relevant properties of 
objects.  From this, I conclude that biased competition is an integral aspect of 
attentional selection that operates at both the object and the feature level.  Fur-
ther work needs to be done to establish whether this biased competition may be 
the result of using conjunctively tuned neurons in visual processing.
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Nederlandse samenvatting

De strijd om de aandacht: 
Hoe actie-intentie en de waarneming 

onze aandacht beïnvloeden tijdens visueel zoeken 

Niet alle visuele informatie die binnenkomt bij ons krijgt evenveel aandacht.  
Bij de verwerking van informatie maken onze hersenen keuzes. Deze keuzes 
worden beïnvloed door datgene wat we van plan zijn te gaan doen en datgene 
waar we naar kijken. 

De visuele informatie die via onze ogen binnenkomt is teveel om allemaal 
door onze hersenen verwerkt te worden.  Daarom moeten onze hersenen voort-
durend keuzes maken over wat wel en wat niet in detail verwerkt wordt. Het 
proces van keuzes maken wordt selectieve aandacht genoemd.  Deze selectieve 
aandacht kan gericht worden op beeldkenmerken zoals kleur of ruimtelijke 
oriëntatie.  Hoe dit precies werkt is nog niet bekend.  In dit proefschrift heb ik 
daarom onderzocht of wat we van plan zijn te gaan doen ("de actie-intentie") in-
vloed heeft op de neiging om tijdens het visueel zoeken meer of minder te letten 
op bepaalde beeldkenmerken.  Ook heb ik onderzocht hoe de waargenomen ei-
genschappen van het beeld ("de stimuluskenmerken") deze neiging beïnvloedt.

In mijn onderzoek liet ik proefpersonen zoeken naar een voorwerp met 
bepaalde kenmerken.  De voorwerpen waartussen een keuze gemaakt moest 
worden waren balkjes met elk een kleur en ruimtelijke oriëntatie.  De taak van 
de proefpersoon was om een voorwerp met een bepaalde combinatie van kleur 
en oriëntatie te vinden.  Vervolgens onderzocht ik de neiging van de proefper-
sonen om tijdens het zoeken meer op de kleur of op de ruimtelijke oriëntatie 
van de voorwerpen letten.  Dit deed ik door te meten waar ze hun ogen naartoe 
bewogen en na te gaan voor welk van de twee kenmerken de proefpersonen de 
meeste goede keuzes maakten. 

Op basis van mijn studies lijkt het erop dat er bij het zoeken — standaard 
— de neiging is om de aandacht eerst op de kleur van voorwerpen te richten.  
Dit was ondanks het feit dat ik van tevoren nauwkeurig de opvallendheid van 
de kleuren en ruimtelijke oriëntaties van de voorwerpen gelijkwaardig had ge-
maakt.  Echter, ik vond tevens bewijs voor een actie-gerelateerde invloed: als 
het de intentie van de proefpersoon was om een gevonden voorwerp te gaan 
grijpen, zorgde dit ervoor dat de aandacht veel sterker gericht werd op de rui-
mtelijke oriëntatie.  Dat is te verklaren omdat dit kenmerk van belang is bij het 
grijpen, terwijl kleur dat niet is. 

De resultaten leveren daarom bewijs op voor een "strijd om de aandacht" 
tussen de kleur- en oriëntatiekenmerken ("biased competition").  Nader onder-
zoek gaf aan dat deze competitie waarschijnlijk komt doordat het visueel sys-
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teem neurale mechanismen kan inschakelen die of heel gevoelig zijn voor rui-
mtelijke oriëntatie alleen, of gevoelig zijn voor de combinatie van ruimtelijke 
oriëntatie en kleur.
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Võistlus tunnuse valimisel:
Tegevusega seotud ja stiimulist sõltuvad 

kallutatud võistlused nägemisotsingul

Meie nägemissüsteem on võimeline keskenduma just nendele ümbritseva 
keskkonna aspektidele, mis on tähtsad tegevuse seisukohalt: seda nimetatakse 
valivaks tähelepanuks.  Minu väitekirjas esitatud töö eesmärgid on suunatud 
valiva tähelepanu aluseks olevate psüühikaprotsesside mõistmisele.  Püstitasin 
kaks peamist uurimisküsimust: kuidas mõjutab valiva tähelepanu tööd kavat-
sus vaateväljas olevate objektidega midagi teha (tegevuskavatsus) ja kuidas mõ-
jutavad valiva tähelepanu tööd vaateväljas olevate objektide erinevad aspektid 
(nende füüsilised tunnused).

Nimetatud küsimustele vastamiseks viisin läbi nägemisotsingu katsed.  
Kõikides katsetes pidi osaleja leidma üles ühe kindla objekti (sihtmärgi) palju-
de teiste hulgast, mis paistsid väga sarnased (segavad stiimulid).  Kõik objek-
tid esitati arvutiekraanile ja nad paiknesid seal ringikujuliselt.  Osaleja valiva 
tähelepanu mõõtmiseks jälgisin ma tema silmaliigutusi, et saada teada, millise 
objekti peale ta otsingut alustades esimesena oma pilgu suunab.  Sellise uuri-
mismeetodi eelduseks on asjaolu, et silmaliigutused näitavad peaaegu alati 
tähelepanu liikumise suunda.  Oma uurimustes varieerisin ma ühest küljest 
objektide tunnuseid (värvust ja kujuga seotud aspekte ehk ruumilist orientat-
siooni ja suurust) selleks, et sihipäraselt muuta objektide „silmatorkavust“ ehk 
tajulist esilekerkivust teiste objektide seast.  Teisest küljest varieerisin ma kahes 
katses ka veel tegevuskavatsust ehk seda, milliseid käeliigutusi pidi osaleja siht-
märgi suunas tegema siis, kui selle üles leiab —  käeliigutuseks oli kas sihtmär-
gile osutamine või selle haaramine.

Minu otsinguülesandes oli igal objektil värvus ja kuju (kas teatav ruumi-
line orientatsioon või suurus).  Selliseid mitme tunnusega objekte nimetatakse 
tunnuste kombinatsioonideks.  Sihtmärgil oli ainulaadne värvuse ja kuju kom-
binatsioon, mida näidati osalejale üheks lühikeseks hetkeks enne katse esitluse 
algust.  Osal segavatel stiimulitel oli sihtmärgiga sama värus (aga erinev kuju) 
või sama kuju (aga erinev värvus).  Osalejate ülesandeks oli leida sihtmärk üles 
nii kiiresti ja täpselt kui võimalik ja vaadata selle suunas.  Silmaliigutuste and-
meid analüüsides hindasin ma seda, kui sageli liikus otsingu esimene silma-
liigutus objektile, millel oli sihtmärgi värvus või sihtmärgi kuju.  See tähen-
dab, et mind huvitas just see, kui sageli leiab osaleja üles õige värvuse või õige 
kuju (isegi siis, kui objekti teine tunnus oli vale ja osaleja oli tegelikult oma pilgu 
suunanud hoopis mõnele segavale stiimulile).  Nii sain ma välja selgitada vär-
vuse ja orientatsiooni (või suuruse) eristamise täpsused.  Uurimisküsimustele 
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vastuste leidmiseks võrdlesingi neid täpsusi erinevates katsetingimustes. 
Esiteks hindasin ma seda, kuivõrd erinevate käeliigutuste planeerimine 

mõjutab visuaalsete tunnuste töötlemist.  Tunnuste kombinatsioonide otsingu 
ülesandes, kus objektidel oli võrdse esilekerkivusega värvus ja orientatsioon, 
palusin ma osalejatel kas teha sihtmärgi suunas osutamisliigutus või imiteeri-
da ekraanil selle haaramist nimetissõrme ja pöidla vahele.  Sellise ülesande loo-
mise aluseks oli eeldus, et osutamine ei nõua eriti täpset objekti orientatsiooni 
töötlemist, ent haaramine nõuab.  Teiste sõnadega on orientatsioon käelise 
tegevuse seisukohalt oluline tunnus, samal ajal kui värvus seda ei ole.  Ma 
leidsin, et haaramise kavatsus parandab orientatsiooni eristamise täpsust, sa-
mas värvuse eristamise täpsus käeliigutusest ei sõltunud.  Huvitaval kombel 
ei ilmnenud selline orientatsiooni eristamise paranemine aga siis, kui ma er-
inevuse sihtmärgi ja segava stiimuli värvuste vahel väga väikeseks tegin ehk 
värvuste kontrasti langetasin.  Kirjeldatud tulemus viitas kallutatud võist-
lusele tegevuse seisukohalt olulise ja neutraalse tunnuse vahel.  Edasises uuri-
muses võtsin eraldi luubi alla just värvuse eristamise täpsuse sõltuvuse käeli-
igutuse ülesandest.  Leidsin, et üksnes värvuse otsingu ülesandes vähendab 
haaramine värvuse eristamise täpsust võrreldes osutamise ülesandega.  Ma 
väidan, et tolles ülesandes nõudis haaramine ka värviliste objektide orien-
tatsiooni töötlemist, isegi kui orientatsioon ei olnud iseenesest õige vär-
vuse leidmise seisukohalt oluline, ja seetõttu vähendas orientatsiooni töötle-
mise vajadus värvuse töötlemise efektiivsust.  Seega takistas orientatsiooni 
töötlemine värvuse töötlemist.  Kokkuvõttes viitasid kahe uurimuse tulemused 
sellele, et vaatleja teatava käeliigutuse sooritamise kavatsus mõjutab valivat 
tähelepanu ja käivitab objektide erinevate tunnuste vahel kallutatud võistluse. 

Teiseks hindasin ma tunnuste esilekerkivuse mõju tunnuste eristamise 
täpsusele.  Enne katsete algust valmistasin ma stiimulid nii ette, et objektide vär-
vuste, orientatsioonide või suuruste eristamine oleks osaleja jaoks võrdse ras-
kusega.  Tänu sellele sain kombineerida objektid sellistest värvustest, orien-
tatsioonidest ja suurustest, mis olid tasakaalustatud — värvuse eristamine ei 
oleks põhimõtteliselt tohtunud olla kergem kui orientatsioonide või suuruste 
eristamine.  Seetõttu oleks olnud ootuspärane, et osaleja vaatab otsingu alguses 
võrdse sagedusega sihtmärgi värvuse, orientatsiooni või suuruse suunas.  Ent 
kolmest katsest koosnevas uurimuses selgus, et see eeldus ei leidnud kinnitust.  
Ma leidsin tunnuste kombinatsioonide otsingu ülesandes väga tugeva asüm-
meetria värvuse eristamise kasuks — kui osaleja otsis värvuse ja kuju kombinat-
siooni, siis vaatas ta väga suure tõenäosusega esimesena objekti, millel oli siht-
märgi värvus, ent sihtmärgi orientatsiooni või suuruse suunas liikus esimene 
silmaliigutus palju harvemini kui tasakaalustatud tunnuste puhul oleks ooda-
ta võinud.  Seega leidsin ma tugeva kallutatuse objektide värvuste töötlmeise 
suunas.  Teises kahekatselises uurimuses leidsin ma asümmeetrilisele kalluta-
tusele täiendavat kinnitust.  Ma avastasin, et kui enne objektide esitluse algust 
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näidata osalejale põgusalt järgnevalt ilmuvate objektide orientatsioone, siis 
parandab see otsingus oluliselt orientatsiooni eristamise täpsust ja langetab 
värvuse eristamise täpsust.  Üllatuslikult aga värvuste ettenäitamine orientat-
siooni eristamise täpsust oluliselt ei mõjuta, ent parandab värvuse eristamise 
täpsust.  Kokkuvõttes viitavad tulemused sellele, et tunnuste kombinatsioonide 
otsimisel on infotöötlus kallutatud värvuse eristamise suunas.

Üldkokkuvõttena näitasid minu uurimused, et valiv tähelepanu on vaiki-
misi tugevasti kallutatud värvuse eristamise suunas ja selline kallutatus ilmneb 
tunnuste vahelise võistlusena.  Samas leidsin ka, et tegevuskavatsus saab seda 
võistlust tegevuse seisukohalt olulise objekti tunnuse suunas kallutada.  Ma 
järeldan, et valivale tähelepanule on omane kallutatud võistlus, mis ei toimu 
mitte ainult objektide vahel, vaid ka objektide tunnuste vahel.  Edasistes uuri-
mustes tuleks välja selgitada, kas kallutatud võistluse aluseks on mitme tunnuse 
töötlemisele spetsialiseerunud närvirakkude töö.
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