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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.
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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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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.
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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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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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