
From everyday experience, we all know that an object 
that looks very different from the surrounding objects—
an orange among green apples, for example—appears 
to pop out from the background. Introspectively, we 
seem to be able to perceive such pop-out items imme-
diately and without delay. However, research has shown 
that, in visual search for a pop-out target, responses 
are much faster when the target feature from the previ-
ous trial is repeated than when the target and nontarget 
features change from the previous trial (see, e.g., Malj-
kovic & Nakayama, 1994). Currently, there is a debate 
about whether these intertrial effects, or switch costs, 
arise at an early or late level of processing. According 
to a visual-selection view, switch costs reside in early 
processes that guide visual attention to the target (e.g., 
Maljkovic & Nakayama, 1994; Müller, Heller, & Ziegler, 
1995). By contrast, response-selection accounts assume 
that switch costs originate from later processes that com-
mence after the target has been selected (e.g., Cohen & 
Magen, 1999).

The question of whether intertrial switch costs occur at 
the level of visual selection or from later processes is im-
portant because switch costs signify that the processing of 
visual information is subject to certain limitations. If these 
limitations apply to the level of attention, it would, for 
instance, follow that pop-out items could not be perceived 
immediately and without delay.

Feature Priming and Dimension Weighting
Past research has shown that there are two different 

kinds of intertrial effects. First, feature priming effects are 
commonly found when the target and nontarget features 
directly swap on switch trials, so that the target inherits 

the features formerly associated with the nontargets and 
vice versa. Typically, feature priming effects are assessed 
in discrimination tasks, in which participants first search 
for a unique feature among several nontargets (e.g., shape) 
and then respond to a different feature of the target (e.g., 
the orientation of a bar inside the target; see the right panel 
of Figure 1 for an example).

The first studies showed that swapping the search-
 relevant features of the target and the nontargets produces 
switch costs, whereas changing the response-relevant 
feature of the target across trials does not affect search 
performance. Maljkovic and Nakayama (1994) thus con-
cluded that selection of the target biases attention toward 
the search-relevant feature of the target on the next trial(s), 
so that swapping the target and nontarget features delays 
visual selection of the target ( priming of pop-out hypoth-
esis). Subsequent eye movement studies supported this 
view, by showing that swapping the search-relevant fea-
tures led to more frequent selection of the nontargets and 
elongated the latencies of first eye movements to the tar-
get (Becker, 2008a, 2008b, 2010; Becker & Horstmann, 
2009; McPeek, Maljkovic, & Nakayama, 1999; see also 
Goolsby & Suzuki, 2001).

A different kind of intertrial effect, related specifically 
to changes of the target dimension, was found to occur 
in detection tasks, in which the target is present on half 
of all trials and observers have to indicate whether the 
target is present or absent. Importantly, only the target 
feature changes across trials, whereas the nontarget fea-
tures remain constant. Analyses are usually restricted to 
target-present trials that are preceded by target-present 
trials, and performance is compared between two differ-
ent conditions: (1) a within-dimension condition, in which 
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Contrary to such a visual-selection view of across-
 dimension switch costs, it has been proposed that chang-
ing the target dimension does not predominantly affect the 
speed of visually selecting the target but impairs a different 
kind of process. Whereas some researchers have proposed 
that across-dimension switch costs originate from target 
identification processes (e.g., Becker, 2008a; Kumada, 
2001; Theeuwes, Reimann, & Mortier, 2006), others have 
suggested that they reside in later processes concerned 
with stimulus-to-response mappings or response selec-
tion (e.g., Cohen & Magen, 1999; Mortier, Theeuwes, & 
Starreveld, 2005). For the sake of simplicity, I will use 
the term postselectional view to collectively refer to these 
different views, which share the assumption that target 
dimension changes do not affect preattentive processes 
that guide attention to the target.

Evidence for a Response-Selection Account  
of Across-Dimension Switch Costs

To date, research has been dominated by the visual-
selection view of across-dimension switch costs, so that 

only the target feature changes (e.g., between being tilted 
to the right or left, among vertical nontargets), and (2) an 
across-dimension condition, in which the target dimen-
sion changes across trials (e.g., between a green, tilted, or 
larger item, among gray, small, and vertical nontargets; 
see the left panel of Figure 1 for an illustration). The re-
sults typically show that changing the target feature in 
the within-dimension condition does not affect response 
times (RTs), whereas changes of the target dimension re-
liably produce switch costs on the order of 30–70 msec 
(e.g., Müller et al., 1995).

The finding that intertrial switch costs critically de-
pended on changes of the target dimension is important 
because it indicates that, at some stage of visual pro-
cessing, there are dimension-specific limitations but no 
feature- specific limitations. Despite the apparent incon-
sistency with feature priming effects, Müller et al. (1995) 
argued that dimension-specific switch costs occur at the 
level of visual selection, speculating that feature priming 
effects failed to emerge in the within-dimension condition 
because of differences between the tasks.

Dimension Change
(detection task: present/absent)

Feature Switch
(discrimination task:      vs.      )

Combined: Search for shape/respond to dimension
(discrimination task:         = right;    = left)

Figure 1. Example of the stimulus displays typically used to assess feature priming (top 
right panel) and across-dimension switch costs (top left panel). Experiment 1 used displays 
that combined characteristics from both paradigms (bottom panel): Participants had to 
search for a unique shape that randomly varied across trials, and to respond to a bar inside 
the target, which could be from different dimensions. The displays of Experiment 2 were iden-
tical to the classical displays used to assess across-dimension switch costs (top left panel).
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dicating that attention has been tuned both to the onset and 
to a specific feature of the target (see, e.g., Mulckhuyse, 
Van Zoest, & Theeuwes, 2008; Theeuwes, Kramer, Hahn, 
& Irwin, 1998). Thus, the currently available evidence is 
not sufficient to decide whether across-dimension switch 
costs are primarily due to early processes that guide at-
tention to the target, or to later processes concerned with 
target identification or response selection (see also Müller 
& Krummenacher, 2006).

Aim of the Present Study
The aim of the present study was to provide a more 

stringent test of the response-selection account of across-
dimension switch costs. The response-selection account 
makes some very strong predictions, none of which have 
been tested to date. First, the account implies that dimen-
sion change effects should occur even when the target has 
been selected by virtue of a completely different feature, 
and the dimension of the target is relevant only for the re-
sponse. Second, the response-selection view predicts that 
repeating or changing the target dimension should affect 
the speed of responding, whereas it should not affect the 
speed of visually selecting the target. These predictions 
were tested in Experiments 1 and 2, respectively.

ExPERImEnT 1

The first experiment was designed to test the first criti-
cal prediction—that across-dimension switch costs should 
persist even when attention has been guided to the target by 
virtue of a different feature. To that aim, participants were 
instructed to make a fast eye movement to a unique shape 
in the display (search-relevant feature; circle or diamond), 
and to respond to a bar located inside the shape (response-
relevant feature). The dimension of the response-relevant 
feature varied; in a manner similar to that of previous stud-
ies, participants had to respond with one button to small 
gray vertical items (corresponding to target-absent trials), 
and with another button to bars that were green, large, or 
tilted to the right (representing the target-present trials; see 
Figure 1, bottom panel). Deviating from previous studies, 
the target was, however, defined by its shape and could 
not be found by attending to dimension-specific informa-
tion. To assess whether attention was indeed tuned to the 
target’s shape, the shapes of the target and nontargets were 
randomly repeated or swapped across trials.

If attention and eye movements are guided to the target 
by virtue of its shape, swapping the shape of the target 
should lead to more frequent selection of the nontargets 
and should elongate the latencies of first saccades to the 
target (e.g., Becker, 2008a, 2008b; McPeek et al., 1999). 
Moreover, if across-dimension switch costs originate from 
postselectional processes, changing the dimension of the 
target should elongate RTs to the response-relevant fea-
ture, even though the item was selected by virtue of the 
surrounding shape.

method
Participants. Nine volunteers, 2 male and 7 female (mean age, 

29 years), were paid $10 each for their participation in the experi-

only three solid findings can be cited in support of the 
alternative, postselectional account: First, Kumada (2001) 
found that across-dimension switch costs were eliminated 
in a discrimination task, although this task presumably 
requires focal attention shifts to the target location, and 
argued that changing the target dimension does not inter-
fere with focal attention shifts to the target, but with tar-
get identification.1 Second, Mortier et al. (2005) showed 
that across-dimension switch costs were not reduced or 
eliminated when a target or nontarget was presented alone 
and participants did not have to engage in search. These 
results indicate that changing the target dimension af-
fects processes unrelated to search, contrary to a visual-
 selection view of across-dimension switch costs. Third, 
an eye movement study by Becker (2008a) investigated 
the effects of different kinds of intertrial changes on the 
proportion of first saccades to the target and found that vi-
sual selection was impaired when the target and nontarget 
features directly swapped on switch trials, but not when 
only the target dimension or the target feature changed 
and the nontargets remained constant. Becker (2008a) 
proposed that switch costs at the level of visual selection 
occur only when the target and nontarget features swap, 
probably because observers are unable to tune attention 
toward targets with directly contradictory features (e.g., 
targets that are either larger or smaller than the nontargets; 
see also Becker, 2010). However, attention can apparently 
be tuned toward noncontradictory target features from dif-
ferent dimensions, allowing immediate visual selection 
when the feature or dimension of the target only changes.

Defending a Visual-Selection View of  
Across-Dimension Switch Costs

At first glance, the evidence against a visual-selection 
account of across-dimension switch costs may appear very 
convincing. However, a closer look reveals that much of 
the evidence is based on a null effect—that is, the failure 
to find across-dimension switch costs in discrimination 
tasks (e.g., Becker, 2008a, 2008b; Kumada, 2001). The 
absence of switch costs could, however, also be due to the 
fact that discrimination tasks require an additional atten-
tion shift, from the search-relevant feature to the dimen-
sion of the response-relevant item. This could, in turn, 
erase dimension-specific information from the previous 
trial, so that the absence of across-dimension switch costs 
is still compatible with a visual-selection view (cf. Mül-
ler & Krummenacher, 2006). If this is correct, then the 
discrimination task would not be suitable for examining 
across-dimension switch costs.

Second, the finding that across-dimension switch costs 
persist even when the target is presented alone also does 
not present strong evidence against the visual-selection 
account. Given that the dimension of the target was still 
relevant to the response in the study, it is possible that par-
ticipants tuned attention to the target dimension, although 
this was not necessary. Previous studies also indicate that 
attention can be tuned in parallel to the onset of the target 
and its particular feature. For instance, eye movements are 
often executed in the direction of an irrelevant onset dis-
tractor but change direction to the target in midflight, in-
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sponse button (i.e., trials with a large, tilted, or green re-
sponse item that are also preceded by such trials).

A first analysis of the eye movement data in this condi-
tion confirmed that attention was guided to the target on 
the basis of its shape: The mean proportion of first sac-
cades to the target was modulated by changes of the target 
shape, with 19% more saccades going directly to the target 
when the search-relevant feature was repeated than when 
it switched [F(1,8) 5 22.87, MSe 5 146.9, p 5 .001, η2 5 
.74]. By contrast, changes of the response dimension did 
not affect the precision of saccades (all Fs , 1, ps . .36), 
indicating that the target was indeed selected by virtue 
of its shape, and not by virtue of some combination of 
target shape and dimension of the response- related item. 
Since selection of a nontarget can conceivably lead to pro-
cessing of the response-related item inside the nontarget, 
which can, in turn, interfere with carryover effects relating 
to the dimension of the response-related item, data were 
analyzed separately for trials on which the first eye move-
ment went to the target as opposed to a nontarget (see the 
top and bottom panels of Table 1, respectively).

Only those trials on which the target was selected first 
showed mean RTs that were significantly slower when the 
target shape swapped than when it was repeated [F(1,8) 5 
57.76, MSe 5 1,226.9, p , .001, η2 5 .86; see the top 
panel of Table 1]. More importantly, changing the dimen-
sion of the response-related item incurred significant 
switch costs, of 70 msec, when the target shape repeated, 
but not when it switched, leading to a significant interac-
tion between shape priming and across-dimension switch 
costs [F(1,8) 5 13.4, MSe 5 577.8, p 5 .006, η2 5 .63]. 
The mean error scores showed exactly the same nonsig-
nificant trends (all ps . .05; see Table 1), indicating that 
the results were not due to a speed–accuracy trade-off.

The results indicate that across-dimension switch costs 
can occur even when attention is guided by a completely 
different feature, in support of a response-selection view. 
Interestingly, however, across-dimension switch costs 
were absent when the search-relevant shape swapped. 
This could be due to the fact that attention was covertly 
deployed to one of the nontargets prior to selection of 

ment. All participants had normal or corrected-to-normal vision, 
and were naive as to the purpose of the experiment.

Apparatus. An Intel Core 2 Duo CPU 2.4-GHz computer with a 
17-in. FP92E color monitor was used to run the experiment. Stimuli 
were presented with a resolution of 1,280 3 1,024 pixels and a re-
fresh rate of 75 Hz. Eye movements were tracked at 500 Hz with a 
video-based Eyelink 1000 tracker (SR Research, Ontario, Canada).

Stimuli, Design, and Procedure. The stimuli consisted of six 
black outlines of squares (2.6º 3  2.6º) or circles (diameter, 2.9º) 
with a line width of 0.4º. The stimuli were positioned on the outlines 
of an imaginary circle (radius, 9.2º) and were presented against a 
white background. Observers were asked to make a fast eye move-
ment to the odd shape and to respond to the item located in its cen-
ter. Inside the six shapes, there were three gray small vertical items 
(0.1º 3 0.5º), one green bar, a large gray bar (0.3º 3 0.6º), and a gray 
bar tilted 45º to the right. The target shape, target position, and the 
dimension of the response-relevant item were all chosen randomly 
on each trial.

To start the trial, observers had to fixate on the center of a cen-
tral fixation cross for at least 500 msec (within a time window of 
2,000 msec). If the fixation control failed, participants were cali-
brated anew (9-point calibration). Otherwise, the search display was 
presented and remained on screen until the response. Participants 
were instructed to press the right mouse button when the target shape 
contained a small gray vertical item and to press the left mouse but-
ton for the green, tilted, and large bar. The search display was im-
mediately followed by a 500-msec feedback display consisting of 
the centrally presented words “correct” or “wrong” (Arial Black, 
13-pt. black font). After an intertrial interval of 250 msec, in which a 
blank white screen was presented, the next trial started with the fixa-
tion control. The experiment consisted of 740 trials, and participants 
were encouraged to react both quickly and accurately.

Results and Discussion
Trials with RTs above 2,500 msec were excluded from 

all analyses (2.0%), as were trials in which the target had 
not been selected—that is, when the gaze was not within 
100 pixels (2.3º) of the center of the target (3.2%). Data 
were statistically analyzed, using a 2 3 2 ANOVA com-
prising the variables “n21 search-relevant feature” (same 
vs. different shape) and “n21 response-relevant feature” 
(same vs. different dimension of the response-relevant 
feature). The most important comparison is between trials 
on which the stimulus dimension of the target is repeated 
versus changed without concomitant changes in the re-

Table 1 
Experiment 1: Effects of Repeating Versus Changing the Target-Defining Shape of the Target, and the Dimension of the Large,  

Green, or Vertical Response-Related Item, When the First Saccade Was Directed to the Target Versus a nontarget

RT (msec) Error (%) % First Saccade on Target Saccade Latency (msec)

rep diff rep diff rep diff rep diff

Shape  M  SEM  M  SEM  M  SEM  M  SEM  M  SEM  M  SEM  M  SEM  M  SEM

First Fixation on Target

Dim rep 854 56.4 967 65.6 2.5 0.9 4.7 2.2 76.9 5.4 54.9 7.9 353 26.2 391 36.0
Dim diff 925 65.5 979 66.4 7.8 2.5 6.4 1.5 75.8 4.3 59.1 7.2 367 32.7 400 38.7

Priming 70*  11 5.4* 1.6 21.1 4.2  15  10

First Fixation on Nontarget

Dim rep 1,264 121.4 1,341 89.4 7.4 5.5  9.2 3.7 345 41.8 350 33.1
Dim diff 1,305 118.0 1,348 94.8 8.8 3.0 12.6 2.5 334 25.7 339 24.6

Priming 41 7 1.4  3.4 211 212

Note—Mean RTs were elevated when the dimension of the response-related item changed (between a large, green, and vertical item), indicating 
that across-dimension switch costs occur even when the target has been selected by virtue of its shape. Dim, dimension; rep, repetition of item; diff, 
change or switch of item. *p , .05.
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ExPERImEnT 2

Experiment 2 tested the second critical prediction of a 
response-selection account, that changing the target di-
mension should not affect the speed of visually selecting 
the target, whereas it should delay manual responses to 
the target. Previous studies have shown that changing the 
target dimension did not produce switch costs in a dis-
crimination task. However, if the task required an addi-
tional attention shift to the response-related item, it would 
be generally unsuitable for testing a visual-selection view 
(see, e.g., Müller & Krummenacher, 2006). Experiment 2 
avoided this complication by testing search performance 
in a present/absent detection task, where the target was 
a simple bar—without any shape outlines or additional 
response-related items—that was randomly large, green, 
or tilted and was presented among small gray vertical non-
target bars.

Performance was compared between a classical RT task, 
on which target presence or absence was reported by a 
buttonpress, and a saccade task, on which focal attention 
shifts were encouraged by asking participants to make a 
fast eye movement to the target (when it was present).

Both tasks used exactly the same stimulus conditions. 
Therefore, if switch costs in the RT task are due to delays in 
visually selecting the target, we would expect switch costs 
of the same magnitude in the saccade task. On the other 
hand, if across-dimension switch costs in the RT task are 
caused by processes that commence after visual selection 
of the target, we would expect across-dimension switch 
costs in the RT task, but not in the saccade task.

method
Participants. Twenty-one new participants, 9 of them male 

(mean age, 25 years), participated in Experiment 2. Twelve of them 
participated in the saccade task and 9 in the RT task.

Apparatus, Stimuli, and Design. These were the same as in 
the previous experiment, with the following exceptions: The shape 
outlines were removed, so that the target-absent displays consisted 
of six small, gray vertical bars (0.8 3 2.8 cm). On target-present 
trials, one of the bars was green, tilted 45º to the left, or larger than 
the other bars (1.35 3 2.8 cm; see Figure 1, top left panel). In the 
saccade task, participants had to make a fast eye movement to the 
unique item in the display when it was present, but they had to main-
tain fixation on the central fixation cross when the target was absent. 
A new trial was initiated by pressing the space bar. In the RT task, 
participants were instructed to maintain fixation during the trial and 
to press the right mouse button when the target was absent and the 

the target shape. This may have initiated processing of 
the response-relevant item inside the nontarget, thereby 
eliminating dimension-specific information from the pre-
vious trial. In line with this explanation, swapping the tar-
get shape elongated mean saccade latencies by 35 msec 
[F(1,8) 5 18.07, MSe 5 615.7, p 5 .003, η2 5 .69], con-
sistent with the view that covert attention was erroneously 
deployed to a nontarget.

Moreover, inspection of trials on which the eyes had 
selected a nontarget prior to the target showed that across-
dimension switch costs for shape repetition trials were 
reduced to 40 msec, and were nonsignificant (F , 1; see 
the bottom panel of Table 1), in line with the view that 
selection of a nontarget can erase information from the 
previous trial.

However, it is still possible that across-dimension switch 
costs were absent on  shape switch trials because the vi-
sual system was biased toward a switch in the response, 
which neutralized possible benefits from dimension rep-
etition trials (e.g., Huang, Holcombe, & Pashler, 2004; 
see also Becker, 2008b; Töllner, Grammar, Kiss, Müller, 
& Eimer, 2008). To assess whether such a response bias 
modulated RT, trials with the small gray vertical response-
related item were analyzed.

However, across-dimension switch costs for the small 
gray vertical item were significant both when the target 
shape was repeated [F(1,8) 5 10.72, MSe 5 2,096.1, 
p 5 .011, η2 5 .57] and when it switched [F(1,8) 5 
9.96, MSe 5 2,043.5, p 5 .013, η2 5 .55], leading to a 
significant main effect of dimension change [F(1,8) 5 
102.19, MSe 5 418.7, p , .001, η2 5 .93] that was not 
modulated by feature priming (F , 1). This indicates 
that switching the shape did not produce a response bias 
to switch the response button, contrary to the response 
biasing account.

Taken together, the results provide strong evidence for 
a postselectional view of across-dimension switch costs. 
Previous research failed to reject a visual-selection view, 
because it could not rule out that the target was selected 
by virtue of its dimension, even when it was, for instance, 
presented alone (Mortier et al., 2005). The present results, 
however, indicate that across-dimension switch costs per-
sist even when the item is selected by virtue of a com-
pletely different feature, thus providing strong evidence 
for a response-selection account of across-dimension 
switch costs.

Table 2 
Experiment 1: Effects of Repeating Versus Switching the Search-Relevant Shape of the Target and the Dimension of the 

Small Gray and Vertical Response-Related Item, When the Shape Target Was Selected As the First Item

RT (msec) Error (%) % First Saccade on Target Saccade Latency (msec)

rep diff rep diff rep diff rep diff

Shape  M  SEM  M  SEM  M  SEM  M  SEM  M  SEM  M  SEM  M  SEM  M  SEM

Dim rep 842 57.7 931 61.1 2.7 0.8 6.1 2.9 74.7 4.3 54.4 5.7 380 38.4 397 37.3
Dim diff 913 58.4 998 73.4 6.8 1.8 7.1 2.3 71.8 5.3 59.1 5.3 376 36.1 402 38.2

Priming 71* 67* 4.1 1.0 22.9 4.7 24 5

Note—Changing from a large, green, or tilted item to a small gray vertical item incurred significant across-dimension switch costs, 
both when the target-defining shape was repeated and when it switched. Dim, dimension; rep, repetition of item; diff, change or switch 
of item. *p , .05.
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were also separately analyzed, according to whether (1) a 
nontarget had been selected prior to the target, (2) the eyes 
had not moved at all (misses), or (3) the eyes had failed 
to select the target. However, none of the error categories 
showed significant switch costs.3

Taken together, the results indicate that changing the 
dimension of the target affects response selection without 
affecting the speed of visually selecting the target, in line 
with a postselectional view of across-dimension switch 
costs.

However, saccade latencies were quite long, probably 
reflecting that observers adopted a rather conservative 
criterion for moving their eyes in the go/no-go task. To 
examine whether across-dimension switch costs could 
have been masked by long saccade latencies, the quartiles 
of the individual saccade latency distributions were com-
puted, and latencies were averaged within the quartiles. 
Analysis of the binned saccade latencies showed that 
across- dimension switch costs were present only in the 
longest saccade latencies [last quartile, F(1,10) 5 6.22, 
MSe 5 381.0, p 5 .032, η2 5 .38]. Saccades with shorter 
latencies were unaffected by changes of the target di-
mension, resulting in a significant interaction between 
quartile and intertrial switch costs [F(3,30) 5 6.79, 
MSe 5 187.2, p 5 .014, η2 5 .41]. By contrast, the same 
analysis computed over the binned RTs in the RT task 
showed significant across-dimension switch costs across 
all quartiles of the distribution (all Fs . 7.0, all ps , 
.029), with no differences between quartiles (F 5 1.79, 
p 5 .22; see Table 5).

Contrary to the concerns raised above, the results show 
that the failure to detect switch costs in the mean saccade 
latencies was due to the fact that the majority of saccades 
were elicited too early to be subject to across-dimension 
switch costs. These results argue against a visual-selection 
view and instead support a postselectional view of across-
dimension switch costs.

GEnERAL DISCuSSIon

The present study critically tested and confirmed two 
important and hitherto untested predictions of a response-
selection account of across-dimension switch costs. Ex-
periment 1 showed that changing the dimension of an item 

left mouse button when the target was present. The target dimension 
varied randomly, with 50% target-absent and target-present trials; 
participants completed 600 trials in each task.

Results and Discussion
Data were excluded from the analyses when the eyes 

had not been fixating on the target within 1,000 msec 
from the onset of the trial in the saccade task (,0.1%), 
or when RTs exceeded 1,500 msec in the RT task (3.8%). 
The analyses included only target-present trials that were 
preceded by target-present trials.2

The results were clear-cut. In the RT task, changing 
the target dimension produced significant switch costs 
of 55 msec in the mean RT [F(1,11) 5 15.72, MSe 5 
813.3, p 5 .003, η2 5 .68; see Table 3], and observers 
also committed significantly more errors when the target 
dimension changed [F(1,11) 5 13. 84, MSe 5 16.3, p 5 
.006, η2 5 .63]. Assessing across-dimension switch costs 
separately for each target type revealed significant switch 
costs between 49 and 70 msec for all target types (green, 
tilted, large) and all intertrial changes (see Table 4).

By contrast, in the saccade task, changing the target 
dimension did not elongate the latencies of first saccades 
to the target (F 5 1.9, p 5 .19) and did not did lead to 
more saccade errors (F , 1; see Table 3). Saccade errors 

Table 3 
Experiment 2: Across-Dimension Switch Costs in the manual Response Time (RT) Task and 

Visual-Selection (Saccade) Task When the Target Could Be Randomly Tilted, Green, or Larger

Saccade Task
RT Task Saccade 

RT (msec) Error (%) Latency (msec) Error (%)

  M  SEM  M  SEM  M  SEM  M  SEM

Dim rep 630 26.7 2.5 1.0 353 20.1 7.2 1.1
Dim diff 685 32.6 9.5 2.5 358 19.5 6.9 0.9

Priming 55* 7.0* 5 20.2

Note—The mean RT and error scores in the RT task show significant switch costs. By contrast, the speed 
and accuracy of saccades to the target were unaffected by changes of the target dimension, in line with a 
response-selection account of across-dimension switch costs. Dim, dimension; rep, repetition of item; diff, 
change or switch of item. *p , .05

Table 4 
Experiment 2: Across-Dimension Switch Costs in the mean 

Response Time (RT) and Saccadic RT Tasks, Depicted 
Separately for Each Target Type and Intertrial Transition

Previous RT Task Saccade Task

Current (n21) RT Latency
Target Type  Target Type  (msec)  Priming  (msec)  Priming

Tilted Tilted 620 – 362 –
Green 673 53* 362 0
Large 690 70* 349 212

Green Green 594 – 335 –
Tilted 640 46* 329 26
Large 653 59* 338 3

Large Large 664 – 366 –
Tilted 713 49* 388 22*

Green 738 74* 391 25

Note—In the manual RT task, all changes of the target dimension produced 
significant intertrial switch costs, whereas in the saccade task, across-
 dimension switch costs were absent for all intertrial transitions, with the 
exception of the transition from a tilted to a large target. *p , .05.
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can elongate the mean dwell times on the target without 
affecting the speed of visually selecting the target (see, 
e.g., Becker, 2008b; but see also Töllner et al., 2008). If 
this interpretation is correct, it would argue against a strict 
version of an early selection account of across-dimension 
switch costs as well as a pure response-selection view, be-
cause switch costs would originate neither from very early 
perceptual processes that guide attention to the target nor 
from very late processes concerned with response selec-
tion or execution, but instead, from late perceptual and/
or early response-selection stages concerned with target 
identification and stimulus-to-response mappings.

Alternatively, the findings could be interpreted to show 
that changes of the target dimension can affect visual-
 selection processes to a small degree, whereas the larger 
portion of across-dimension switch costs has to be ex-
plained by later processes (e.g., Theeuwes et al., 2006). 
However, this hybrid account seems to imply that there 
are “weak” dimension-specific limitations on visual se-
lection and “hard” dimension-specific limitations on later 
processes. It is difficult to see how these limitations could 
be implemented. As a solution, Rangelov, Müller, and 
 Zehetleitner (in press) recently proposed independent di-
mension weighting mechanisms for visual selection and 
target identification (see also Krummenacher, Grubert, & 
Müller, 2010). However, the present results do not support 
the hybrid view, that there are weak dimension-specific 
limitations in visual selection, because the first percen-
tiles of the saccade latency distribution did not show any 
evidence for switch costs. The hybrid account would also 
seem to offer a less parsimonious explanation than the 
idea that dimension changes usually affect target iden-
tification processes, which, however can interfere with 
visual selection of the target when the latter is delayed for 
some reason.

Attributing across-dimension switch costs to postselec-
tional processes that commence shortly after target selec-
tion has some interesting implications: most importantly, 
perhaps, that visual selection and postselectional pro-
cesses are based on processes that are subject to different 
limitations. In particular, visual selection is not subject to 
dimension-specific limitations, as can be seen in the ab-
sence of across-dimension switch costs in early-onset sac-
cades. By contrast, manual responses to report the pres-

produced switch costs at the level of the manual response, 
even when attention had been guided toward the target by 
a completely different feature. Experiment 2 showed that 
the same conditions that caused large across-dimension 
switch costs at the level of the response did not affect the 
speed of eye movements: In the saccade task, only late-
onset saccades were further delayed with changes of the 
target dimension, and these effects were considerably 
smaller (20 msec) than the across-dimension switch costs 
of 50 msec observed in the RT task.

These findings, and especially the lack of across-
 dimension switch costs in saccades that were elicited 
earlier, indicate that changes of the target dimension do 
not predominantly affect the time course of attention 
shifts that usually precede eye movements to a location 
(e.g., Deubel & Schneider, 1996). Rather, changes of the 
target dimension appear to interfere with later processes 
that commence after attention has been deployed to the 
target.

However, the finding that dimension changes could 
interfere with late-onset saccades suggests that across-
dimension switch costs cannot completely reside in very 
late processes, concerned, for example, with response se-
lection or response execution. Instead, at least a portion of 
across-dimension switch costs apparently originates from 
earlier processes that commence directly after attention 
has been shifted to a location and that may be concerned 
with target identification and/or stimulus-to-response 
mappings.

In the present study, changes of the target dimension 
may have affected late-onset saccades, because after the 
initial attention shift, the visual system proceeded to iden-
tify the covertly selected item before executing the sac-
cade. Target identification may have been instigated prior 
to executing the saccade in order to gain certainty that 
the selected item was in fact the target (see Huang et al., 
2004). Target identification would, however, have taken 
longer on different-dimension trials than on repetition 
trials, explaining why only late-onset saccades showed 
across-dimension switch costs.

The view that changes of the target dimension do not 
affect the speed of attention shifts to the target, but pro-
cesses that commence directly afterward, is also in line 
with earlier findings—that changing the target dimension 

Table 5 
Experiment 2: Across-Dimension Switch Costs Depicted Separately 

According to Each Quartile of the Distribution of Response Times (RTs) in 
the RT Task and Saccade Latencies in the Saccade Task (in milliseconds)

RT Task Saccade Task

Repeated Different Repeated Different
Quartile  Item  Item  Priming  Item  Item  Priming

First 505 544 39** 280 277 23
Second 567 618 51** 325 326 1
Third 634 687 53** 370 375 5
Fourth 819 888 69* 442 463 21*

Note—Across-dimension switch costs were significant across all quartiles of the RT 
distribution in the manual RT task, but were restricted to the last quartile of the saccade 
latency distribution in the saccade task. *p , .05. **p , .01.
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nificantly with switching the response. These results would be consistent 
with the view that switch costs arise at the level of stimulus-to-response 
mappings and, thus, do not provide unambiguous evidence for a visual-
selection view.

2. In the RT task, target-absent trials showed significant switch costs 
[t(8) 5 6.4, p , .001; mean RT on repetition trials, 640 msec; switch 
trials, 719 msec], and these switch costs did not differ from switch costs 
on target-present trials. Despite this, data on target-absent trials were 
excluded because they are confounded with changes of the response 
(left/right).

3. Saccade errors resulting from selection of a nontarget and the 
failure to make any eye movements were committed more frequently 
on repetition trials than on switch trials (0.4% nontarget selection on 
repetition trials vs. 0.0% on switch trials; 2.9% failure to move the eyes 
on repetition trials vs. 2.5% on switch trials). Only the failure to select 
the target prior to pressing the space bar (to initiate the next trial) showed 
a trend for switch costs, with 0.0% errors on repetition trials and 0.4% 
on switch trials, but none of the differences described above were sig-
nificant (all ps . .10).
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noTES

1. Subsequent studies occasionally found across-dimension switch 
costs even in discrimination tasks (e.g., Müller & Krummenacher, 2006; 
Töllner et al., 2008). However, switch costs in these studies amounted 
to only 10 msec and, thus, do not seem to be large enough to explain 
the large across-dimension switch costs commonly found in detection 
tasks. Moreover, switching the stimulus dimension also interacted sig-


