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Abstract Although response times (RTs) are the dependent
measure of choice in the majority of studies of visual attention,
changes in RTs can be hard to interpret. First, they are inher-
ently ambiguous, since theymay reflect a change in the central
tendency or skew (or both) of a distribution. Second, RT
measures may lack sensitivity, since meaningful changes in
RT patterns may not be picked up if they reflect two or more
processes having opposing influences on mean RTs. Here we
describe RT distributions for repetition priming in visual
search, fitting ex-Gaussian functions to RT distributions. We
focus here on feature and conjunction search tasks, since
priming effects in these tasks are often thought to reflect
similar mechanisms. As expected, both tasks resulted in strong
priming effects when target and distractor identities repeated,
but a large difference between feature and conjunction search
was also seen, in that the σ parameter (reflecting the standard
deviation of the Gaussian component) was far more affected
by search repetition in conjunction than in feature search.
Although caution should clearly be used when particular
parameter estimates are matched to specific functions or pro-
cesses, our results suggest that analyses of RT distributions
can inform theoretical accounts of priming in visual search
tasks, in this case showing quite different repetition effects for
the two differing search types, suggesting that priming in the
two paradigms partly reflects different mechanisms.
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A popular model of the function of visual attention is encap-
sulated in visual search tasks (Cavanagh & Chase, 1971;
Neisser, 1964; Smith, 1962; Treisman, 1977). A key depen-
dent variable used to assess the attentional requirements of a
particular search task is how quickly and accurately observers
find a predesignated target. The difficulty of search is typically
assessed with mean response time (RT) and accuracy (Wolfe,
1998). But often, measures of central tendency and dispersion
provide only limited information about the dynamics of the
search process (Balota & Yap, 2011; Heathcote, Popiel, &
Mewhort, 1991; Wolfe, Palmer, & Horowitz, 2010). For one
thing, RT distributions are typically heavily skewed (Luce,
1986; McGill, 1963). This raises a potentially serious prob-
lem, since reporting only means and measures of dispersion
carries the implicit assumption of a normal distribution. Such
analyses are therefore ambiguous, since an increase in mean
RT may reflect increased skew, a “lateral” shift in the distri-
bution, or both. Additionally, meaningful changes in mean RT
might even be obscured by opposing effects upon RT of two
independent sources of variation (Balota & Yap, 2011).

Analyses of RT distributions have been performed for a
number of tasks (see, e.g., Luce, 1986, as well as Antoniades
et al., 2013, and Balota & Yap, 2011, for recent discussions).
Such analyses have not often been used on visual search data,
however. But Wolfe et al. (2010) and Palmer, Horowitz,
Torralba, and Wolfe (2011) showed how analyses of RT
distributions might constrain theories of attentional selection
in visual search arrays. Their results indicated, in fact, that
many leading theories of visual search and attention cannot
account for RT distributions from search tasks.

Repetition priming in visual search

Repetition priming in visual search has a dominating influence
on attentional orienting (Becker, 2008; Kristjánsson, Wang, &
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Nakayama, 2002; Lamy, Bar-Anan, Egeth, & Carmel, 2006;
Maljkovic & Nakayama, 1994), releasing visual stimuli from
crowding (Kristjánsson, Heimisson, Róbertsson, & Whitney,
2013) and strongly determining attentional choice (Brascamp,
Blake, & Kristjánsson, 2011; Chetverikov & Kristjánsson,
2014) and the affective evaluation of stimuli (Chetverikov &
Kristjánsson, 2014). Priming may even account for large
portions of effects that are often attributed to top-down guid-
ance (Belopolsky, Schreij, & Theeuwes, 2010; Kristjánsson
et al., 2002; Wang, Kristjánsson, & Nakayama, 2005; Wolfe,
Butcher, Lee, & Hyle, 2003). Given the strength and preva-
lence of these priming effects, understanding them theoretically
is vital for a thorough understanding of attentional selection.

Many accounts of priming have been proposed, ranging
from feature facilitation views (Ásgeirsson, Kristjánsson, &
Bundesen, 2014; Maljkovic & Nakayama, 1994), through
episodic memory accounts (Huang, Holcombe, & Pashler,
2004; Thomson & Milliken, 2011) and accounts focused on
the weighting of feature dimensions (Found & Müller, 1996),
to response-priming accounts (Hillstrom, 2000). In a recent
review, Kristjánsson and Campana (2010) concluded that
priming is not a single, unitary phenomenon, but that it reflects
modulations at various stages of processing, often depending
on task demands. A number of recent findings have supported
this view (Ásgeirsson & Kristjánsson, 2011; Kristjánsson,
Saevarsson, & Driver, 2013; Rangelov, Müller, &
Zehetleitner, 2013; Thomson &Milliken, 2011). Priming also
varies by stimulus type (Campana, Pavan, &Casco, 2008) and
is affected by interactions of stimulus features and position
(Campana & Casco, 2009; Pratt & Castel, 2001).

The dependent measures most often used for between-trial
priming in visual search are RTs and accuracy in search tasks
presented until observers respond (Geyer, Müller, &
Krummenacher, 2006; Kristjánsson, Ingvarsdóttir, &
Teitsdóttir, 2008; Lamy et al., 2006; Maljkovic &
Nakayama, 1994; Olivers & Humphreys, 2003). In other
studies, accuracy in brief displays (Ásgeirsson et al., 2014;

Lamy, Yashar, & Ruderman, 2010; Sigurdardóttir,
Kristjánsson, & Driver, 2008) or the latency of the first sac-
cade to a target (Becker, 2008; see alsoMcPeek, Maljkovic, &
Nakayama, 1999) are measured (see Lamy & Kristjánsson,
2013, for a review). This raises the possibility that crucial
pieces of evidence may be ignored, since no distributional
analyses of RTs exist for priming of visual search. Since
distributions constrain attentional theories, they might also
constrain theorizing about the effects of priming upon atten-
tional selection.

The present goals

Our aim here is to attempt to inform the literature on atten-
tional priming by investigating RT distributions as they
change with repetition priming. A key question that we ad-
dress here is whether repetition effects are created equal in all
visual searches. Priming is often assumed to reflect similar
mechanisms, even when the tasks are very different
(Hillstrom, 2000; Huang et al., 2004; see, e.g., Kristjánsson,
2008, for a review). We focus here on the priming of feature
and conjunction search.

Priming might decrease the standard deviation,
reflecting that priming decreases the number of extra-
long RTs, and therefore the skew and variance of RT
distributions. Priming might also induce a lateral shift
simply affecting the mean of the distribution. Priming
may also affect all estimated parameters. In fact, if
Kristjánsson and Campana (2010) are indeed right that
priming of visual search exerts its effects at various
levels of perceptual processing, effects on all parame-
ters might be expected, but we cannot assume that
these effects would be comparable for both tasks. We
address all of these points in what follows.

We tested two different visual search tasks: (1) A
simple feature search, in which observers search for the

+

A: Feature search B: Conjunction searchFig. 1 Sample experimental
displays. Panel A shows the
experimental display in the
feature search, and panel B the
experimental display in the
conjunction search. Stimuli
similar to the ones in panel Bwere
used in Kristjánsson and Driver
(2008)
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odd-diamond-out among two distractor diamonds. This
task involves a secondary discrimination task to assess
focal attentional priming. We used the singleton-
diamond task introduced by Bravo and Nakayama
(1992) and used later by Maljkovic and Nakayama
(1994) to introduce the priming of pop-out effect. (2)
A conjunction odd-one-out task involving search for a
singleton target that shares one feature with each of the
two distractor sets, so that simple saliency through
feature contrast cannot designate the target (Treisman
& Gelade, 1980; Wolfe, 1998). The task was based on
the one used by Wang, Kristjánsson, and Nakayama
(2005) and Kristjánsson and Driver (2008). Priming
of visual search has been observed for both of these
paradigms. Finally, we analyzed a preexisting data set
(Kristjánsson & Driver, 2008) in which conjunction
and feature searches were contrasted within blocks in
the same task, for a more direct comparison of the two
searches than the preceding searches allowed.

Fitting procedure

We fitted an ex-Gaussian distribution to the RTs. Palm-
er et al. (2011) fitted visual search RT data to four
different functions, with the ex-Gaussian showing mar-
ginally the best fits. The ex-Gaussian is a convolution
of a Gaussian and an exponential distribution (Burbeck
& Luce, 1982; Dawson, 1988; Hockley, 1984; Ratcliff,
1979). The μ parameter represents the mean of the
Gaussian, and σ its standard deviation. The τ parame-
ter corresponds to the mean and variance of the expo-
nential distribution. The mean of the ex-Gaussian can
therefore be defined as μ+τ, and its variance by σ2+τ2

(Burnham, 2013; Luce, 1986; Yap, Balota, Cortese, &
Watson, 2006).

The ex-Gaussian has a longer tail on the right than the
left, therefore fitting RT distributions well (Dawson,
1988; Hockley, 1984; Hohle, 1965; Ratcliff, 1979;
Ratcliff & Murdock 1976). Heathcote et al. (1991) argued
that ex-Gaussian fits are essentially theory-neutral but can
provide very useful three-parameter summaries of RT
data. Nevertheless, attempts have been made to relate
the particular parameters to specific cognitive mechanisms
(Burnham, 2013; Dawson, 1988; Hohle, 1965; McGill,
1963; McGill & Gibbon, 1965). For example, Hockley
(1984) argued that τ reflected motor or neural delays,
whereas Palmer et al. (2011) suggested that τ may reflect
set-size effects in conjunction search. Attempts at such
characterizations have not yielded consistent results, how-
ever. Spieler, Balota, and Faust (2000) cautioned against
precise matching of parameters and cognitive processes,
concluding that “fitting functions . . . provides important
insights by revealing regularities in the structure of the
empirical data that in turn can guide and constrain theo-
ries of underlying cognitive processes” (p. 508). Matzke
and Wagenmakers (2009) similarly cautioned against re-
lating changes in particular parameter values to changes in
specific cognitive components, while at the same highly
encouraging the use of the functions for describing RT
data and constraining theoretical accounts. The main use-
fulness of the ex-Gaussian function in terms of analyses
may therefore be its summarizing virtues for tasks in
which decisions must be made between two response
alternatives, as is the case here (Heathcote et al., 1991;
Matzke & Wagenmakers, 2009).

Our hope was that fitting the ex-Gaussian might pro-
vide a way of describing how particular experimental
manipulations, such as the repetition of different visual
search types, influence RT distributions. We agree with
Spieler et al. (2000) and Matzke and Wagenmakers (2009)
that this method has provided valuable information re-
garding selective-attention tasks. But it is important to
note that fitting an ex-Gaussian does not entail any
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Fig. 2 Response times (RTs) by experimental conditions in the feature
search. Panel A shows the means of individual observers’ RTs by repe-
tition conditions. Panel B shows RTs by how often in a series of adjacent
trials a particular target was repeated. Panel C shows performance as a
function of how often in a series the distractor identity was repeated. The
error bars represent 2× within-subjects SEMs. All t values >2 are consid-
ered to represent significant differences (see the text)
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assumption on our part that RT distributions do, in fact,
have a Gaussian and an exponential component.

We are aware that others might argue that other methods
are more appropriate, such as the diffusion model (Ratcliff,
1978) or the ex-Wald distribution (a convolution of an
exponential and a Wald, 1947, distribution). Some have ar-
gued that these two methods have clearer interpretations of
parameters in terms of cognitive processes, but there is no
consensus on this (Matzke & Wagenmakers, 2009), and it is
beyond the scope of the present study tomake strong claims in
this regard. We will make the data set that we use here
available to those who may wish to test other models of RT
distributions as a function of priming.

Method

Participants

Seven volunteers from the University of Iceland (26–37 years of
age; four male, three female) participated. Since optimal curve
fitting requires a large number of trials, all but one observer
participated in 3,200 trials (that one took part in 1,900 trials) in
the feature search task, whereas four of the observers (26–37
years old; twomale, two female) participated in 4,800 trials1 each

in the conjunction search. Their visual acuity was normal or
corrected to normal.

Equipment

The experimental displays were programmed in C using the
VisionShell software library and presented on a 75-Hz CRT
controlled by a 400-MHz G4 Apple computer.

Stimuli and procedure

Each trial in both tasks started with the presentation of a
central white (56.6 cd m–2) fixation cross. Following a vari-
able interval (1,000–1,500 ms, randomly determined for each
trial), the experimental stimuli appeared. Auditory feedback
was provided on whether the answer was correct or incorrect.
The viewing distance was 60 cm.

Feature search task

The task was to locate the oddly colored diamond among two
distractor diamonds (so the target was, e.g., the red diamond
among yellow distractors; all diamonds were of the same size:
2.4° by 2.4°; see Fig. 1A), judging by keypress whether there
was a small notch at the top or the bottom of the target (all
stimuli had such notches). On different blocks, the target color
varied between red (22.7 cdm−2) and green (27.6 cdm−2), and
the distractor color varied independently between yellow
(37.4 cd m−2) and blue (24.6 cd m−2). Therefore, no intertrial
role reversals between target and distractors were possible. On

1 For one observer, the target was present on 79 % of trials. This did not
affect the pattern in his data relative to the other observers (see, e.g., Fig. 9
below).
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Fig. 3 Response time (RT)
density plots and histograms for
repetition conditions in the feature
search, averaged over condition,
(A) when neither target nor
distractors repeated, (B) when the
target repeated, (C) when the
distractors repeated, and (D)
when both target and distractors
repeated. The curves are ex-
Gaussian fitted curves, and the
bars are histograms of the RTs.
The bin widths are 20 to 40 ms
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the other half of the blocks, the color scheme of the target and
distractors was reversed. The diamonds were equally spaced
(120° between then) on an imaginary circle with a radius of
4.8° and appeared on a dark gray (5.6 cd m–2) background.

Conjunction search task

The task was to determine by keypress whether an odd-one-
out target was present or absent. There were six possible
search types, with four types of target-present trials: black
(0.8 cd m–2) square target among white (56.6 cd m–2) squares
and black disks, white square target among black squares and
white disks, white disk target among black disks and white

squares, and black disk target among white disks and black
squares (see Fig. 1B). Since our aim was, at this point, not to
investigate priming effects between adjacent target-absent
trials, the target was present on 70 % of trials. Two possible
types of no-target trials were created: white disks and black
squares and black disks and white squares. The disks had a
diameter of 1.1°, whereas the side length of the squares was
0.9°. Set size was either 14 or 28, determined randomly for
each trial. The items were equally distributed on an invisible
8×8 grid (cell size=2.2°) with a slight random position jitter
(±0.4°) within each cell to introduce irregularity. The search
items in the conjunction search appeared on an approximately
mid-gray background (33 cd m–2).
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Fig. 4 Average ex-Gaussian parameter values for different repetition types, streaks of repeated targets, and streaks of repeated distractors. Error bars
represent 1× between-subjects SEMs
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Data analysis

We followed the example of Wolfe et al. (2010) and
Palmer et al. (2011) by excluding trials with RTs
longer than 4,000 ms in the feature search and longer
than 8,000 ms in the conjunction search, and RTs
shorter than 200 ms in both tasks (39 trials removed).
We used the lmer (linear mixed model; Bates, 2010)
function in R to test for significant effects of the
experimental conditions on RTs in the unfitted data.
The lmer function, however, does not provide p values,
and we therefore report the t values, where t values >2
are considered to represent significant differences (see,
e.g., Baayen, Davidson, & Bates, 2008). We used the

plotegfit.m2 function to plot the density and histograms
plots (Figs. 3 and 7), and the egfit.m function
(Lacouture & Cousineau, 2008) in MATLAB to esti-
mate the three ex-Gaussian parameters: the μ and σ
parameters denoting the mean and standard deviation
of the Gaussian, and τ the mean of the exponential part
(Matzke & Wagenmakers, 2009; Ratcliff, 1993). To
check for significant effects of condition on the ex-
Gaussian parameters, we used repeated measures anal-
yses of variance (ANOVAs). Error bars denote twice
the within-subjects standard error, following the

2 The number of bins was always 75, and the range of the bin widths is
reported in each figure.

Fig. 5 Ex-Gaussian fits for each
observer as a function of search
type and repetition (A), target
streak length (B), and distractor
streak length (C)
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method used by Kliegl, Wei, Dambacher, Yan, and
Zhou (2010), in Figs. 2 and 6; otherwise, they denote
1× between-subjects SEMs.

Results

Feature search task

Overall performance was assessed with linear mixed
modeling using sliding contrasts (Kliegl et al., 2010) to
compare adjacent levels of whether the target ,
distractors, or both were repeated, and how often the

target and distractors repeated. We always present the
absolute t values. The RTs were longest when neither
the target nor distractors repeated, with a smaller speed
benefit of distractor than of target repetition, and the
shortest RTs when both the target and distractors were
repeated (Fig. 2A). When the target was repeated one to
five or more times, RTs decreased steadily (Fig. 2B), and
the pattern for distractors was the same (Fig. 2C). Com-
parisons between the conditions and test results are
shown in Fig. 2. The different panels contrast the repe-
tition effects by (A) repetition type, (B) target streak
length (how often in a row the same target was present-
ed), and (C) distractor streak length (how often in a row
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the same distractors were presented). The basic RT anal-
yses show that our feature task generates strong priming
patterns, reminiscent of what has been seen before in the
literature, indicating that this task lends itself well to the
analyses that we undertook here. Error rates ranged from
2.2 % to 7.1 % for the different observers.

Ex-Gaussian fit Figure 3 shows the RT histograms for the
four different repetition conditions (target, distractor, both, or
neither repeated), along with the ex-Gaussian fits and the
means, medians, and standard deviations. The average ex-
Gaussian parameters are shown in Fig. 4. A repeatedmeasures
ANOVAwas used to compare the effects of the experimental
conditions on the ex-Gaussian parameters. The main effect of
repetition condition (Fig. 4A) on μ was significant [F(3, 18)=
77.7, p<.001]. The effect of repetition condition on τwas also
significant [F(3, 18)=33.1, p<.001], as was its effect on the
combination of μ+τ [F(3, 18)=113.1, p<.001]. The effect of
repetition condition on σ, on the other hand, was far from
significant (F<1).

We next turn to the cumulative effects of target repetition,
on the one hand, and distractor repetition, on the other
(Fig. 4B). The main effect of target streak length on μ was
significant [F(4, 24)=5.4, p=.003] but not the effect on σ (F<
1), and the effect on τ was only marginal [F(4, 24)=2.3,
p=.09], although there was an undeniable trend in the data
in the second case. Finally, the main effect of target streak
length on μ+τ was significant [F(4, 24)=16.2, p<.001]. The
main effects of distractor streak length (Fig. 4C) on μ and μ+τ
were significant [F(4, 24)=2.8, p=.049, and F(4, 24)=13.7,

p<.001, respectively], but not on either σ [F(4, 24)<1, p=.43]
or τ [F(4, 24)=1.3, p=.3]. Figure 5 shows the ex-Gaussian fits
for the seven individual observers, as a function of repetition
condition in column A, of target streak length in column B,
and of distractor streak length in column C.

Discussion: Feature search task Repetition of targets or
distractors in the feature search task mainly influenced the μ
and τ parameters of the fitted ex-Gaussian distributions, but
not the σ parameter. As we discussed before, the mean of the
Gaussian distribution is represented by μ, whereas τ repre-
sents the mean of the exponential part, so in feature search the
repetition conditions appear to have their largest effect on the
means, whereas the variance appears not to be affected. This
may indicate that repetition induces an overall speeding effect
upon feature search, rather than a decrease in the number of
trials with very long RTs.

It is also of interest that target and distractor repetition seem
to have their own independent effects, which appear to be
additive (consistent with the claims of Geyer et al. 2006;
Kristjánsson & Driver 2005, 2008; Lamy, Antebi, Aviani, &
Carmel, 2008; Saevarsson, Jóelsdóttir, Hjaltason, &
Kristjánsson, 2008). Note, however, that the effects on the
parameters of distractor repetition were smaller, in line with
the smaller overall effect of distractor repetition in this
paradigm.

We reiterate that caution should be used when indi-
vidual parameters are interpreted, but the lack of any
effect on σ, which represents the standard deviation of
the Gaussian component, is quite notable, suggesting
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Fig. 8 Average ex-Gaussian parameter values for conjunction search, as a function of whether or not search was repeated. Error bars represent 1×
between-subjects SEMs
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that target repetition in feature search does not modu-
late the variance in responses.

Conjunction search task

Figure 6 shows summaries of the results for the con-
junction search. In a linear mixed model with both Set
Size and Repetition as factors, both main effects were
significant (t=8.1 and 8.0, respectively), but their inter-
action was not (t=0.7). Again, the RT patterns indicate
that this conjunction search task yields strong priming
effects , as we expected from previous results
(Kristjánsson & Driver, 2008; Kristjánsson, Óladóttir,
& Most, 2013; Wang et al., 2005). In addition, the task
shows an increase in RTs as a function of set size, as is
expected for conjunction search results. The slope of set

size against RT was 5.5 ms/item,3 indicating that this
was an easy conjunction search task, despite consider-
able uncertainty about the target identity (interfering
with explicit top-down guidance) and little bottom-up
saliency through feature contrasts (see Wang et al.,
2005, for a discussion). The error rates ranged from
1.6 % to 1.9 % for different observers.

Ex-Gaussian fits Figure 7 shows RT density plots and histo-
grams for the conjunction search, and descriptive statistics for
each condition. The only significant main effect of set size was
on τ (p=.011), in agreement with Palmer et al. (2011), but set
size affected neither μ, σ (both ps>.6), nor μ+τ (p=.296). A

3 (RT28 – RT14) / (Nset28 – Nset14)→(965 – 888) / 14=5.5.
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thorough analysis of set-size effects on the parameters of fitted
functions can be found in Palmer et al. (2011).

The main effect of repetition condition was signifi-
cant for all factors, with p values ranging from p<.001
to p=.025. The analyses above were conducted sepa-
rately for both set size and repetition. When both
factors were put into the same model, their interaction
was never significant (all ps>.13). The main effect of
set size was only significant for τ (p=.001; all other
p values>.16). The main effect of repetition condition
was always significant (with p values ranging from
<.001 to .016), except that the effect of repetition
was not significant for τ (p=.144). Figure 8 summa-
rizes the effects of set size and between-trial target
switches versus repetitions in the conjunction condi-
tion, whereas Fig. 9 shows the ex-Gaussian fits for
individual observers.

Discussion: Conjunction search results To summarize, repe-
tition of conjunction search has a strong effect on all of the
parameters of the ex-Gaussian distribution, although the effect
on τ was only marginally significant for the set size of 14.
These repetition effects were seen not only for the μ and τ
parameters of the ex-Gaussian distribution, but also for the σ
parameter, in strong contrast to the feature search results. This
notable difference between the repetition effects in conjunction
and feature search indicates that caution must be used when
priming effects from different tasks (such as conjunction and
feature searches) are compared at face value, and it suggests that
different mechanisms may, at least partly, underlie the repetition
effects for the two different search types.

Addressing an alternative explanation of differences in σ
with reanalyses of data from Kristjánsson and Driver
(2005, 2008)

Although the results for the different searches suggest that the
σ parameter is differentially affected by repetition in the two
search types, a potential alternative account is that other
differences between the two tasks may account for the differ-
ence in σ estimates. The conjunction search task that we tested
may have required either one or two guided searches on each
trial: one if observers guessed correctly, and two if they started
by looking for the wrong target initially. Priming has been
shown to influence free target choice (Brascamp et al., 2011),
and priming may simply bias observers to bet on the target
from the last trial. If they choose the wrong target, they have to
go back and search for the other possible target. This would
not be the case in the feature search that we tested.

To address this question, we reanalyzed an already pub-
lished data set from Kristjánsson and Driver (2005, 2008) that
can address this question, since in that task feature and
conjunction searches involving similar stimuli were
contrasted within the same task. This last point is critical,
since the uncertainty about target identity was comparable
across searches. The only difference between the two
conditions was therefore whether the target in each case
could be distinguished from the distractors by a single feature.

In Kristjánsson and Driver (2008), observers searched on
each trial for an odd-one-out target (see Fig. 1B). Here we
contrast target-present trials only in which the exact same
distractor sets were repeated between trials, but only the
identity of the target changed. Thus, an example nonrepeat
trial in the feature search would involve a black disk target

0

200

400

600

Feat, no rep Feat, rep Conj, no rep Conj, rep

M
e

a
n

 m
u

, 
(
m

s
)

mu

0

25

50

75

100

Feat, no rep Feat, rep Conj, no rep Conj, rep

M
e

a
n

 s
ig

m
a

, 
(
m

s
)

sigma

0

100

200

300

Feat, no rep Feat, rep Conj, no rep Conj, rep

M
e

a
n

 t
a

u
, 

(
m

s
)

tau

0

200

400

600

800

Feat, no rep Feat, rep Conj, no rep Conj, rep

M
e

a
n

 m
u

 +
 t

a
u

, 
(
m

s
)

mu + tau

Fig. 10 Ex-Gaussian parameter estimates contrasting repetitions versus nonrepetitions of feature versus conjunction search for the two observers in the
data set from Kristjánsson and Driver (2005, 2008). Error bars represent 1× between-subjects SEMs

2208 Atten Percept Psychophys (2014) 76:2199–2211



among white disks and white rings that followed a trial with a
black ring target among white disks and white rings. A repeat
trial would involve the exact same search.

An example nonrepeat conjunction search trial would in-
volve a black disk target among black rings and white disks,
preceded by a search in which the target was a white ring
among black rings and white disks. In this way, we tested
comparable conditions within the same task, with the only
difference being whether the task involved a target that dif-
fered from the distractors on a single feature or shared a
feature with each distractor set.

Results

Figure 10 shows the results of the reanalysis fitting
feature search repetitions versus conjunction search rep-
etitions to the ex-Gaussian functions. The critical issue
was whether we would find a difference in the effects of
repetition between feature and conjunction searches in
the effects upon σ. For the feature condition, σ is
unaffected by search repetition. On the other hand, there
is a large decrease in σ with repetition for conjunction
search. The other results mirror those we saw in the
preceding experiment: The μ parameter is also more
strongly affected by conjunction than by feature search
repetition, as is μ+τ.

The results of this reanalysis of the results from
Kristjánsson and Driver (2005, 2008) support our conclusions
from the results of the feature and conjunction search tasks.
The effects of repetition upon σwereminimal or absent for the
feature search, but were large for the conjunction search.

General discussion

Repetition priming of visual search strongly affects attention
deployments. Understanding these effects theoretically is
therefore important for a thorough understanding of how
visual attention is allocated across the visual field. Measures
of mean RT and variation can be ambiguous and may miss
critical aspects of the effects, as was explained in the intro-
duction. For the present purposes, our results clearly suggest
that analyses of RT distributions can be informative for un-
derstanding the priming of visual search.

In particular, we found differences between feature
and conjunction searches, in which the σ parameter
was strongly affected by repetition in the conjunction
but not in the feature search. Conversely, in both
feature and conjunction searches, both μ and τ were
strongly affected. One possible interpretation of this
pattern is that priming during conjunction search is
more likely to result in reductions in overly long RTs

than is repetition in the feature condition, thereby de-
creasing the variance. A straightforward interpretation
of this is that priming in conjunction search decreases
the number of long RTs, which in turn is likely to
reflect that observers are strongly biased to the target
on the last trial, decreasing the number of searches for
the “wrong” target and thereby reducing the number of
very long RTs.

Our investigation is by no means an exhaustive analysis of
RT distributions as a function of repetition priming. Other
paradigms in which attentional priming has been found should
clearly also be tested.

Do the present results have any direct implications for
theoretical accounts of repetition priming in visual search?
This can be debated, but as many have argued before, ex-
Gaussian fits can provide a three-parameter summary that is
more nuanced than more traditional summary statistics. One
example is the dramatic difference observed between feature
and conjunction search for σ, clearly indicating that care must
be taken when priming effects between different tasks are
measured and compared. Most importantly, conjunction and
feature searches cannot be compared at face value when it
comes to priming effects from search repetition. On the other
hand, μ and τ are influenced in both feature and conjunction
searches. There is disagreement over how these parameters
should be interpreted. We will exercise the caution
recommended by Matzke and Wagenmakers (2009) and
Spieler et al. (2000) in interpreting parameter values, simply
noting that this suggests that repetition influences mean per-
formance in both feature and conjunction search.

A broader message is that our results suggest that
focusing too heavily on mean RTs on their own is a
mistake. This has, nevertheless, been the practice in a
large majority of studies of priming in visual search.
There are many examples of how parameter analyses
from curve fitting can inform cognitive theory, such as
in Burnham (2013), who studied top-down influences
on attentional capture; Heathcote et al. (1991), who
studied the Stroop task; and Yap et al. (2006), who
investigated RT distributions in visual word form
recognition and lexical decision performance. Balota
and Yap (2011) discussed how parameter fitting might
influence theory—a conclusion with which we agree—
and our contribution here illustrates how it can inform
us on repetition effects in visual search.

We conclude that repetition priming in attentional
allocation is unlikely to be explained by one single
concept (as Kristjánsson & Campana, 2010, argued),
nor will any single methodology answer all of the
relevant questions. At the same time, parameter fits
with ex-Gaussian functions can constrain theories, and
matching parameters to labeled mental processes is not
a prerequisite for that.

Atten Percept Psychophys (2014) 76:2199–2211 2209



Author note Á.K. and Ó.I.J. are supported by the Icelandic
Research Fund (RANNÍS) and the Research Fund of the Uni-
versity of Iceland. We are grateful to Gianluca Campana, Denis
Cousineau, Jeremy Wolfe, and an anonymous reviewer for very
helpful comments upon this article.

References

Antoniades, C., Ettinger, U., Gaymard, B., Gilchrist, I., Kristjánsson, Á.,
Kennard, C., et al. (2013). An internationally standardised
antisaccade protocol. Vision Research, 84, 1–5. doi:10.1016/j.
visres.2013.02.007

Ásgeirsson, Á. G., & Kristjánsson, Á. (2011). Episodic retrieval and
feature facilitation in intertrial priming of visual search. Attention,
Perception, & Psychophysics, 73, 1350–1360. doi:10.3758/s13414-
011-0119-5

Ásgeirsson, Á. G., Kristjánsson, Á., & Bundesen, C. (2014). Independent
priming of location and color in identification of briefly presented
letters. Attention, Perception, & Psychophysics, 76, 40–48. doi:10.
3758/s13414-013-0546-6

Baayen, R. H., Davidson, D. J., & Bates, D. M. (2008). Mixed-effects
modeling with crossed random effects for subjects and items.
Journal of Memory and Language, 59, 390–412. doi:10.1016/j.
jml.2007.12.005

Balota, D. A., &Yap,M. J. (2011). Moving beyond the mean in studies of
mental chronometry: The power of response time distributional
analyses. Current Directions in Psychological Science, 20, 160–
166. doi:10.1177/0963721411408885

Bates, D. (2010). lme4: Mixed-effects modeling with R. Retrieved from
http://lme4.r-forge.r-project.org/book/

Becker, S. I. (2008). Can intertrial effects of features and dimensions be
explained by a single theory? Journal of Experimental Psychology:
Human Perception and Performance, 34, 1417–1440. doi:10.1037/
a0011386

Belopolsky, A. V., Schreij, D., & Theeuwes, J. (2010). What is top-down
about contingent capture? Attention, Perception, & Psychophysics,
72, 326–341. doi:10.3758/APP.72.2.326

Brascamp, J.W., Blake, R., & Kristjánsson, Á. (2011). Deciding where to
attend: Priming of pop-out drives target selection. Journal of
Experimental Psychology: Human Perception and Performance,
37, 1700–1707. doi:10.1037/a0025636

Bravo, M. J., & Nakayama, K. (1992). The role of attention in different
visual-search tasks. Perception & Psychophysics, 51, 465–472. doi:
10.3758/BF03211642

Burbeck, S. L., & Luce, R. D. (1982). Evidence from auditory simple
reaction times for both change and level detectors. Perception &
Psychophysics, 32, 117–133.

Burnham, B. R. (2013). Using response time distributions to examine
top-down influences on attentional capture. Attention, Perception, &
Psychophysics, 75, 257–277. doi:10.3758/s13414-012-0396-7

Campana, G., & Casco, C. (2009). Repetition effects of features and
spatial position: Evidence for dissociable mechanisms. Spatial
Vision, 22, 325–338.

Campana, G., Pavan, A., & Casco, C. (2008). Priming of first- and
second-order motion: Mechanisms and neural substrates.
Neuropsychologia, 46, 393–398. doi:10.1016/j.neuropsychologia.
2007.07.019

Cavanagh, J. P., & Chase, W. G. (1971). The equivalence of target and
nontarget processing in visual search. Perception & Psychophysics,
9, 493–495.

Chetverikov, A., & Kristjánsson, A. (2014). Look out! Monsters! History
effects in visual search as reflected in choice biases and liking.
Manuscript submitted for publication.

Dawson, M. R. (1988). Fitting the ex-Gaussian equation to reaction time
distributions. Behavior Research Methods, Instruments, &
Computers, 20, 54–57.

Found, A., &Müller, H. J. (1996). Searching for unknown feature targets
on more than one dimension: Investigating a “dimension-
weighting” account. Perception & Psychophysics, 58, 88–101.
doi:10.3758/BF03205479

Geyer, T., Müller, H. J., & Krummenacher, J. (2006). Cross-trial priming
in visual search for singleton conjunction targets: Role of repeated
target and distractor features. Perception & Psychophysics, 68, 736–
749. doi:10.3758/BF03193697

Heathcote, A., Popiel, S. J., & Mewhort, D. J. (1991). Analysis of
response time distributions: An example using the Stroop task.
Psychological Bulletin, 109, 340–347. doi:10.1037/0033-2909.
109.2.340

Hillstrom, A. P. (2000). Repetition effects in visual search. Perception &
Psychophysics, 62, 800–817. doi:10.3758/BF03206924

Hockley, W. E. (1984). Analysis of response time distributions in the
study of cognitive processes. Journal of Experimental Psychology:
Learning, Memory, and Cognition, 10, 598–615. doi:10.1037/0278-
7393.10.4.598

Hohle, R. H. (1965). Inferred components of reaction times as functions
of foreperiod duration. Journal of Experimental Psychology, 69,
382–386. doi:10.1037/h0021740

Huang, L., Holcombe, A. O., & Pashler, H. (2004). Repetition priming in
visual search: Episodic retrieval, not feature priming. Memory &
Cognition, 32, 12–20. doi:10.3758/BF03195816

Kliegl, R., Wei, P., Dambacher, M., Yan, M., & Zhou, X. (2010).
Experimental effects and individual differences in linear mixed
models: Estimating the relationship between spatial, object, and
attraction effects in visual attention. Frontiers in Psychology, 1,
238. doi:10.3389/fpsyg.2010.00238

Kristjánsson, Á. (2008). I know what you did on the last trial—A
selective review of research on priming in visual search. Frontiers
in Bioscience, 13, 1171–1181.

Kristjánsson, Á., & Campana, G. (2010). Where perception meets mem-
ory: A review of repetition priming in visual search tasks. Attention,
Perception, & Psychophysics, 72, 5–18. doi:10.3758/APP.72.1.5

Kristjánsson, Á., & Driver, J. (2005). Priming in vision: Target repetition
effects, context effects and role reversal effects [Abstract].
Perception, 34(Suppl), 40c.

Kristjánsson, Á., &Driver, J. (2008). Priming in visual search: Separating
the effects of target repetition, distractor repetition and role-reversal.
Vision Research, 48, 1217–1232. doi:10.1016/j.visres.2008.02.007

Kristjánsson, Á., Heimisson, P. R., Róbertsson, G. F., & Whitney, D.
(2013). Attentional priming releases crowding. Attention,
Perception, & Psychophysics, 75, 1323–1329. doi:10.3758/
s13414-013-0558-2

Kristjánsson, Á., Ingvarsdóttir, Á., & Teitsdóttir, U. D. (2008). Object-
and feature-based priming in visual search. Psychonomic Bulletin &
Review, 15, 378–384. doi:10.3758/PBR.15.2.378

Kristjánsson, Á., Óladóttir, B., &Most, S. B. (2013). “Hot” facilitation of
“cool” processing: Emotional distraction can enhance priming of
visual search. Journal of Experimental Psychology: Human
Perception and Performance, 39, 298–306. doi:10.1037/a0028683

Kristjánsson, Á., Saevarsson, S., & Driver, J. (2013). The boundary
conditions of priming of visual search: From passive viewing
through task-relevant working memory load. Psychonomic
Bulletin & Review, 20, 514–521. doi:10.3758/s13423-013-0375-6

Kristjánsson, Á., Wang, D. L., & Nakayama, K. (2002). The role of
priming in conjunctive visual search. Cognition, 85, 37–52. doi:
10.1016/S0010-0277(02)00074-4

Lacouture, Y., & Cousineau, D. (2008). How to use MATLAB to fit the
ex-Gaussian and other probability functions to a distribution of
response times. Tutorials in Quantitative Methods for Psychology,
4, 35–45.

2210 Atten Percept Psychophys (2014) 76:2199–2211

http://dx.doi.org/10.1016/j.visres.2013.02.007
http://dx.doi.org/10.1016/j.visres.2013.02.007
http://dx.doi.org/10.3758/s13414-011-0119-5
http://dx.doi.org/10.3758/s13414-011-0119-5
http://dx.doi.org/10.3758/s13414-013-0546-6
http://dx.doi.org/10.3758/s13414-013-0546-6
http://dx.doi.org/10.1016/j.jml.2007.12.005
http://dx.doi.org/10.1016/j.jml.2007.12.005
http://dx.doi.org/10.1177/0963721411408885
http://lme4.r-forge.r-project.org/book/
http://dx.doi.org/10.1037/a0011386
http://dx.doi.org/10.1037/a0011386
http://dx.doi.org/10.3758/APP.72.2.326
http://dx.doi.org/10.1037/a0025636
http://dx.doi.org/10.3758/BF03211642
http://dx.doi.org/10.3758/s13414-012-0396-7
http://dx.doi.org/10.1016/j.neuropsychologia.2007.07.019
http://dx.doi.org/10.1016/j.neuropsychologia.2007.07.019
http://dx.doi.org/10.3758/BF03205479
http://dx.doi.org/10.3758/BF03193697
http://dx.doi.org/10.1037/0033-2909.109.2.340
http://dx.doi.org/10.1037/0033-2909.109.2.340
http://dx.doi.org/10.3758/BF03206924
http://dx.doi.org/10.1037/0278-7393.10.4.598
http://dx.doi.org/10.1037/0278-7393.10.4.598
http://dx.doi.org/10.1037/h0021740
http://dx.doi.org/10.3758/BF03195816
http://dx.doi.org/10.3389/fpsyg.2010.00238
http://dx.doi.org/10.3758/APP.72.1.5
http://dx.doi.org/10.1016/j.visres.2008.02.007
http://dx.doi.org/10.3758/s13414-013-0558-2
http://dx.doi.org/10.3758/s13414-013-0558-2
http://dx.doi.org/10.3758/PBR.15.2.378
http://dx.doi.org/10.1037/a0028683
http://dx.doi.org/10.3758/s13423-013-0375-6
http://dx.doi.org/10.1016/S0010-0277(02)00074-4


Lamy, D., Antebi, C., Aviani, N., & Carmel, T. (2008). Priming of pop-
out provides reliable measures of target activation and distractor
inhibition in selective attention. Vision Research, 48, 30–41.

Lamy, D., Bar-Anan, Y., Egeth, H. E., & Carmel, T. (2006). Effects of top-
down guidance and singleton priming on visual search. Psychonomic
Bulletin & Review, 13, 287–293. doi:10.3758/BF03193845

Lamy, D. F., & Kristjánsson, Á. (2013). Is goal-directed attentional
guidance just intertrial priming? A review. Journal of Vision,
13(3), 14. doi:10.1167/13.3.14

Lamy, D., Yashar, A., & Ruderman, L. (2010). A dual-stage account of
inter-trial priming effects. Vision Research, 50, 1396–1401. doi:10.
1016/j.visres.2010.01.008

Luce, R. D. (1986). Response times: Their role in inferring mental
organization. Oxford, UK: Oxford University Press.

Maljkovic, V., & Nakayama, K. (1994). Priming of pop-out: I. Role of
features.Memory&Cognition, 22, 657–672. doi:10.3758/BF03209251

Matzke, D., & Wagenmakers, E.-J. (2009). Psychological interpretation
of the ex-Gaussian and shifted Wald parameters: A diffusion model
analysis. Psychonomic Bulletin & Review, 16, 798–817. doi:10.
3758/PBR.16.5.798

McGill, W. J. (1963). Stochastic latency mechanisms. In R. D. Luce, R.
R. Bush, & E. Galanter (Eds.), Handbook of Mathematical
Psychology (pp. 309–360). New York, NY: Wiley.

McGill, W. J., & Gibbon, J. (1965). The general-gamma distribution and
reaction times. Journal of Mathematical Psychology, 2, 1–18.

McPeek, R.M.,Maljkovic, V., & Nakayama, K. (1999). Saccades require
focal attention and are facilitated by a short-term memory system.
Vision Research, 39, 1555–1566.

Neisser, U. (1964). Visual search. Scientific American, 210, 94–102.
Olivers, C. N. L., & Humphreys, G. W. (2003). Attentional guidance by

salient feature singletons depends on intertrial contingencies.
Journal of Experimental Psychology: Human Perception and
Performance, 29, 650–657. doi:10.1037/0096-1523.29.3.650

Palmer, E. M., Horowitz, T. S., Torralba, A., &Wolfe, J. M. (2011). What
are the shapes of response time distributions in visual search?
Journal of Experimental Psychology: Human Perception and
Performance, 37, 58–71. doi:10.1037/a0020747

Pratt, J., & Castel, A. D. (2001). Responding to feature or location: A re-
examination of inhibition of return and facilitation of return. Vision
Research, 41, 3903–3908.

Rangelov, D., Müller, H. J., & Zehetleitner, M. (2013). Visual search for
feature singletons: Multiple mechanisms produce sequence effects
in visual search. Journal of Vision, 13(3), 22. doi:10.1167/13.3.22

Ratcliff, R. (1978). A theory of memory retrieval. Psychological Review,
85, 59–108. doi:10.1037/0033-295X.85.2.59

Ratcliff, R. (1979). Group reaction time distributions and an analysis of
distribution statistics. Psychological Bulletin, 86, 446–461. doi:10.
1037/0033-2909.86.3.446

Ratcliff, R. (1993). Methods for dealing with reaction time outliers.
Psychological Bulletin, 114, 510–532. doi:10.1037/0033-2909.
114.3.510

Ratcliff, R., & Murdock, B. B., Jr. (1976). Retrieval processes in recog-
nition memory. Psychological Review, 83, 190–214. doi:10.1037/
0033-295X.83.3.190

Saevarsson, S., Jóelsdóttir, S., Hjaltason, H., & Kristjánsson, A. (2008).
Repetition of distractor sets improves visual search performance in
hemispatial neglect. Neuropsychologia, 46, 1161–1169.

Sigurdardóttir, H. M., Kristjánsson, Á., & Driver, J. (2008). Repetition
streaks increase perceptual sensitivity in visual search of brief dis-
plays . Visual Cognit ion, 16 , 643–658. doi :10.1080/
13506280701218364

Smith, S. L. (1962). Color coding and visual search. Journal of
Experimental Psychology, 64, 434–444.

Spieler, D. H., Balota, D. A., & Faust, M. E. (2000). Levels of selective
attention revealed through analyses of response time distributions.
Journal of Experimental Psychology: Human Perception and
Performance, 26, 506–526. doi:10.1037/0096-1523.26.2.506

Thomson, D. R., & Milliken, B. (2011). A switch in task affects priming
of pop-out: Evidence for the role of episodes. Attention, Perception,
& Psychophysics, 73, 318–333. doi:10.3758/s13414-010-0046-x

Treisman, A. (1977). Focused attention in the perception and retrieval of
multidimensional stimuli. Perception & Psychophysics, 22, 1–11.
doi:10.3758/BF03206074

Treisman, A. M., & Gelade, G. (1980). A feature-integration theory of
attention. Cognitive Psychology, 12, 97–136. doi:10.1016/0010-
0285(80)90005-5

Wald, A. (1947). Sequential analysis. New York, NY: Wiley.
Wang, D., Kristjánsson, Á., & Nakayama, K. (2005). Efficient visual

search without top-down or bottom-up guidance. Perception &
Psychophysics, 67, 239–253. doi:10.3758/BF03206488

Wolfe, J. M. (1998). Visual Search. In H. E. Pashler (Ed.), Attention (pp.
13–76). Hove, UK: Psychology Press.

Wolfe, J. M., Butcher, S. J., Lee, C., & Hyle, M. (2003). Changing your
mind: On the contributions of top-down and bottom-up guidance in
visual search for feature singletons. Journal of Experimental
Psychology: Human Perception and Performance, 29, 483–502.
doi:10.1037/0096-1523.29.2.483

Wolfe, J. M., Palmer, E. M., & Horowitz, T. S. (2010). Reaction time
distributions constrain models of visual search. Vision Research, 50,
1304–1311. doi:10.1016/j.visres.2009.11.002

Yap, M. J., Balota, D. A., Cortese, M. J., & Watson, J. M.
(2006). Single- versus dual-process models of lexical deci-
sion performance: Insights from response time distributional
analysis. Journal of Experimental Psychology: Human
Perception and Performance, 32, 1324–1344. doi:10.1037/
0096-1523.32.6.1324

Atten Percept Psychophys (2014) 76:2199–2211 2211

http://dx.doi.org/10.3758/BF03193845
http://dx.doi.org/10.1167/13.3.14
http://dx.doi.org/10.1016/j.visres.2010.01.008
http://dx.doi.org/10.1016/j.visres.2010.01.008
http://dx.doi.org/10.3758/BF03209251
http://dx.doi.org/10.3758/PBR.16.5.798
http://dx.doi.org/10.3758/PBR.16.5.798
http://dx.doi.org/10.1037/0096-1523.29.3.650
http://dx.doi.org/10.1037/a0020747
http://dx.doi.org/10.1167/13.3.22
http://dx.doi.org/10.1037/0033-295X.85.2.59
http://dx.doi.org/10.1037/0033-2909.86.3.446
http://dx.doi.org/10.1037/0033-2909.86.3.446
http://dx.doi.org/10.1037/0033-2909.114.3.510
http://dx.doi.org/10.1037/0033-2909.114.3.510
http://dx.doi.org/10.1037/0033-295X.83.3.190
http://dx.doi.org/10.1037/0033-295X.83.3.190
http://dx.doi.org/10.1080/13506280701218364
http://dx.doi.org/10.1080/13506280701218364
http://dx.doi.org/10.1037/0096-1523.26.2.506
http://dx.doi.org/10.3758/s13414-010-0046-x
http://dx.doi.org/10.3758/BF03206074
http://dx.doi.org/10.1016/0010-0285(80)90005-5
http://dx.doi.org/10.1016/0010-0285(80)90005-5
http://dx.doi.org/10.3758/BF03206488
http://dx.doi.org/10.1037/0096-1523.29.2.483
http://dx.doi.org/10.1016/j.visres.2009.11.002
http://dx.doi.org/10.1037/0096-1523.32.6.1324
http://dx.doi.org/10.1037/0096-1523.32.6.1324


Reproduced with permission of the copyright owner. Further reproduction prohibited without
permission.


	How priming in visual search affects response time distributions: Analyses with ex-Gaussian fits
	Abstract
	Repetition priming in visual search
	The present goals
	Fitting procedure
	Method
	Participants
	Equipment
	Stimuli and procedure
	Feature search task
	Conjunction search task
	Data analysis

	Results
	Feature search task
	Conjunction search task

	Addressing an alternative explanation of differences in σ with reanalyses of data from Kristjánsson and Driver (2005, 2008)
	Results
	General discussion
	References


