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When a test of attention, such as the d2 test, is repeated, performance improves. These
practice benefits threaten the validity of a test because it is impossible to separate the
contributions of ability and practice, respectively, to a particular result. A possible
solution to this dilemma would be to determine the sources of practice effects, and to use
this knowledge for constructing tests that are less prone to practice. The present study
investigates the contribution of three components of a d2-like test of attention to
practice benefits: targets, distractors, and stimulus configurations. In Experiment 1, we
compared practice effects in a target-change condition, where targets changed between
sessions, to a target-repetition condition. Similarly, in Experiment 2, we compared
practice effects in a distractor-change condition to a distractor-repetition condition.
Finally, in Experiment 3, we compared practice effects in a position-repetition condition,
where stimulus configurations were repeated within and between tests, to a
position-change condition. Results showed that repeating targets and repeating
distractors contribute to practice effects, whereas repeating stimulus configurations does
not. Hence, in order to reduce practice effects, one might construct tests in which target
learning is prevented, for example, by using multiple targets.

Introduction

The present study investigates the sources of practice ef-
fects in pen-and-paper tests of attention, like the test d2.
There are, in fact, several types or “mechanisms” of atten-
tion, such as focused (or selective) attention, divided atten-
tion, and sustained attention or vigilance (e.g., Parasura-
man & Davies, 1984; Pashler, 1998). Focused or selective
attention refers to the ability to find and selectively process
(or respond to) relevant stimuli among irrelevant stimuli.
Divided attention refers to the ability to distribute pro-
cessing resources among multiple stimuli or tasks. Finally,
sustained attention (or vigilance) refers to the ability to
remain focused or vigilant for longer periods of time. Typi-
cal pen-and-paper tests of sustained attention, such as the
d2, require visual search for relevant stimuli (called “tar-
gets”) among similar, but irrelevant stimuli (called “dis-
tractors”). Because visual search requires focused attention
(e.g., Treisman, 1988; Wolfe, 1998), the d2 is more a test of
“focused” rather than “sustained” attention, although it is
sometimes called a “sustained-attention” test (e.g., Bloten-
berg & Schmidt-Atzert, 2019, 2020; Steinborn et al., 2018).

The test d2 was created by Brickenkamp (1962), and is
available in a revised version since 2010 (Brickenkamp et
al., 2010). In its present form, the d2 consists of a sheet of
paper with 14 rows of 57 stimuli each. Each stimulus con-
sists of a combination of either the letter “d” or “p” com-
bined with one to four dashes, which are placed above or
below the letter. The three combinations of the letter “d”
with two dashes form the set of target stimuli. Five combi-
nations of the letter “d” with one, three, or four dashes, and
five combinations of the letter “p” with one or two dashes
form the set of distractor stimuli. The participants’ task is
to search each line from left to right for targets, and to mark
each target with a diagonal stroke. Depending on the to-be-
expected level of performance, participants are given 15 or
20 seconds per line. Two central measures of performance
are computed from the raw data: the sum of hits (called
“KL”), and the percentage of errors (called “F%”). The test
d2 is a language-free test, and the instructions are available
in different languages, including German (Brickenkamp et
al., 2010), English (Brickenkamp & Zillmer, 1998), Spanish
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(e.g., Rivera et al., 2017), and Japanese (e.g., Yato et al.,
2019).

Practice effects in the test d2

It has long been known that repeating the d2 leads to
performance improvements in the second session (e.g.,
Brickenkamp, 2002; Schmidt-Atzert et al., 2004). Practice
benefits in the d2 are typically in the size of 10% (improve-
ment, as compared to the first session) in adult samples
when the test is repeated after one or two weeks (e.g., J.
G. Harris et al., 2007; Steinborn et al., 2018). For other
pen-and-paper tests of focused attention, such as the FAIR
test (Moosbrugger & Oehlschlégel, 2011), authors reported
even higher practice benefits in the second session that per-
sisted over three months (e.g., B. Wiihr & Wiihr, 2021). Fur-
ther investigations with d2-like tests suggest that practice
gains can still be observed in the seventh or eighth repeti-
tion of the test (e.g., Westhoff & Dewald, 1990).

Practice benefits have serious consequences for the va-
lidity of the test d2 (cf. Hagemeister & Westhoff, 2011;
Lievens et al., 2007; Schmidt-Atzert et al., 2004). Since the
investigator usually does not know the practice level of the
test-taker, he or she cannot judge the contribution of prac-
tice to the test result. In other words, the investigator does
not know the ratio in which ability and practice have con-
tributed to performance, and thus cannot simply attribute
performance to ability only. Another problem is that test-
takers, who are expecting to be tested with the d2, can de-
liberately practice for the test, and thus improve their test
result.

There are two ways of dealing with the problem of prac-
tice benefits in the d2. The first possibility is to develop
methods for assessing the practice level of a test-taker.
Unfortunately, attempts of developing such methods have
not yet been successful (e.g., Hagemeister, 2007; Hagemeis-
ter et al., 2002). The second possibility is to identify the
sources of practice benefits in the d2 test, and to use the
results for developing new tests that are less susceptible to
practice. Unfortunately, studies on the sources of practice
benefits in the d2 are rare: there are only two. In a first
study, Blotenberg and Schmidt-Atzert (2019) defined three
component processes (perceptual speed, simple mental op-
eration, motor speed), which are involved in doing the d2,
and tried to identify which of them benefits from practice.
Perceptual speed was measured in a task that required to
indicate which leg of a a pi-shaped figure is longer. Motor
speed was measured in a simple-reaction time task. More-
over, six computerized versions of the d2 test were con-
structed for assessing the “simple mental operation”. The
six versions of the test resulted from combining three stim-
ulus arrangements (one stimulus, three stimuli, ten stim-
uli) and two paces (i.e. self-paced vs. force-paced). The au-
thors observed practice benefits for each process, but the
largest benefits were observed for the “simple mental op-
eration”. Unfortunately, the tasks used for measuring the
three processes were not process-pure, because each task
requires perceptual and motor speed. Moreover, it is not
clear how these results can be used for constructing new
tests that are less susceptible to practice. In particular,

the results of Blotenberg and Schmidt-Atzert do not show
which particular component of the d2 (i.e., targets, distrac-
tors, stimulus configurations) benefits from practice. For
example, their task used for measuring the “simple men-
tal operation” always contained the same targets and dis-
tractors, and therefore the practice benefits observed for
this task may have resulted from target learning, distractor
learning, or both.

In another study, Wiihr (2019) started to isolate compo-
nents of the test d2 that benefit from practice. Therefore,
he compared practice benefits in two variants of the d2
that only differed in targets. In particular, one test required
searching for the letter “d” with two dashes among distrac-
tors, whereas the other test required searching for the letter
“p” with two dashes among distractors. The set of distrac-
tors, which was used in both tests, contained different com-
binations of four letters (b, d, p, q) with different numbers
of dashes. One group of participants did the same test twice
with one week between sessions. Hence, for this group,
every part of the test (i.e., targets, distractors, stimulus po-
sitions, motor requirements) repeated between sessions. In
contrast, for another group of participants, the set of tar-
gets changed from session 1 to session 2, while all other
parts of the test remained the same. Wiihr observed prac-
tice benefits in both conditions, but benefits were signifi-
cantly larger when all parts of the test repeated than when
everything but the targets repeated. Two conclusions can
be drawn from these results. First, the repetition, and thus
the learning, of target processing in the first session makes
a significant contribution to practice benefits in the d2. Sec-
ond, learning of targets is not the only source of practice
benefits in the d2, since significant practice benefits were
also observed in the condition where targets changed.

The aim of the present study is to replicate and extend
the findings of Wiihr (2019). Therefore, we conducted three
experiments in which we investigated whether repetition
of different parts of the d2 improves performance. In par-
ticular, we investigated whether repetition of targets (Ex-
periment 1), repetition of distractors (Experiment 2), and
repetition of stimulus configurations (Experiment 3) im-
proves performance in the d2. Research on visual attention
and visual search have shown that the repetition of the
three task components can improve performance in differ-
ent tasks (e.g., Le Dantec et al., 2012). The following sec-
tions provide a summary of these results.

Attention and visual search

Pen-and-paper tests of attention, such as the d2 or
FAIR-2, are visual-search tasks. These tasks have long been
used for investigating visual attention (e.g., Neisser, 1963;
Schneider & Shiffrin, 1977; Treisman & Gelade, 1980). In
a typical visual-search task, participants have to decide if a
particular, pre-defined target stimulus is present in a dis-
play of multiple stimuli or not. Hence, some displays con-
tain a target among many distractors, whereas other dis-
plays contain only distractors. Independent variables have
been the type of search task, and the number of stimuli in
a display (i.e., set size; see, Chan & Hayward, 2013; Wolfe,
1998, for reviews). In feature-search tasks, the target differs
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in one feature from the distractors, for example, when par-
ticipants search for a red target among blue or green dis-
tractors. In contrast, in conjunction-search tasks, the tar-
get differs in a particular combination of features from the
distractors, for example, when participants search for a red
circle among blue circles and red squares. Typically, set
size has little impact on search RTs in feature-search tasks,
whereas search RTs monotonically increase with set size in
conjunction-search tasks (e.g., Treisman, 1988; Treisman
& Gelade, 1980). Many authors have interpreted such find-
ings as evidence for a dichotomy between parallel search
for features, which does not involve focused attention, and
serial search for feature conjunctions, which requires fo-
cused attention (e.g., Treisman, 1988; Treisman & Gelade,
1980; Wolfe, 1994). In serial search, participants are as-
sumed to direct attention onto each stimulus to process all
its features, and to compare a stimulus representation with
a template of the target stimuli, which is stored in memory.
The d2 test requires conjunction search because the tar-
gets are defined by specific conjunctions of features, with
the single features being also present in distractors. In con-
trast, the d2 test is not a feature-search task because a sin-
gle feature does not distinguish all targets from all distrac-
tors.

Effects of repeating target stimuli

Repetition of targets in filtering tasks. When the d2
is taken twice, the target stimuli are repeated among other
parts of the task. Many studies with different tasks have
shown that the isolated repetition of targets can improve
performance in the second trial or test (e.g., Scarborough et
al., 1977). A prominent example are “positive” priming ef-
fects in so-called “filtering” tasks, which require selecting
and responding to a (target) stimulus presented along with
irrelevant (distractor) stimuli. In a variant of this task, par-
ticipants are presented with a sequence of two trials, the
prime and the probe trial. In each trial, a display containing
two stimuli (e.g., letters) in different colors is presented.
The green letter is the target, the red letter is the distractor.
In such tasks, repeating the target while changing the dis-
tractor from prime to probe trials leads to faster responses
to the probe target, as compared to a sequence in which
target and distractor change (e.g., Tipper, 1985; Tipper &
Cranston, 1985). If, however, the prime distractor becomes
the probe target, performance is worse when compared to
sequences in which target and distractor change—an ob-
servation called “negative” priming (for reviews, see, Fox,
1995; Frings et al., 2015).

Dominant accounts of priming effects in filtering tasks
are dual-process theories of selective attention, and theo-
ries of episodic retrieval. Dual-process theories of selective
attention assume that attentional selection involves both
the amplification of targets, and the inhibition of distrac-
tor stimuli (e.g., Houghton & Tipper, 1994; Tipper, 1985).
A response to the target is made when the activation of
one stimulus representation (the target, in most cases) ex-
ceeds the activation of all other stimulus representations
(the distractors, in most cases). After the response, the ac-
tivation levels of the stimulus representations return slowly

back to their resting levels. When the target is repeated be-
fore its activation has arrived at rest, target processing ben-
efits from residual activation. When, however, the prime
distractor becomes the probe target, then probe target pro-
cessing will suffer from residual inhibition of the prime dis-
tractor (e.g., Frings & Wiihr, 2007b; Houghton & Tipper,
1994; Tipper, 1985).

Theories of episodic retrieval assume that, after having
made a response to a display, participants store stimuli and
response in a memory episode of that trial (e.g., Huang et
al., 2004; Neill, 1997; Neill & Valdes, 1992). The memory
episode contains information about each stimulus, their
role or status (as a target or distractor), and the response to
each stimulus. The re-occurrence of a stimulus from a pre-
ceding trial triggers the retrieval of the most recent mem-
ory episode(s) containing this stimulus, and the content of
the retrieved episode can be congruent or incongruent with
the requirements of the present trial. In particular, when
the target is repeated, the information stored in the mem-
ory episode of the prime trial is congruent with the require-
ments of the probe trial, and a response is facilitated. When
however, the prime distractor becomes the probe target, the
information stored in the memory episode of the prime trial
is incongruent with the requirements of the probe trial, and
a response is hampered (e.g., Neill, 1997; Neill & Valdes,
1992).

Priming effects observed in filtering tasks cannot be
readily generalized to explain practice effects in pen-and-
paper tests of attention. First, the displays in filtering tasks
typically involve small numbers of stimuli, whereas tests
of attention present large numbers of stimuli at once. Sec-
ond, the time intervals between prime and probe trials in
priming studies are very short (i.e., seconds), whereas much
longer intervals (i.e., weeks, or even months) are relevant
for practice benefits with attention tests. Third, the stim-
uli in priming experiments are usually changing their roles
as targets and distractors many times during the course of
an experiment (varied mapping), whereas in attention tests
the stimuli maintain their roles as targets or distractors
(consistent mapping). In fact, Schneider and Shiffrin (1977)
have shown that varied mapping can impair learning in vi-
sual-search tasks even with many trials of practice, whereas
consistent mapping can lead to massive improvements of
performance in visual-search tasks (see also, Rogers & Fisk,
1991).

Repetition of targets in search tasks. With a consis-
tent mapping of stimuli in visual search tasks, performance
improves with practice (e.g., Neisser, 1963; Schneider &
Shiffrin, 1977). Schneider and Shiffrin (1977) explained the
improvements of search performance by search processes
becoming increasingly automatic with practice. In partic-
ular, these authors assumed that extended practice with
consistent mapping leads to durable changes of the atten-
tional weights assigned to cognitive stimulus representa-
tions. According to this activation-strength model, practice
produces a durable increase in the attentional weights of
target representations, and a durable decrease in the atten-
tional weights of distractor representations (see, also, Cz-
erwinski et al., 1992; Rogers, 1992; Shiffrin, 1988). The ac-
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tivation-strength model can be viewed as a variant of the
dual-process model of selective attention described above
(Houghton & Tipper, 1994; Tipper, 1985).

The activation-strength model can explain the finding
that switching targets and distractors after extended prac-
tice leads to a massive decrement in performance (e.g.,
Prinz, 1979; Rogers, 1992; Rogers & Fisk, 1991; B. Wiihr
& Wiihr, 2021). The explanation is that the attentional
weights of targets and distractors must be slowly re-learned
after having been switched. Additional studies have inves-
tigated how changing only the targets in a visual-search
task after extended practice affects performance. In one
study, Fisk, Lee, and Rogers (1991) used a task in which
participants searched for a target word (defined by cate-
gory) among a display of three words from different cat-
egories. Participants were trained for ten sessions with a
consistent mapping (e.g., with target set A and distractor
set B). After practice, the authors compared performance
in three transfer conditions: A target-repetition condition
(target set A, distractor set C), a target-becomes-distractor
condition (target set C, distractor set A), and a control con-
dition (target set C, distractor set D). Results showed that
performance in the target-repetition condition was (signif-
icantly) better than in the control condition, whereas per-
formance in the target-reversal condition was (numerically)
worse than in the control condition. The pattern is consis-
tent with the attention-strength model, and demonstrates
that learning target stimuli makes an important contribu-
tion to practice effects in visual search (see, also, Le Dantec
et al., 2012; Rogers, 1992; P. Wiihr, 2019).

The beneficial effects of repeating targets in laboratory
search tasks, and in pen-and-paper tests of attention (e.g.,
Fisk et al., 1991; Le Dantec et al., 2012; Rogers, 1992; P.
Wiihr, 2019) can also be explained by episodic retrieval
(e.g., Logan, 1988, 1990; Neill, 1997; Neill & Valdes, 1992).
For example, one might assume that participants store
every processing episode in a continuous pen-and-paper
test in memory. With practice under consistent-mapping
conditions, participants will store increasing numbers of
previous target and distractor episodes. When encounter-
ing a new target or distractor, congruent episodes are re-
trieved from memory and facilitate processing of the cur-
rent stimulus.

Effects of repeating distractor stimuli

Repetition of distractors in filtering tasks. When the
d2 is taken twice, the distractor stimuli are repeated among
other parts of the task. Results of studies with filtering tasks
have shown that the repetition of distractors from prime to
probe displays improve performance, independently from
whether the target is also repeated or not (e.g., Frings &
Wiihr, 2007a; Neumann & DeSchepper, 1991; Tipper et al.,
1989; Tipper & Cranston, 1985). Both the dual-process the-
ory of attention and episodical-retrieval theory can explain
the beneficial effects of distractor repetition. According to
the former, processing of the probe target benefits from lin-
gering inhibition of the repeated distractor. According to
the latter, the repetition of the distractor stimulus triggers
the retrieval of a previous processing episode (prime trial)

that is congruent with the requirements of the probe trial
(e.g., Frings & Wiihr, 2007a). Yet, the effects of distractor
repetition in filtering tasks have been shown in non-search
tasks with very short intervals between prime and probe
displays. Hence, it is unclear whether these findings gener-
alize to the repetition of visual search tasks with long time
intervals between sessions.

Repetition of distractors in search tasks. Studies of
practice effects in visual-search tasks, with a consistent
mapping, have shown that changing the distractors from
practice to test deteriorates performance (e.g., Fisk et al.,
1991; Le Dantec et al., 2012; Rogers, 1992). In the study by
Fisk et al. (1991) participants practiced for ten days with
a target set A, and a distractor set B. On day 11, partic-
ipants were tested in three different transfer conditions:
the distractor-repetition condition (target set C, distractor
set B), a distractor-becomes-target condition (target set B,
distractor set C), and a control condition with untrained
stimulus sets. Results showed that performance in the dis-
tractor-repetition condition was (significantly) better than
in the control condition, whereas performance in the dis-
tractor-becomes-target condition was (numerically) worse
than in the control condition (cf., Rogers, 1992, for simi-
lar results). This pattern of findings implies that learning
distractor stimuli also contributes to practice effects in vi-
sual search (see, also, Le Dantec et al., 2012). The benefi-
cial effects of repeating distractors in visual search are con-
sistent both with the activation-strength model (Rogers,
1992; Schneider & Shiffrin, 1977; Shiffrin, 1988), and with
episodic-retrieval theories (e.g., Logan, 1988, 1990; Neill,
1997).

Effects of repeating stimulus positions

Repetition of stimulus positions in filtering tasks.
The fourteen stimulus lines in the d2 are repetitions of
lines 1-3. That is, line 1 is identical with lines 4, 7, 10 and
13. Similarly, line 2 is identical with lines 5, 8, 11, and 14,
and line 3 is identical with lines 6, 9, and 12. The repe-
tition of lines means that particular spatial configurations
of targets and distractors are repeated in a session with
the d2, and these configurations could thus be learned. In
fact, findings from studies with filtering tasks show that re-
peating combinations of targets and locations from prime
to probe trials improves performance in the probe trial, as
compared to conditions in which either the target or the
location changes (e.g., Chao & Yeh, 2005; Guy & Buckolz,
2007; Park & Kanwisher, 1994).

Repetition of stimulus positions in search tasks. Re-
search on “contextual cueing” has shown that people can
implicitly learn complex stimulus configurations in visual
search tasks. In an influential study, Chun and Jiang (1998;
see, also, Chun, 2000) showed that repeating spatial con-
figurations of stimuli improves search performance as com-
pared to non-repeated configurations. In their Experiment
1, participants searched for the rotated target letter “T”
among heterogeneously rotated distractor letters “L”. Each
display contained a target among distractors, and partici-
pants reported the orientation of the target by pressing a
key. Each block of trials contained 12 trials with “old” dis-
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plays, which were repeated throughout the experiment, and
12 trials with “new” displays, which were not repeated. The
total of 30 experimental blocks were divided in six epochs
of 5 blocks each. Results showed that, starting with epoch
2, RTs were shorter to old as compared to new displays. This
“contextual cueing” effect is explained by assuming that
participants quickly learn the position of the target in re-
peated (i.e., old) displays, which facilitates search and a re-
sponse to the target in subsequent repetitions of the dis-
play. Further experiments suggested that contextual cueing
involves learning of spatial configurations, whereas partic-
ipants do not seem to learn much about distractor identi-
ties (e.g., Chun & Jiang, 1998; but see Makovski, 2016, for
diverging results). Later studies on the mechanisms of the
contextual cueing effect suggest that contextual cueing fa-
cilitates attentional control of visual search, and not the re-
sponse to the target (e.g., A. M. Harris & Remington, 2017;
see, Sisk et al., 2019, for a review).

Independent effects of repeating targets,
distractors, and positions

The studies reviewed in the previous sections have inde-
pendently shown that the repetition of targets, distractors,
or stimulus positions between two trials or tests can facil-
itate visual search, as compared to changing these compo-
nents. Hence, the question arises as to whether repeating
different components of a search task has independent ef-
fects, or whether these effects may interact with each other.
Le Dantec et al. (2012) addressed this question in an inter-
esting study, in which participants practised a visual search
task for ten days. Targets and distractors were lines differ-
ing in orientation. During practice, participants searched
for a target with a particular orientation (either 45° or 135°)
among heterogeneous distractors with similar orientations.
To address contextual learning, the practice sessions in-
cluded the same amount of “old” (i.e., repeated) and “new”
(i.e., unrepeated) configurations. During practice, partici-
pants showed both effects of stimulus (i.e., target and dis-
tractor) learning, and effects of contextual learning. Stim-
ulus learning was reflected in the fact that search times
continuously decreased, and search accuracy increased,
during learning. Contextual learning was reflected in the
fact that search performance was better for repeated as
compared to unrepeated displays. On day 11, participants
were finally tested with practiced and unpracticed targets,
with practiced and unpracticed distractors, and with prac-
ticed and unpracticed stimulus configurations. Results
showed that practice benefits were confined to trained
stimuli and trained configurations. In particular, better test
performance when searching for practiced as compared to
unpracticed targets revealed target learning. Better test
performance when searching among practiced as compared
to unpracticed distractors revealed distractor learning.
Moreover, and interestingly, the authors did not observe
any interactions between target learning, distractor learn-
ing, and contextual learning. Hence, targets, distractors,
and stimulus configurations were learned independently,
which may suggest that different mechanisms subserve
these learning and practice effects (see, also, Geng et al.,

2019). The results of Le Dantec et al. (2012) are important
for our study because they justify our approach of indepen-
dently investigating the effects of learning targets, distrac-
tors, and spatial configurations.

The present study

The aim of the present study is to find out which com-
ponents of a pen-and-paper test of attention are learned in
a single testing session, and may therefore improve perfor-
mance in a second testing session when the component is
repeated. Therefore, we conducted three experiments with
different custom-made variants of the d2 test. In Experi-
ment 1 we addressed the repetition of targets, in Experi-
ment 2 we addressed the repetition of distractors, and in
Experiment 3 we finally addressed the repetition of stim-
ulus configurations. Basic research on visual attention and
visual search has shown that the repetition of targets (e.g.,
Neill, 1977; Rogers, 1992), the repetition of distractors
(e.g., Frings & Wiihr, 2007a; Rogers, 1992), and the repe-
tition of stimulus positions and configurations (e.g., Chun
& Jiang, 1998; Park & Kanwisher, 1994) can improve per-
formance in search and in non-search tasks. With the ex-
ception of targets (P. Wiihr, 2019), it is not clear whether
the findings from basic research generalize to repetitions of
the d2 and similar tests, because of many methodological
differences between the tasks. The most obvious differ-
ences concern time intervals between practice and test, dis-
play sizes, and test formats. Further differences relate to
whether the search is self-paced or not, and whether par-
ticipants can preview subsequent items or not (e.g., Bloten-
berg & Schmidt-Atzert, 2020).

The results of the present experiments might reveal use-
ful insights for the construction of focused-attention tests
that are less susceptible to practice effects than existing
tests. If, for example, we observe that the repetition of
stimulus rows in the d2 leads to superior performance than
a test without repetitions of stimulus rows, then using the
latter type of test would help to reduce practice effects.

We would also like to stress that testing between differ-
ent explanations for practice effects in visual-search tasks
is not an aim of this study. We did not design the present
experiments for testing between theories of practice effects
or automatization in visual search. This does not mean,
however, that the results of the present experiments will be
completely mute about this issue. Therefore, we will dis-
cuss some implications of our findings for evaluating theo-
ries of practice in visual search.

Experiment 1

In Experiment 1, we investigated whether repeating tar-
gets between two sessions contributes to practice effects in
a d2-like test. Therefore, we tested two groups of partici-
pants two times with custom-made variants of the d2 with
one week between sessions. The first group did the same
version of the test in both sessions (target-repetition con-
dition). Hence, in this condition, all relevant components
of the test (targets, distractors, stimulus positions and con-
figurations) repeated from session 1 to session 2. For the
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second group, the set of targets changed from session 1 to
session 2, whereas all other components of the test (i.e.,
distractors, stimulus positions and configurations) were re-
peated.

If participants selectively practice detecting and pro-
cessing targets in the first session with the d2, the results
of practice should improve performance in the second ses-
sion with the d2 when the targets repeat, but not when the
targets change (Le Dantec et al., 2012; P. Wiihr, 2019). Al-
though we predicted larger practice effects in the target-
repetition condition than in the target-change condition,
we also expected significant practice benefits in the target-
change condition. Yet, several sources might be responsible
for practice benefits in the target-change condition, such
as the repetition of distractors, the repetition of stimulus
positions and configurations, as well as stimulus-unrelated
test features.

Experiment 1 was an attempt to replicate and extend the
findings reported by Wiihr (2019). We considered this repli-
cation important for three reasons. First, we wanted to in-
vestigate the contribution of the most important compo-
nents of the d2 test (targets, distractors, stimulus positions)
in the same series of experiments. Second, the sample in
the experiment by Wiihr (2019) was small, and we aimed at
replicating his findings with more power. Third, we wanted
to have the possibility of comparing practice benefits for
three most important components of the d2 test, and there-
fore the experiments should have both sufficient and simi-
lar power.

Method

Participants. For this and the subsequent studies, we
report how we determined our sample size, all data exclu-
sions (if any), all manipulations, and all measures in the
study. In a previous study with 48 participants, the critical
two-way interaction had an effect size of partial eta® = .127
(P. Wiihr, 2019). A power analysis with a tool provided by
the website “StatistikGuru” (Hemmerich, 2015-2022) re-
vealed that a sample size of 122 (i.e., 61 per group) would be
required to obtain the desired effect with high power (1- =
.95, when a = .05) in a two-factorial mixed Analysis of Vari-
ance (ANOVA). A total of 159 volunteers (135 women, 24
men; mean age = 21.88 years, SD = 4.20) participated in a
first session, and 142 participants completed two sessions.
We obtained informed consent from each participant before
inclusion in the study; participants received course cred-
its for their time. The two tests (A, B) were equally distrib-

uted between participants, and participants were randomly
assigned to the two conditions. All procedures used in the
present experiments were consistent with the 1964 Helsinki
declaration and its later amendments, and with the Ethical
Research Guidelines by the German Society of Psychology
(Deutsche Gesellschaft fiir Psychologie).1

Materials. We constructed two pen-and-paper tests that
closely resembled the d2. Each test consisted of 16 rows
with 54 stimuli. While the same set of distractors was used
for all tests, the set of targets differed between the two
tests. In particular, for test A, the target set included a “d”
with two dashes below, a “d” with two dashes above, and a
“d” with one dash below and one above (i.e., the same set
of targets as in the original test). For test B, the target set
included a “p” with two dashes below, a “p” with two dashes
above, and a “p” with one dash above and one below. The
distractor set always included a “d” with one dash above, a
“d” with one dash below, and a “d” with two dashes above
and two below. In addition, the distractor set also included
the letters “b”, “p” and “q” with two dashes above, or two
dashes below, or one dash above and one below, respec-
tively. Hence, each stimulus set included three targets and
twelve distractors. In each row, each target was presented
six times and each distractor was presented three times in
random order. Hence, each row included 18 targets, and 36
distractors. Excluding the first line, which was considered
for practice, the complete test consisted of 810 stimuli with
270 targets, and 540 distractors.” We did not conduct a pi-
lot study for Experiment 1 because similar tasks had already
been used in Wiihr (2019), and ceiling effects were very rare
in that study.

The stimuli were printed in font Helvetica with a font
size of 10. The horizontal distance between two stimuli
was 0.5 cm, the vertical distance between two stimuli was
1.0 cm. At the right side of the test page, a table with 16
rows and three columns for filling in counts of hits and er-
rors was printed. The tests were printed on the backside
of a sheet of paper with size DinA4. The upper half of the
frontside contained a box with several lines for filling in de-
mographic information (i.e., name, date of birth, gender,
and highest degree). In the lower half, a short instruction
was presented together with a depiction of the three target
stimuli for this condition. Then there was a row of 30 stim-
uli (i.e., 3 targets and 12 distractors, each presented twice)
for practice. Below the practice line were three empty boxes
for filling in counts of hits and errors.

1 When this study was planned in 2018, the ethical guidelines of the German Psychological Society (Deutsche Gesellschaft fiir Psycholo-
gie, DGPs) did not require ethical approval for studies in which only behavioral-performance data were collected. Therefore, we did not

seek ethical approval for the experiments reported in this study.

S

The number of distractors and the target-to-distractor ratio in our version of the test were different from the original test d2-R. The

original test contains 10 different distractors that occur with different frequencies, a fact that is not explained in the manual. Overall,
without line 1 and 14, the original test consists of 308 targets and 376 distractors. Hence, the target-to-distractor ratio is 1:1.2. In con-
trast, the target-to-distractor ratio was 1:2 in Experiment 1, and 1:1.7 in Experiment 2. The target-to-distractor ratio does not seem to
affect practice benefits in the d2 test of attention because we observed very similar practice benefits in the hit rate (KL) observed in the
complete-repetition conditions of the three experiments despite different target-to-distractor ratios.
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Procedure. The participants were tested in large groups
in lecture halls. Each participant was tested twice with one
week between the two sessions. At the beginning of the first
session, all participants provided informed consent to par-
ticipate in the study. After the test sheets had been handed
out, instructions were read to the participants. The instruc-
tions closely followed those for the d2-R (Brickenkamp et
al., 2010). In particular, participants were told to mark a
target with a single stroke, to work as quickly as possible,
and to avoid errors, too. Notably, however, in contrast to
the original instructions, participants were told not to cor-
rect errors because correcting errors might disrupt search.
Then participants practiced their task on a row of 30 stim-
uli. After practice, participants were instructed to turn the
page and to start working on the first line of the test. After
15 seconds, the experimenter said “Stop. Next line”, and
participants switched to the beginning of the next row. This
procedure was repeated until participants had finished the
test. The procedure for the second session was similar to
the first, except that (all) participants were told that some
of them might have to search for the same targets as in the
first session, whereas others might have to search for new
targets.

For the first session, the two versions of the test (dif-
fering in target sets) were randomly distributed among the
participants. Each test had a unique participant number
that determined the testing condition. One half of the par-
ticipants was assigned to the target-repetition condition,
whereas the other half was assigned to the target-change
condition. Participants in the target-repetition condition
received two tests with the same target set (i.e., A-A, B-
B), whereas participants in the target-change condition re-
ceived two tests with different target sets (i.e., A-B, B-A).

Design and data analysis. The data analysis was pre-
registered at OSF after testing was completed, but before
data analysis was begun (osf.io/w6gej). The analyses were
based on two-factorial mixed designs with Session (first
session, second session) as a within-subjects factor, and
Condition (target repetition, target change) as a between
subjects-factor. We analyzed the impact of these factors on
three dependent variables: number of hits, percentage of
false alarms, and percentage of misses. For computing er-
ror percentages, we used the number of inspected items
(called “GZ”) per test in the denominator. The number of
inspected items is the sum of all items to the left of the last
marked stimulus in a line. If the two-way interaction was
significant, we planned to conduct pair-wise comparisons
for determining the source of the interaction. We used one-
tailed tests for pair-wise comparisons because we had spe-
cific hypotheses for these comparisons. In particular, we al-
ways expected that the repetition condition would produce
stronger practice benefits from the first to the second ses-
sion than the change condition.

Note that our error analyses deviated in two aspects
from the usual error analyses of the d2 test. Firstly, we
separately analyzed false alarms and misses, whereas both
measures are collapsed into a single error-percentage mea-
sure in the usual analysis. The main reason was that false
alarms reflect the attentional strengths of distractor items,

whereas misses reflect the attentional strengths of targets,
and therefore their separate analysis may reveal additional
information about the processing of targets and distractors.
Secondly, we used GZ in the denominator for computing er-
ror percentages, whereas the number of hits (plus errors)
was used in the denominator for the usual analysis. Our
main reason is that GZ includes both targets and distrac-
tors, and therefore provides a more adequate baseline for
computing error percentages than hits, which include only
targets.

Before analyzing the data, we eliminated incomplete
data sets and data sets with outliers in dependent variables.
Data sets were incomplete when (a) participants only per-
formed the first session, or (b) skipped lines in the test.
Moreover, we checked the data sets of the first session for
outliers on either the number of hits or the percentage of
errors (collapsed across false alarms and misses). We ex-
cluded data sets that violated the Tukey criterion on one
of the two variables. In particular, Tukey (1977) defined an
outlier as a value that lies outside of [Q1 — 1.5 x IQR; Q3
+ 1.5 x IQR]. We will report the frequency of these cases at
the beginning of the results section for each experiment.

Results

Data exclusion and test reliability. After data collec-
tion was completed, we excluded two participants because
their tests were not complete (i.e., they skipped lines), and
seven additional participants because their performance vi-
olated the Tukey outlier criterion. Three of the excluded
participants achieved less than 50 hits, and five made more
than 80 errors in the first session. Hence, there were 133
participants in the final sample (113 women, 20 men; mean
age = 21.865), with 68 participants in the target-repetition
condition and 65 participants in the target-change condi-
tion. Test-retest reliabilities of test scores, and correlations
between different test-scores within sessions, are shown in
table Al in the Appendix.

Hit rate. Table 1 shows summary statistics for several
performance scores as a function of Session (1, 2) and Con-
dition (target repetition, target change). The condition
means of the hit rates are shown in Figure 1A. Shapiro Wilk
tests showed that the distribution of hit rates did not sig-
nificantly differ from normal in either session, both W >
0.970, both p > .40. The participants’ hit rates were submit-
ted to a mixed-model ANOVA with Session as within-sub-
jects factor and Condition as between-subjects factor. The
main effect of Session was significant, F(1, 131) = 112.065,
MSE = 106.338, p < .001, TIZ = .461, indicating higher hit
rates in session 2 than in session 1. The main effect of Con-
dition was also significant, F(1, 131) = 4.076, MSE = 653.265,
p = .046, n; = .030. Most importantly, the Session x Con-
dition interaction was also significant, F(1, 131) = 20.401,
MSE = 106.338, p < .001, nf, =.135. The interaction reflected
the finding that participants in the target-repetition con-
dition showed a larger increase in hit rate from session 1
to session 2 (Mean difference = 19.103, SD = 14.633; t[67]
= 10.765, p < .001, d = 1.305) than participants in the tar-

Collabra: Psychology 7

d-a[o1e/e1qe||09/Npa*ssaidon-auljuoy/:dny woly pepeojumoq

176 €£20Z BIqe||09/E6ETLLIL6TLLILIGIP

€202 YoIe 90 U0 Jasn punwpoq JO Aussenun [edluyds ) Aq ypd 2621 L


http://osf.io/w6qej

Disentangling the Contributions of Repeating Targets, Distractors, and Stimulus Positions to Practice Benefits in D2-Like...

Table 1. Summary statistics for performance scores observed in Experiment 1 as a function of Session (1, 2), and

condition (target repetition, target change).

Hits False Alarms Misses
Session Session Session Session Session Session
1 2 1 2 1 2
Target-repetition (12185;133079) (13334 '2‘;192) 0.555 0.269 5.482 4.362
114.692 122.369
Target-change (28.476) (30.413) 0.715 0.359 5.441 4.420
115.001 128.391
Total (28.456) (31.863) 0.635 0.314 5.462 4,391

Hits are given in absolute numbers, and as percentages (in brackets) in relation to the total number of inspected items in session 1. False alarms and misses are given as percentages

in relation to the total number of inspected items in the corresponding session.

get-change condition (Mean difference = 7.952, SD = 14.679;
t[64] = 4.259, p < .001, d = 0.528).

Error scores. The percentages of false alarms and the
percentages of misses were separately analyzed. Shapiro
Wilk tests showed that the distribution of all error percent-
ages deviated significantly from normal, all Ws < .95, all ps
<.020. Therefore, we analyzed error percentages with non-
parametric tests. Wilcoxon tests showed that both false
alarms, W = 4914.000, p < .001, r, = .499, and misses, W
= 6409.000, p < .001, r, = .438, decreased from session 1
to session 2. The decrease in false alarms was numerically
smaller for the target-repetition group than for the target-
change group, but this difference was not significant,
Mann-Whitney’s U =2088.500, p = .709, r;, = .055. The de-
crease in misses was numerically larger for the target-rep-
etition group than for the target-change group, but this
difference was not significant, too, Mann-Whitney’s U =
2067.000, p = .741, ry, = .065.

Discussion

Experiment 1 investigated whether repeating targets be-
tween two sessions contributes to practice effects in a
d2-like test. Therefore, we compared changes in perfor-
mance between two sessions in a target-repetition con-
dition and a target-change condition. In both conditions,
we observed significant improvements from session 1 to
session 2 in all measures of performance. In addition, we
observed numerically larger improvements in the target-
repetition condition, as compared to the target-change
condition, in hits (KL) and in misses, with the difference
being significant for hits. In fact, for hits, performance im-
proved more than twice as much in the target-repetition
condition (improvement = 16.6%) than in the target-change
condition (improvement = 6.7%). Hence, we successfully
replicated the results of Wiihr (2019), who reported a sim-
ilar difference in improvements (i.e., 15.4% in the target-
repetition condition versus 7.4% in the target-change con-
dition). In summary, results of Experiment 1 suggest that
participants selectively learn and improve the processing
of targets in session 1, and this learning improves perfor-
mance in a subsequent session with the same targets, but
not in a subsequent session with different targets.

Experiment 2

In Experiment 2, we investigated whether repeating dis-
tractors between two sessions contributes to practice ef-
fects in a d2-like test. As in Experiment 1, we tested two
groups of participants two times with custom-made vari-
ants of the d2 with one week between sessions. The first
group did the same version of the test in both sessions (dis-
tractor-repetition condition). Hence, in this condition, all
relevant components of the test (targets, distractors, stim-
ulus positions and configurations) repeated from session
1 to session 2. For the second group, the set of distrac-
tors changed from session 1 to session 2, whereas all other
components of the test (i.e., targets, stimulus positions and
configurations) were repeated.

If participants can also learn rejecting distractors in the
first session with the d2, the results of this practice should
improve performance in the second session with the d2
when the distractors repeat, but not when the distractors
change (Le Dantec et al., 2012; Rogers, 1992). In fact, the
results from laboratory studies suggest that repeating dis-
tractors between two trials or sessions can improve per-
formance, as compared to changing distractors, both in
non-search tasks (e.g., Frings & Wiihr, 2007a; Tipper &
Cranston, 1985), and in search tasks (Geng et al., 2019;
Rogers, 1992). Particularly the results of experiments with
extended practice in search tasks suggest that, during prac-
tice, participants improve their ability to reject distractors
(e.g., Geng et al., 2019; Le Dantec et al., 2012; Rogers, 1992;
Schneider & Shiffrin, 1977). It is, however, unclear whether
the results obtained in laboratory studies would also occur
in pen-and-paper tests because there are a lot of method-
ological differences, as described above.

Method

Participants. We aimed for a comparable sample size as
in Experiment 1 (i.e., 122). A total of 122 participants com-
pleted a first session, and 106 participants completed two
sessions within one week. This final sample encompassed
90 female and 16 male students of different majors (mostly
psychology or education). The average age of the sample
was 20.58 years (SD = 2.54). Participants who completed
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Figure 1. Hit rates observed in Experiment 1 (panel A), Experiment 2 (panel B), and Experiment 3 (panel C), as a

function of Session and Condition.

Error bars represent standard errors between participants.
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two sessions were compensated with course credits or cof-
fee vouchers.

Materials. We constructed two new pen-and-paper tests
that resembled the d2. Each test consisted of 16 rows with
56 stimuli. The stimulus set for each test consisted of three
targets and five distractors. While the same set of targets
(i.e., a d with two dashes) was used for all tests, the set of
distractors differed between the two tests. In particular, for
test A, the distractor set included a “d” with a dash below,
a “d” with two dashes below and one above, and three "p's
with two dashes. In contrast, for test B, the distractor set
included a “d” with a dash above, a “d” with two dashes
above and one below, and three "q"s with two dashes. In
each row of the test, each stimulus was presented seven
times in a random order. Hence, each row included 21 tar-
gets, and 35 distractors. Excluding the first line, which was
considered for practice, the complete test consisted of 840
stimuli with 315 targets, and 525 distractors.

There were two versions of each test (i.e., Al, A2, Bl,
B2). The two versions only differed in the order of stimuli
in each line. At the right side of the test page, a table with
16 rows and three columns for filling in counts of hits and
errors was printed. The tests were printed on the backside
of a sheet of paper with size DinA4. The frontside was sim-
ilar to that of the test used for Experiment 1.

Procedure. We conducted a pilot study with 12 partici-
pants to determine the probability of ceiling effects when
participants were given 20 seconds per stimulus row. In this
pilot study, the average number of processed stimuli per
row was 36 (SD = 6). In only 2% of the cases, participants
processed more than 50 stimuli in a row within 20 seconds.
From these findings, we concluded that providing 20 sec-
onds per row would not produce ceiling effects in the first
session and, thus, leave enough space for observing prac-
tice benefits in the second session.

For the first session, the four versions of the test (i.e.,
A1, A2, B1 and B2) were randomly distributed among the
participants. Each test had a unique participant number
that determined the testing condition. One half of the par-
ticipants was assigned to the distractor-repetition condi-
tion, whereas the other half was assigned to the distractor-
alternation condition. Participants in the distractor-repe-
tition condition received two tests with the same distrac-
tor set, but with a different spatial arrangement of stimuli
(e.g., A1-A2 or A2-Al). In contrast, participants in the dis-
tractor-alternation condition received two tests with differ-
ent distractor sets and with different spatial arrangements
of stimuli (e.g., A1-B1 or B2-Al). Participants were not in-
formed about this manipulation. All other features of the
procedure were the same as in Experiment 1. We changed
the spatial arrangement of stimuli between sessions as an
additional means for preventing ceiling effects in session
2, since we did not know the results of Experiment 3 when
conducting Experiment 2.

Design and data analysis. The data analysis was pre-
registered at OSF after testing was completed, but before
data analysis was begun (osf.io/w7rua). The analyses were
based on two-factorial mixed designs with Session (first
session, second session) as a within-subjects factor, and

Condition (distractor repetition, distractor change) as a be-
tween subjects-factor. All other aspects of the design and
data analyses followed the scheme described for Experi-
ment 1.

Results

Data exclusion and test reliability. After data collec-
tion was completed, we excluded four participants because
their performance violated the Tukey outlier criterion.
Three of the excluded participants made more than 90 er-
rors in the first session. Hence, there were 102 participants
in the final sample (89 women, 13 men; mean age = 20.44),
with 51 participants in the distractor-repetition condition
and 51 participants in the distractor-change condition.
Test-retest reliabilities of test scores, and correlations be-
tween different test-scores within sessions, are shown in
table A2 in the Appendix.

Hit rate. Table 2 shows summary statistics for several
performance scores as a function of Session (1, 2) and Con-
dition (distractor repetition, distractor change). The con-
dition means of the hit rates are also shown in Figure
1B. Shapiro Wilk tests showed that the distribution of hit
rates did not significantly differ from normal in either ses-
sion, all W > 0.965, all p > .180. The participants’ hit rates
were submitted to a mixed-model ANOVA with Session as
within-subjects factor and Condition as between-subjects
factor. The main effect of Session was significant, F(1, 100)
= 297.338, MSE = 110.847, p < .001, ’73 = .748, indicating
higher hit rates in session 2 than in session 1. The main
effect of Condition, F(1, 100) = 2.149, MSE = 1493.223, p =
.146, n;, = .021, and the Session x Condition interaction, F(1,
100) = 0.854, MSE = 110.847, p = .358, n, = .008, were not
significant.

Error scores. The percentages of false alarms and the
percentages of misses were separately analyzed. Shapiro
Wilk tests showed that the distribution of all error percent-
ages deviated significantly from normal, all Ws < .94, all ps
<.010. Therefore, we analyzed error percentages with non-
parametric tests. Wilcoxon tests showed that both false
alarms, W = 602.000, p < .001, r, = .625, and misses, W
= 1146.000, p < .001, r, = .729, decreased from session 1
to session 2. The decrease in false alarms was significantly
larger for the target-repetition group (mean decrease =
0.188) than for the target-change group (men decrease =
0.040), Mann-Whitney’s U =1014.000, p = .025, r,, = .220.
The decrease in misses was numerically larger for the tar-
get-repetition group (mean decrease = 1.519) than for the
target-change group (mean decrease = 0.986), Mann-Whit-
ney’s U= 1071.000, p = .063, r, = .176.

Discussion

Experiment 2 investigated whether repeating distractors
between two sessions contributes to practice effects in a
d2-like test. Therefore, we compared changes in perfor-
mance between two sessions in a distractor-repetition con-
dition and a distractor-change condition. In both condi-
tions, we observed significant improvements from session
1 to session 2 in all measures of performance. In addition,
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Table 2. Summary statistics for performance scores observed in Experiment 2 as a function of Session (1, 2), and

condition (distractor repetition, distractor change).

Hits False Alarms Misses
Session Session Session Session Session Session
1 2 1 2 1 2
. " 185.863 212.647
Distractor-repetition (33.779) (38.758) 0.330 0.143 5.295 3.776
. 195.157 219.216
Distractor-change (34.640) (39.022) 0.212 0.172 4566 3.580
190.510 215.932
Total (34.210) (38.890) 0.271 0.158 4.926 3.678

Hits are given in absolute numbers, and also as percentages (in brackets) in relation to the total number of inspected items in session 1. False alarms and misses are given as percent-

ages in relation to the total number of inspected items in the corresponding session.

we observed numerically larger improvements in the dis-
tractor-repetition condition, as compared to the distractor-
change condition, in all measures, with the difference being
significant for false-alarm rates. In fact, the false alarms de-
creased more strongly from session 1 to session 2 in the dis-
tractor-repetition condition than in the distractor-change
condition. The fact that the observed differences between
the two conditions was numerically small is not too surpris-
ing because false alarms are relatively rare events in the d2.
Observing an impact of distractor learning in false alarms,
and not in misses, makes sense because false alarms reflect
an error in rejecting distractors, whereas misses reflect an
error in detecting targets.

The effects of distractor practice observed in Experiment
2 were smaller than the effects of distractor learning ob-
served in Experiment 1. We see two possible reasons for the
differences. First, the number of to-be-learned targets (i.e.,
three) in Experiment 1 was smaller than the number of to-
be-learned distractors (i.e., five) in Experiment 2. Second,
it is also possible that the two target sets in Experiment
1 were perceptually more distinct than the two distrac-
tor sets in Experiment 2. In fact, in Experiment 1, targets
were changed by replacing the letter “d” by the letter “p”
(or vice versa), whereas, in Experiment 2, distractors were
changed by replacting the letter “p” by the letter “q” (or
vice versa). There is evidence that the letters “d” and “p”
are less similar, or more distinct, than the letters “p” and
“q” (e.g., Boles & Clifford, 1989), and this difference in dis-
trinctivness might have affected the rate of transfer, and
thus, practice benefits in the two change conditions. De-
spite these differences, the results of Experiment 2 sug-
gest that participants can learn and improve the rejection
of distractors in session 1, and this learning improves per-
formance in a subsequent session with the same distrac-
tors, but not in a subsequent session with different distrac-
tors.

Experiment 3

In Experiment 3, we investigated whether repeating
stimulus configurations within and between tests con-
tributes to practice effects in a d2-like test. As in the pre-
ceding experiments, we tested two groups of participants
two times with custom-made versions of the d2 with one

week between sessions. In both versions of the test, lines
1-3 were repeated several times until all lines were filled,
as in the original d2 test, but with different stimulus con-
figurations in the two versions of the test. The first group
did the same version of the test in both sessions (position-
repetition condition). Hence, in this condition, all relevant
components of the test (targets, distractors, stimulus con-
figurations) repeated from session 1 to session 2. The sec-
ond group did different versions of the test in the two
sessions (position-change condition). Hence, in the latter
condition, stimulus configurations changed between ses-
sions, but stimuli (i.e., targets and distractors) remained
the same.

If participants can learn the positions of stimuli (targets
and distractors) from several repetitions of the same rows
in session 1, the results of this practice should improve per-
formance in the second session when the stimulus config-
urations are repeated, but not when the stimulus configu-
rations change. In fact, the results from laboratory studies
suggest that repeating stimulus configurations between
two trials or sessions can improve performance, as com-
pared to unrepeated configurations, both in non-search
tasks (e.g., Chao & Yeh, 2005; Park & Kanwisher, 1994),
and in search tasks (Chun & Jiang, 1998; Le Dantec et al.,
2012). Notably, effects of contextual learning have been
observed after only five repetitions of the “old” stimulus
configurations (e.g., Chun & Jiang, 1998; Le Dantec et al.,
2012). But, as it was the case for the preceding experiments,
it is yet unclear whether the results obtained in laboratory
studies would also occur in pen-and-paper tests because of
many methodological differences, including shorter inter-
vals between trials or sessions, and smaller set sizes in lab-
oratory studies.

Method

Participants. We aimed for a similar sample size as in
Experiment 1. A total of 151 participants completed a first
session, and 116 participants completed two sessions
within one week. This final sample encompassed 87 female
and 29 male students of different majors (mostly psychol-
ogy or education). The average age of the sample was 22.39
years (SD = 4.56). Participants who completed two sessions
were compensated with course credits or coffee vouchers.
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Materials. We constructed two new pen-and-paper tests
that resembled the d2. Each test consisted of 16 rows with
52 stimuli. The stimulus set for each test consisted of three
target items and ten distractor items. The three targets
were a “d” with two dashes above, a “d” with two dashes be-
low, and a “d” with one dash above and one below. The dis-
tractors were "d"s with one dash (above or below), "d"s with
three dashes (one above and two below, or vice versa), a “d”
with four dashes (two above and two below), "p"s with one
dash (above or below), and "p"s with two dashes (two below,
two above, one below and one above). In each row of the
test, each stimulus item was presented four times. Hence,
each row included 12 targets and 40 distractors. Excluding
the first line, which was considered for practice, the com-
plete test consisted of 780 stimuli (180 targets, 600 distrac-
tors).

For test version A, we generated three rows, in which
stimuli were randomly ordered, and these rows were subse-
quently repeated until 16 rows were created. For test ver-
sion B, we generated three lines with different order of
items as in test A, and again repeated these lines until 16
rows were created. Hence, in both test versions, row 1 was
repeated six times, whereas rows 2 and 3 were repeated five
times. The reason for the difference was that five repeti-
tions of each row should enter the analysis. All other as-
pects of the tests were similar to the tests used in Experi-
ment 1.

Procedure. For the first session, the two versions of the
test (i.e., A and B) were randomly distributed among the
participants. Each test had a unique participant number
that determined the testing condition. One half of the par-
ticipants was assigned to the position-repetition condition,
whereas the other half was assigned to the position-change
condition. Participants in the position-repetition condition
received the same test twice (i.e., A-A, B-B), whereas par-
ticipants in the position-change condition received differ-
ent versions of the test in different sessions (i.e., A-B, B-A).
Participants were not informed about this manipulation.
All other features of the procedure were the same as in Ex-
periment 1.

Design and data analysis. The data analysis was pre-
registered at OSF after testing was completed, but before
data analysis was begun (osf.io/gd9y8). The analyses were
based on two-factorial mixed designs with Session (first
session, second session) as a within-subjects factor, and
Condition (position repetition, position change) as a be-
tween subjects-factor. All other aspects of the design and
data analyses followed the scheme described for Experi-
ment 1.

Results

Data exclusion and test reliability. After data collec-
tion was completed, we excluded one participant, who had
marked p’s instead of d’s, and four additional participants
because their performance violated the Tukey outlier crite-
rion. One excluded participant achieved less than 50 hits,
and three other made more than 40 errors in session 1.
Hence, there were 111 participants in the final sample (83
women, 28 men; mean age = 22.33), with 51 participants

in the position-repetition condition and 60 participants in
the position-change condition. Test-retest reliabilities of
test scores, and correlations between different test-scores
within sessions, are shown in table A3 in the Appendix

Hit rate. Table 3 shows summary statistics for several
performance scores as a function of Session (1, 2) and Con-
dition (position repetition, position change). The condition
means of the hit rates are also shown in Figure 1C. Shapiro
Wilk tests showed that the distribution of hit rates did not
significantly differ from normal in either session, all Ws >
0.975, all ps > .500. The participants’ hit rates were submit-
ted to a mixed-model ANOVA with Session as within-sub-
jects factor and Condition as between-subjects factor. The
main effect of Session was significant, F(1, 109) = 303.479,
MSE =46.729, p < .001, 7712) =.736, indicating higher hit rates
in session 2 than in session 1. The main effect of Condition,
F(1, 109) = 0.620, MSE = 531.789, p = .433, n;, = .006, and
the Session x Condition interaction, F(1, 109) = 2.453, MSE
=46.729, p = .120, 02 = .022, were not significant.

Error scores. The percentages of false alarms and the
percentages of misses were separately analyzed. Shapiro
Wilk tests showed that the distribution of all error percent-
ages deviated significantly from normal, all Ws < .96, all ps
<.030. Therefore, we analyzed error percentages with non-
parametric tests. Wilcoxon tests showed that both false
alarms, W = 1472.000, p < .001, r, = .721, and misses, W
= 4692.000, p < .001, r, = .510, decreased from session 1
to session 2. The decrease of false alarms in the position-
repetition group (mean decrease = 0.162) did not differ
from that in the position-change group (mean of decrease
= 0.170), Mann-Whitney’s U =1420.000, p = .746, r;, = .069.
Similarly, the decrease in misses in the position-repetition
group (mean of decrease = 0.628) did not differ from that in
the position-change group (mean decrease = 1.157), Mann-
Whitney’s U = 1357.000, p = .841, r, = .110.

Discussion

Experiment 3 investigated whether repeating stimulus
configurations (i.e., rows of stimuli) within and between
tests contributes to practice effects in a d2-like test. There-
fore, we compared changes in performance between two
sessions in a position-repetition condition and a position-
change condition. Most importantly, we observed similar
improvements from session 1 to session 2 in all measures
of performance in both conditions. Numerically, improve-
ments were even larger in the position-change condition
than in the position-repetition condition. Hence, Exper-
iment 3 failed to show evidence that repeating stimulus
rows in a d2-like test enables learning of stimulus config-
uration to a degree that could improve performance when
the test is repeated once.

General Discussion

The main purpose of the present work was to investigate
which components of a pen-and-paper test of attention
(e.g., d2) are learned in a first session, and may therefore
improve performance in a second session when the learned
component is repeated. We conducted three experiments
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Table 3. Summary statistics for performance scores observed in Experiment 3 as a function of Session (1, 2), and

condition (position repetition, position change).

Hits False Alarms Misses
Session Session Session Session Session Session
1 2 1 2 1 2
. " 84.880 99.500
Position-repetition (20.233) (23.987) 0.244 0.082 3.799 3.172
- 85.885 103.393
Position-change (20.596) (24.861) 0.233 0.063 3.801 2.644
85.383 101.447
Total (20.432) (24.466) 0.238 0.072 3.800 2.882

Hits are given in absolute numbers, and also as percentages (in brackets) in relation to the total number of inspected items in session 1. False alarms and misses are given as percent-

ages in relation to the total number of inspected items in the corresponding session.

with different, custom-made variants of the d2 test, in or-
der to address this issue. In Experiment 1, we addressed
learning of targets by comparing performance changes in
a condition where targets were repeated to a condition
where targets were changed between sessions. In Experi-
ment 2, we addressed learning of distractors by comparing
performance changes in a condition where distractors were
repeated to a condition where distractors were changed
between sessions. Finally, in Experiment 3, we addressed
learning of stimulus configurations (positions) by compar-
ing performance in a condition where configurations were
repeated to a condition where configurations were changed
between sessions.

The most important results of the experiments can be
summarized as follows. In all three experiments, we ob-
served significant improvements from session 1 to session
2 in all measures and conditions. In addition, the improve-
ments were larger in Experiment 1 when targets repeated
than when they changed, and in Experiment 2 when dis-
tractors repeated than when they changed. In particular,
in Experiment 1, we observed a larger improvement in hits
(KL) when targets repeated than when they changed. In Ex-
periment 2, we observed a larger improvement (i.e., decre-
ment) in false-alarms when distractors repeated than when
they changed. In contrast, in Experiment 3 we observed
similar improvements in performance when stimulus con-
figurations repeated and when they changed.

The results of the present experiments provide strong
evidence that test-takers practice and learn the detection
and processing of targets during the first session with a
d2-like test, and this learning improves performance in a
second session when targets repeat (Experiment 1). More-
over, the results also provide moderate evidence that test-
takers practice and learn the rejection of non-targets (i.e.,
distractors) during the first session with a d2-like test, and
this learning also improves performance in a second session
when distractors repeat (Experiment 2). Finally, the neg-
ative results of Experiment 3 suggest that repeating each

stimulus row several (i.e., five) times in the first session is
not enough practice for learning these configurations, and
therefore repeating the configurations in the second ses-
sion has no measurable impact on performance. In the fol-
lowing sections, we will discuss practical and theoretical
implications of our findings.

Practical implications

A major goal of the present work was to gain advice from
experimental results for the construction of new attention
tests that are less vulnerable to practice effects than are ex-
isting tests. The results of our experiments show that re-
peating targets within and between tests makes a strong
contribution to practice benefits, whereas repeating dis-
tractors had a smaller impact. This pattern of findings im-
plies that practice benefits from the repetition of d2-like
tests of attention could be substantially reduced when the
frequent repetition of targets is avoided. We will describe
two possibilities for constructing new tests that avoid the
frequent repetition of targets.

The first possibility is to construct tests in which the tar-
gets change regularly, while a consistent mapping of stim-
uli onto roles (target or distractor) is maintained. A large
number of stimuli (e.g., 20) would be required for con-
structing a test like this.’ The larger part of stimuli (i.e.,
14) would become targets, whereas the rest of the stimuli
(i.e., 4-6) would become distractors. The main difference to
existing tests, such as the d2 or the FAIR, would be that
participants had to search for a new target in each line of
the test. Therefore, the to-be-searched target would be pre-
sented at the beginning of each line. Hence, 14 different
targets would be required for building a test with 14 lines.
Although participants are searching for only one target in
each line, the test might have a sufficient level of difficulty
when unfamiliar stimuli are used, and the target changes
frequently.

3 This conclusion matches a suggestion made by Schumann, Steinborn, et al. (2022, p. 5) that increasing item set provides a means for
mitigating practice gains in Diiker-type tests of cognitive performance.
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The second possibility of avoiding practice gains from
the frequent repetition of the same targets is to use a vari-
able stimulus-role mapping instead of using a consistent
mapping. When using a variable mapping, a small number
of stimuli (i.e., four) could be used for constructing the test
because targets and distractors changed roles after each
line. Hence, in odd-numbered lines, stimuli 1 and 2 were
targets, and stimuli 3 and 4 were distractors, whereas the
opposite mapping would apply in even-numbered lines.
Previous studies on the effects of mapping on practice in vi-
sual-search tasks have shown that variable mapping signif-
icantly reduces practice effects in performance, when com-
pared to consistent mapping (e.g., Fisk et al., 1991, Rogers,
1992; Rogers & Fisk, 1991; Schneider & Shiffrin, 1977), and
therefore we expect that variable mapping will also reduce
stimulus-related practice effects in pen-and-paper tests of
attention.

Theoretical aspects

Although testing between theoretical accounts of prac-
tice effects in visual search was not an aim of the present
experiments, we will nevertheless discuss accounts of our
results. In fact, activation-based theories and retrieval-
based theories can account for the main results of our ex-
periments. Activation-based theories assume that selective
attention leads to different activation levels of the cogni-
tive representations of targets and distractors, and the dif-
ferent activation levels can have short-term and long-term
effects on stimulus processing. In their activation-strength
theory of automatization in visual search, Schneider and
Shiffrin (1977) assume that sufficient practice in a visual-
search task with consistent mapping produces durable
changes in the attentional weights attached to representa-
tions of target and distractor stimuli. In particular, prac-
tice increases the attentional weights of targets that there-
fore attain the ability to automatically attract attention. In
contrast, practice decreases the attentional weights of dis-
tractors that therefore attain the ability to automatically
repel attention (e.g., Rogers, 1992; Schneider & Shiffrin,
1977; Shiffrin, 1988). Activation-based theories could also
explain stronger learning of targets as compared to distrac-
tors, as suggested in our data, by referring to different lev-
els of processing (e.g., Craik & Lockhart, 1972; Craik & Tul-
ving, 1975). In particular, one might assume that targets are
processed more deeply than distractors, and therefore the
change of the attentional weights of targets is larger than
the change of attentional weights of distractors.

Retrieval-based theories assume that participants store
stimulus-response episodes in memory, and the memorized
episodes subsequently affect the processing of similar stim-
uli (e.g., Logan, 1988, 1990; Neill, 1997, 2007). Instance
theory of automatization (Logan, 1988, 1990) is a retrieval-
based theory that has been proposed to explain practice-
related improvements in performance and the automatiza-
tion of skill. According to this theory, every stimulus-res
ponse episode is stored as a separate memory trace (called
“instance”) in memory. Moreover, the theory assumes that
the response to a stimulus can either be computed by al-
gorithmic processes, or can be retrieved from a memory

trace of a previous encounter with that stimulus. Perceiving
a stimulus triggers the retrieval of all similar instances in
memory. The more similar instances containing a stimulus
are retrieved upon presentation of that stimulus, the more
likely an associated response will be retrieved from mem-
ory, and the faster (and more accurate) this response will
be. Instance theory can explain stimulus-related practice
effects in visual-search tasks, and in pen-and-paper tests
of attention as the d2. Moreover, retrieval-based theories
could also explain stronger learning of targets as compared
to distractors, by referring to different levels of processing
for targets and distractors (e.g., Craik & Tulving, 1975).

Activation-based and retrieval-based theories can
equally well explain short-term priming effects (e.g., Fox,
1995; Frings et al., 2015). Moreover, there is additional sup-
port for each of these theories, and therefore many authors
believe that both mechanisms contribute to priming effects
(e.g., Frings et al., 2015; Neill, 2007; Tipper, 2001). In con-
trast, there is a lack of empirical studies on the contribu-
tions of activation-based or retrieval-based mechanisms to
(long-term) practice effects in visual search, but instance
theory (e.g., Logan, 1988, 1990) has received more empir-
ical support as an explanation of automatization and skill
acquisition than activation-based theories (e.g., Schneider
& Shiffrin, 1977; Shiffrin, 1988).

Stimulus-independent sources of practice
benefits

An interesting finding of our experiments is the observa-
tion of significant practice benefits in all change conditions.
In particular, in Experiment 1, performance also improved
from session 1 to session 2 in the target-change condition
(e.g., P. Wiihr, 2019). In the target-change condition, only
distractors and stimulus configurations repeated, but Ex-
periments 2 and 3 showed that these components alone
produce only small practice benefits. Hence, the significant
practice benefits in all measures in the target-change con-
dition of Experiment 1 suggest that, in addition to stim-
ulus-dependent (i.e., target and distractor) learning, stim-
ulus-independent learning in the first session may also
contribute to practice benefits. Stimulus-independent
learning could be shown in a condition where all stimulus-
related components (i.e., targets, distractors, and stimulus
configurations) change, and only the task repeats. In fact,
Wiihr and Wiihr (2021) report the results of such an experi-
ment with a variant of the FAIR-2 test and observed signif-
icant improvements in performance from session 1 to ses-
sion 2. Presumably, motor learning, increasing familiarity
with task and test situation, and probably other variables,
contribute to stimulus-independent learning. The exis-
tence of stimulus-independent learning implies that prac-
tice benefits will still occur in tests in which stimulus-
dependent practice effects are prevented, although these
residual practice benefits are certainly than in a complete-
repetition condition.
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Methodological issues

A first methodological issue concerns the basic design
used for isolating the effects of target practice, distractor
practice and configuration practice. We chose a design in
which a “repeat everything” condition is compared to a “re-
peat everything but x” condition in order to isolate practice
effects for targets, distractors and stimulus configurations.
We had two major reasons for using that design. Firstly, the
usual situation in assessment practice is the “repeat every-
thing” condition, for which the amount of practice bene-
fits is known. Therefore, we found it straightforward to ana-
lyze the effects of changing task components in comparison
to this “repeat everything” condition. Secondly, one aim of
our work is to identify ways for reducing practice effects
in d2-like tests, and our design allows for directly testing
which manipulations reduce practice effects. An alternative
design for our experiments would have compared a “change
everything but x” condition to a “change everything” con-
dition. Interestingly, Le Dantec et al. (2012) observed com-
parable practice effects when “repeat targets or distractors”
conditions were compared to a “repeat targets and distrac-
tors” condition, and when “repeat targets or distractors”
conditions were compared to a “change targets and distrac-
tors” condition (the practice effects in RTs were computed
from Table 1 in Le Dantec et al., 2012). These findings sug-
gest that the two research designs can reveal similar esti-
mates of practice effects.

A second methodological issue concerns possible effects
of demand characteristics in our experiments. In Experi-
ment 1, participants of both experimental conditions were
tested together, and all participants were informed about
the experimental manipulation in session 2. In particular,
when being instructed for session 2, participants of Exper-
iment 1 were told that some participants would have to
search for the same targets as in the preceding session,
whereas other participants would have to search for a new
set of targets. Although being unavoidable, informing par-
ticipants about the experimental manipulation might have
affected the results of Experiment 1. For example, some
participants might have guessed the hypotheses and per-
formed accordingly. In that case, participants in the target-
repetition condition might have spent more effort than par-
ticipants in the target-change condition. Since participants
in both conditions were informed about the experimental
manipulation, a reverse effect is also possible. In that case,
participants in the target-change condition might have
spent more effort than participants in the target-repetition
condition, because the former participants were aware of
being in a presumably more difficult condition. Since we
have no means of determining whether and how demand
characteristics affected the results of Experiment 1, the
possibility of such effects should be kept in mind when in-
terpreting these results. Demand characteristics should not
have affected the results of Experiments 2 and 3 because
participants in these two experiments were not informed
about the experimental manipulations (i.e., differences in
stimulus materials between sessions).

A third methodological issue concerns the possible role
of stimulus similarity. In the target-change condition of Ex-

periment 1, the target set changed from [,d’ - ,,d — d’‘] to
Lp - ,,p — ‘] In the distractor-change condition of Ex-
periment 2, the distractor set changed from [,d - ,,d’ - ,p’
-,p-pto[d -,d” -,q -,,4q - q]. Hence, in both
cases, the letters of three stimulus items changed from ses-
sion 1 to session 2. It is, however, possible that replacing d
with p, in the target set of Experiment 1, produced a big-
ger difference than replacing p with q, in the distractor set
of Experiment 2 (e.g., Boles & Clifford, 1989). As a result,
the targets in the two sessions of the target-change con-
dition of Experiment 1 would have been less similar than
the distractors in the two sessions of the distractor-change
condition of Experiment 2. If this was correct, less sim-
ilarity of targets in subsequent sessions of Experiment 1
could have allowed for less transfer of target learning, and
thus produced a relatively large performance difference be-
tween conditions in the second session of Experiment 1. In
contrast, more similarity of distractors in subsequent ses-
sions of Experiment 2 could have allowed for more transfer
of distractor learning, and thus produced a relatively small
performance difference between conditions in the second
session of Experiment 2. Hence, comparing the size of prac-
tice benefits between these experiments might be compro-
mised by different changes of stimulus similarities in the
critical change conditions. A larger difference between dis-
tractor sets in the distractor-change condition might have
produced a larger distractor-related practice effect. In any
case, the fact that repeating distractors produced better
performance than changing distractors shows that distrac-
tor learning can contribute to practice benefits in d2-like
tests.

Conclusion

In a nutshell, the results suggest that target learning
makes a strong contribution, distractor learning makes a
moderate contribution, and contextual learning makes a
negligible contribution to the practice gains that are ob-
served when a d2-like test is repeated. These findings might
be considered when constructing new tests of focused at-
tention that are less vulnerable to practice benefits.
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