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Abstract A single encounter of a stimulus together with a
response can result in a short-lived association between the
stimulus and the response [sometimes called an event file, see
Hommel, Miisseler, Aschersleben, & Prinz, (2001)
Behavioral and Brain Sciences, 24, 910-926]. The repetition
of stimulus—response pairings typically results in longer last-
ing learning effects indicating stimulus—response associations
(e.g., Logan & Etherton, (1994) Journal of Experimental
Psychology: Learning, Memory, and Cognition, 20, 1022—
1050]. An important question is whether or not what has been
described as stimulus-response binding in action control re-
search is actually identical with an early stage of incidental
learning (e.g., binding might be seen as single-trial learning).
Here, we present evidence that short-lived binding effects can
be distinguished from learning of longer lasting stimulus-re-
sponse associations. In two experiments, participants always
responded to centrally presented target letters that were
flanked by response irrelevant distractor letters. Experiment
1 varied whether distractors flanked targets on the horizontal
or vertical axis. Binding effects were larger for a horizontal
than for a vertical distractor-target configuration, while stim-
ulus configuration did not influence incidental learning of lon-
ger lasting stimulus—response associations. In Experiment 2,
the duration of the interval between response » — 1 and pre-
sentation of display n (500 ms vs. 2000 ms) had opposing
influences on binding and learning effects. Both experiments
indicate that modulating factors influence stimulus—response
binding and incidental learning effects in different ways. We
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conclude that distinct underlying processes should be as-
sumed for binding and incidental learning effects.

Keywords action control - stimulus—response binding -
incidental learning

Introduction

If we think about research on human action control, at least
two different fields in psychology are essential. One focuses
on individual actions: after a single response to a certain stim-
ulus, aftereffects that are due to binding between response and
stimulus features can be observed. These effects have been
interpreted as indicative of the structure of the latest action
plan. Then again, an obvious fact about human actions is that
they are mostly carried out in an environment, full of contin-
gencies between objects and actions. Hence, another impor-
tant focus is on performance in well-known situations in
which it is highly adaptive to learn stimulus—response associ-
ations to increase future performance. Both phenomena—
binding and learning—seem to be important to get an under-
standing of how humans interact with their environment.
Strikingly, however, a look at the literature reveals that it is
still unclear whether the differentiation between binding ef-
fects and incidental learning is justified. In fact, the idea of
feature binding stems from perception research and has been
enhanced in the last decade so as to include actions too. Yet,
the relationship to learning mechanism is not understood.
Some researchers ignore this differentiation altogether, while
others discuss the possibility that these processes are different,
and finally there are some researchers suggesting that these
processes are in fact the same. To understand humans’ inter-
action with their environments, the relationship of binding and
learning mechanisms in action control has to be investigated.
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Thus, the aim of the study reported in this article was to ana-
lyze whether the processes underlying binding and incidental
learning effects are comparable by investigating the influence
of well-known modulating variables on these effects. Before
we turn to the details we briefly describe the two phenomena.

Stimulus-response binding

The use of the term “stimulus—response (SR) binding” differs
widely across studies (e.g., Horner & Henson, 2009, 2011;
Rothermund, Wentura, & De Houwer, 2005; Schnyer,
Dobbins, Nicholls, Davis, Verfaellie, & Schacter, 2007).
Here, we focus on effects found in paradigms that include a
first distinct event, during which integration of stimuli and
responses can take place, and a second event that can be in-
fluenced by this integration and is typically presented in direct
sequence to the integration event (e.g., Hommel, 1998; Frings,
Rothermund, & Wentura, 2007; Mayr & Buchner, 2006).

Theoretically, effects in these studies have been assumed to
be due to temporary associations between stimulus and re-
sponse features that can result from a single stimulus—re-
sponse pairing (Henson, Eckstein, Waszak, Frings, &
Horner, 2014). According to one interpretation, these tempo-
rary associations result from integration of action plans (e.g.,
Stoet & Hommel, 1999), which can be accounted for by the
Theory of Event Coding (TEC, Hommel et al., 2001). In order
to carry out a response, features of the response and stimulus
features are integrated in an action plan (often labelled ‘event
file’ in this research area) that consists of a number of binary
temporary associations (Giesen & Rothermund, 2014a;
Hommel, 1998, 2004; Moeller, Frings, & Pfister, 2016) that
have been called bindings. After an action is carried out, bind-
ings start to disintegrate. During the time it takes to fully
disintegrate them, residual bindings may influence further ac-
tions: if any of the integrated features is repeated, other bound
features or the entire event file can be reactivated.
Reactivation of an earlier response then leads to increased
performance if the reactivated and the current response are
compatible, but to impaired performance if they are incompat-
ible. We will refer to this result pattern as stimulus—response
binding effects.

With regard to the possibility that binding might rely on the
same processes as incidental learning, it is important to note
that even response irrelevant distractor stimuli can become
part of an action plan and retrieve integrated responses later
on—an effect that has been termed distractor-response
binding (Frings et al., 2007; Rothermund et al., 2005).

Incidental SR learning
If binding cannot be differentiated from learning, but is indeed

an early step in at least some form of learning, incidental SR
learning is a likely candidate. Repeatedly responding to a

certain stimulus in a certain way leads to incidental learning
of associations between stimuli and responses (e.g., Fitts &
Deininger, 1954; Fitts & Seeger, 1953; recently shown by e.g.,
Grant & Logan, 1993; Kiesel, Wendt, & Peters, 2007;
Schmidt, Crump, Cheesman, & Besner, 2007; Wendt &
Kiesel, 2008). This is also the case if participants have no
intention to learn associations regarding ignored features.
Investigation of such incidental learning is possible with tasks
that require participants to complete a speeded choice reaction
to a target stimulus while ignoring other stimuli that appear
contingently with certain targets or certain responses (e.g.,
Logan & Etherton, 1994; Miller, 1987; Schmidt & De
Houwer, 2012). If an ignored stimulus is repeatedly presented
together with a certain response, participants are faster and
more accurate to respond to contingent than to non-
contingent pairings. We use the term incidental learning to
describe this sort of picking up SR associations.

One possibility to account for incidental learning is
the Instance Theory of Automatization (ITA, Logan,
1988, 1990, see Schmidt, De Houwer, & Besner,
2010). The ITA assumes a transition from performance
based on a general algorithm, to performance based on
memory retrieval, with increasing experience with a
stimulus. More specifically, each encounter with a stim-
ulus that we respond to is integrated in an instance that
is stored in long term memory. Instances are assumed to
include relevant items, their interpretations, the current
goals while responding, and the response (Boronat &
Logan, 1997). The same act of attention that enables
integration of new instances also triggers retrieval of
past instances from memory, including their actions.
Retrieval of past actions then competes with the initia-
tion of the current response, and whichever process fin-
ishes first determines performance. With an increasing
number of retrieved instances, it becomes more likely
that one of the retrieval processes is completed before
the newly initiated response is carried out. If the retriev-
al process wins this race regularly, the behavior is un-
derstood to be automatic (Logan, 1988). In addition, it
has been proposed that the most recently encountered
instances are also the most accessible (Grant & Logan,
1993; Schmidt et al., 2010). Recent stimulus—response
combinations then have a particularly large potential to
be retrieved and are most likely to influence
performance.

Several studies report evidence for incidental learning be-
tween non-target features, or stimuli and responses after
repeated pairings. For example, Miller (1987) introduced con-
tingencies between otherwise response-irrelevant distractor
letters and responses in an Eriksen Flanker task and found
faster responding if the SR combination in a test block was
compatible to the distractor-response contingency in the train-
ing block. The same is also true for separate distractor words
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(Logan & Etherton, 1994, Logan, Taylor, & Etherton, 1996,
1999). Apparently, human participants learn associations be-
tween their own responses and ignored stimuli within a single
experiment, often within no more than a few dozen responses.

Identical processes in SR-binding and incidental
SR-learning?

In most studies investigating binding or leaming effects, the
authors do not clearly demarcate one process from the other.
Instead, many authors hint that binding might be an early
process in learning (e.g., Dutzi & Hommel, 2009; Frings &
Rothermund, 2011; Giesen, Frings, & Rothermund, 2012;
Giesen & Rothermund, 2014a, b; Hommel, 1998; Moeller &
Frings, 2014a, b; Waszak & Pholulamdeth, 2009; see also
Wolfensteller & Ruge, 2011), or they treat binding entirely
as learning, using both terms interchangeably (e.g., Henson,
2003; Horner & Henson, 2009, 2011, 2012; Schnyer, et al.,
2007; Schnyer, Dobbins, Nicholls, Schacter, & Verfaellie,
2006; Waszak, Hommel, & Allport, 2003). Yet, it is essential
to decide whether or not binding and incidental learning ef-
fects rely on the same processes. If binding effects are caused
by learning mechanisms, it would be straightforward to use
the same label for identical processes and start to address
binding effects as evidence for incidental learning.
Consequently, past studies regarding binding could be re-
interpreted as single-trial learning. By contrast, increasing ev-
idence that the phenomena are really differentiable would call
for a much more distinct interpretation of mechanisms that
cause binding effects on the one hand and learning processes
on the other hand. In fact, both learning and action planning
theories might benefit if influences of both mechanisms could
be discerned in a given result pattern.

In the light of such substantial theoretical implications, it is
high time to directly address the question whether the effect
that has been investigated in binding paradigms is indeed
caused by a learning process or whether it can be differentiat-
ed from incidental learning. The present study was conducted
to take a first step towards resolving this issue.

Evidence for binding = learning

On the one hand, it is possible that the effects measured in
binding paradigms are indeed due to instance retrieval from
memory. First, in many paradigms, it is rather difficult to
empirically differentiate between effects assumed by TEC
and ITA. Instances and event files are supposed to contain
very much the same things (e.g., relevant items, their
interpretations, and current goals; Boronat & Logan, 1997,
Hommel, 2004), and the retrieval process assumed for event
files has been shown to be identical to that of instance retrieval
(Frings & Moeller, 2012). Moreover, the predictions for
effects of instance retrieval on the following response are

@ Springer

identical to the typically observed binding effects. For
example, performance in responding to a stimulus is better if
the same response was already given to the stimulus on an
earlier occasion. Such a result might be due to residual
activations of action plan associations (i.e., binding), but it
might also be due to the retrieval of an instance from long-
term memory.

Thus, it is not surprising that numerous studies forgo
differentiation. For example, repetition priming effects can
be explained by an association of stimulus and response
features that occurs at the first encounter and influences
responding on the next encounter. Notably, only priming
after a single encounter, and most likely within a limited
time frame after this encounter, might be purely due to
residual action-plan bindings. Yet, it is common in the litera-
ture to ignore any possible difference between priming
resulting from binding and priming resulting from incidental
learning of stimulus—response associations: More priming is
usually associated with an increasing number of prior presen-
tations of a stimulus (e.g., Dennis & Schmidt, 2003; Dobbins,
Schnyer, Verfaellie, & Schacter, 2004; Gotts, Chow, &
Martin, 2012; Schnyer et al., 2007; Schnyer et al., 2006;
Wiggs & Martin, 1998), and priming effects due to a single
SR presentation, and due to repeated presentations, have been
treated as the same sort of binding effect (Denkinger &
Koutstaal, 2009; Frings, Moeller, & Horner 2015). Even
authors who explicitly point out that SR-bindings can be
formed in a single SR pairing and do not need to be learned
gradually, do not always clearly differentiate between binding
and learning (Henson et al., 2014).

There is also theoretical reason to doubt the separability of
the binding and learning processes. Just consider the progres-
sion of incidental contingency learning. At the first encounter
of a stimulus—response combination, it is impossible to decide
whether it is the beginning of a contingency or just a random
single combination. Obviously, some mechanism is necessary
to select likely candidates for—and keep track of—contingen-
cies. Associations within action plans could theoretically ful-
fill this function. In line with this, event files have been pro-
posed to play a central role for the first stage of action-effect
learning (Dutzi & Hommel, 2009) in the two-stage model of
goal-directed action (Elsner & Hommel, 2001, 2004; Hommel
1997, 1998; Hommel & Elsner, 2009; Wolfensteller & Ruge,
2011). Possibly, bindings in action plans that are formed in the
course of human behavior, and that already include relevant
and salient features of the situation, are also used to detect
contingencies. Here, the only necessary additional assumption
would be that traces of bindings can last for longer than a
couple of seconds. If this is the case, however, it becomes
impossible to distinguish bindings within an event file (see
Hommel et al., 2001) from associations within an instance
(see Logan, 1988). This becomes apparent if we look at the
structural similarities of TEC and ITA. The most obvious
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proposed difference between event files and instances has
been their assumed life spans. While bindings resulting from
event files are supposed to be disintegrated shortly after
responding, instances are assumed to be directly stored in
long-term memory. Yet, neither TEC nor ITA specify bound-
ary conditions for the duration of event files or instances. On
the contrary, no upper bound has been reported for event files,
and they have been shown to last for at least 6 s (Herwig &
Waszak, 2012), while it has been suggested that recent in-
stances are more accessible in automatization learning than
instances that were integrated further in the past (Grant &
Logan, 1993; Schmidt et al., 2010). Considering such long-
lived event-files, together with large retrieval potential of re-
cent instances, adds to the plausibility that bindings are indeed
identical to associations within instances. Therefore, the more
straightforward approach might be to understand effects that
have been measured in binding paradigms as effects of in-
stance retrieval.

Evidence for binding # learning

Turning to the possibility that binding and learning can be
dissociated, first note that authors who hint that binding might
be relevant for a longer learning process, implicitly assume
that binding can be differentiated from learning (e.g., Giesen
& Rothermund, 2014a; Frings & Rothermund, 2011;
Hommel, 1998; Moeller & Frings, 2014a). More importantly,
evidence in related fields seems to indicate differences be-
tween short-term aftereffects of stimulus encounters and
long-term learning effects. Specifically, Wagner, Maril, and
Schacter (2000) present a theoretical account together with
evidence that priming in fact hinders incidental learning. The
authors assume that a decrease in neural activation at repeated
stimulus presentation (neural priming effect) results in sparse
re-encoding variability. In turn, learning is hindered as com-
pared to more variable re-encoding. Indeed the authors found
less explicit memory for words presented twice with a short
time lag (a few minutes) between first and second presentation
than for words presented twice with a long time lag (1 day).
These findings are in line with those regarding explicit mem-
ory: repetitions of an item after a short lag (which is associated
with more priming) produced lower levels of subsequent ex-
plicit memory than did repetition of the item after a long lag
(Greene, 1992; Melton, 1967; Ebbinghaus, 1885/1964). Most
importantly for the present study, Kirsner and Speelman
(1996) analyzed power function speed up as predicted by the
ITA for repetition priming and skill acquisition, and found that
repetition priming does not conform to this principle, while
skill acquisition does. They conclude that repetition priming
(which can be interpreted as an effect of SR binding) and skill
learning involve different processes (but see Gupta & Cohen,
2002; Poldrack, Selco, Field, & Cohen, 1999).

As mentioned above, the question whether or not binding
and incidental learning involve identical processes has been
largely ignored in the past. Therefore, only very little direct
evidence exists regarding this question. Yet in the few studies
available that come close to the topic, there seems to be a
tendency to interpret the findings as indicating differentiation
of binding and learning.

Analyzing bindings in familiar objects, Colzato and col-
leagues found no modulation of binding effects by familiarity
of feature combinations. However, a comparison of their dif-
ferent experiments suggested larger partial repetition costs for
natural objects than for arbitrary feature combinations
(Colzato, Raffone, & Hommel, 2006, see also Hommel &
Colzato, 2009). More specifically, Hommel and Colzato
(2009) report significantly larger feature binding effects for
familiar than for arbitrary objects. The authors propose a dif-
ferentiation between ad hoc bindings of new—and conjunc-
tion detection of familiar—stimuli (see also VanRullen, 2009).
Only familiar objects have an entry in long-term memory that
influences binding effects regarding visual stimulus features
and does not extend to visuomotor integration. Binding of
new stimuli, on the other hand, is entirely dependent on the
current attentional set, includes integration of response fea-
tures, and cannot be influenced by long-term memory entries.

In line with this, Moeller and Frings (2017) also assume
differentiable processes. Yet, unlike Hommel and Colzato
(2009), they present evidence for at least one direction of
influence between long-term associations and short-term
bindings. The authors report binding effects for the pronunci-
ation of a word and a visually presented and incompatible
non-word, but no binding effects for word pronunciation and
a visually presented incompatible word. That is, highly auto-
mated stimulus response associations seem to be able to hin-
der binding of the stimulus with an incompatible response.

Importantly, the studies cited can only give a first indica-
tion of the way a long-term association might (not) influence
binding effects. They do not provide insight into a possible
overlap of the processes that cause feature binding effects on
the one hand, and enable incidental learning on the other.
Findings with regard to the integration of actions with effects
might provide a first hint here.

Action-effect associations have been proposed to be
learned faster in an intentional mode (i.e., the participant in-
tends to produce a certain effect by responding) than in a
stimulus based mode (i.e., the participant is prompted by a
stimulus to give a certain response, which then also has
some unintended effect; e.g., Herwig, Prinz, & Waszak,
2007; Herwig & Waszak, 2009; for a discussion of
association mode in the acquisition versus test phase, see
Pfister, Kiesel, & Hoffmann, 2011). On the other hand,
short-term binding between responses and effects is also pos-
sible if participants respond in a stimulus based mode (e.g.,
Janczyk, Heinemann, & Pfister, 2012). Herwig and Waszak
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(2012) analyzed binding between responses and effects and
learning of response-effect associations, and found differences
between learning and binding effects: influences of action
mode (intention based vs. stimulus based) were only observed
for learning, but not for short-term binding. Although inter-
pretation of the results is ambiguous, this evidence can be
taken as a first indication that incidental learning and binding
need to be differentiated, at least with regard to action-effect
associations.

The present study

Taken together, the great majority of past literature has ig-
nored the question of whether binding effects and learning
rely on identical or separable processes. Strikingly, the appar-
ent reason for such disregard differs fundamentally between
researchers. While some authors seem to be convinced that
binding effects are an indication of learning (e.g., Denkinger
& Koutstaal, 2009), others naturally treat the process under-
lying binding effects as one that can be dissociated from learn-
ing (e.g., Frings, et al., 2007; Rothermund, et al., 2005). Some
formal theories discuss binding effects as part of a learning
process (Dutzi & Hommel, 2009, Elsner & Hommel, 2001;
Wolfensteller & Ruge, 2011), but others differentiate between
short-term priming—and long-term learning—effects of stim-
ulus encounters (Wagner et al., 2000). Finally, only a little
empirical evidence exists regarding this question and, even
based on the few studies that come close to attempting a dif-
ferentiation, a clear interpretation seems to be impossible.
Hence, regarding implicit assumptions, theoretical accounts,
and also past evidence, there is a substantial disagreement
between the suggestion that binding effects are caused by a
learning process and the idea that the processes of short-term
binding and incidental learning can be differentiated. With the
present study, we address this issue.

If the processes underlying binding and incidental learning
are indeed identical, we would expect more learning in setups
that boost binding effects as compared to setups with only
small binding effects. In two experiments, we systematically
varied factors that are known to modulate binding effects and
that are also likely to influence learning. In turn, we assessed
whether these manipulations influenced incidental learning
and binding in a similar way, as would be expected if binding
effects result from a learning process. In contrast, if binding
and incidental learning rely on separate processes, those fac-
tors modulating binding effects are unlikely to modulate learn-
ing in a similar way. We will specify the expected effects on
incidental learning for this case below.

To anticipate the results, variations in stimulus grouping
modulated binding, but not learning effects (Experiment 1),
while the same pacing manipulation even had contrary effects
on learning and binding (Experiment 2).
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Experiment 1

To act in a complex environment, it is necessary to subdivide
an entire scene into meaningful parts. Gestalt psychologists
have proposed a number of principles like similarity, proxim-
ity, and continuity, which are used to organize visual scenes
(Koffka, 1935; Kohler, 1947; see Palmer 1999). Notably,
binding effects and leaming effects have been shown to be
influenced by Gestalt grouping principles. First, it is well
known that associations between stimuli are learned more
readily if the stimuli are grouped than if they are presented
in a non-grouped fashion (Baker, Olson, & Behrmann, 2004;
Conci, Miiller, & von Miihlenen, 2013; Fiser, Scholl, & Aslin,
2007; Newport & Aslin, 2004). For example, associations
between stimulus pairs within a stimulus triplet were learned
only if both stimuli of the contingently presented pair had the
same color, but not if the two stimuli differed in color
(Glicksohn & Cohen, 2011). In addition, distractor-response
binding effects are typically larger if distractor and target stim-
uli are presented in a grouped setup, than if they are presented
in a non-grouped setup (Frings & Rothermund, 2011; Moeller,
Rothermund, & Frings, 2012). For example, if participants
responded to target letters that were flanked by distractor let-
ters, distractor-response binding effects were stronger if the
stimulus configuration was horizontal (resembling a word)
than if the configuration was vertical (Frings & Rothermund,
2011).

Yet, note that the studies cited measured slightly dif-
ferent influences of stimulus-grouping. Grouping of
stimuli led to more stimulus—stimulus association learn-
ing. That is, associations are learned more readily be-
tween grouped than between non-grouped stimuli. By
contrast, grouping of target and distractor stimuli led
to more short-term association between distractor stimu-
lus and the response to the target. That is, binding to a
third non-grouped component of the situation (i.e., the
response) was modulated by stimulus grouping. To our
knowledge, such modulation has never been shown for
incidental association learning. Yet, if binding effects
and incidental learning are caused by identical process-
es, the same modulation should also enhance incidental
distractor-response association learning directly.
Accordingly, Experiment 1 was designed to test whether
modulating stimulus grouping influenced incidental
distractor-response learning in a way corresponding to
binding modulations. During the entire experiment, a
participant saw distractor- and target letters either pre-
sented in a horizontal line, giving the impression of a
word, or in a vertical column (see Frings &
Rothermund, 2011). Since learned associations between
a distractor stimulus and a response have been shown to
influence binding (Moeller & Frings, 2014b; Moeller &
Frings, 2017), binding effects were measured
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independently of learning blocks. The first part of the
experiment was a conceptual replication of Miller’s
(1987) study, and was composed of one training phase,
containing contingencies between distractor stimuli and
responses, and one test phase, presenting the former
distractors as targets, either compatibly or incompatibly
mapped to the responses, associated during training.
Note that distractor stimuli in the training phase indicat-
ed the correct response in 90% of the trials, and were
therefore not truly response irrelevant as distractor stim-
uli were in the test phase. The second part of the ex-
periment was a conceptual replication of Experiments 2a
and 2b of Frings and Rothermund (2011). Participants
responded in a prime-probe sequence that required a
response to each prime and each probe display, and
varied response repetition between prime and probe or-
thogonally to distractor repetition. Importantly, no con-
tingencies between distractor-stimuli and responses were
included in this second part of the experiment.

Based on the findings in the previous studies, we
expected to find a compatibility effect in the test block
of the first experimental phase (i.e., faster and/or more
accurate responding to stimuli that were mapped to the
same response as associated in the training block than
to stimuli mapped to the incompatible response), indi-
cating incidental learning of distractor-response associa-
tions during training. Focusing on incidental learning,
we make no assumptions as to whether or not partici-
pants might become aware of the contingencies. For the
second part of the experiment, we expected a larger
facilitation effect due to distractor repetition (as com-
pared to distractor change) between prime and probe if
the response had to be repeated than if the response had
to be changed from prime to probe (i.e., an interaction
of response relation and distractor relation), indicating
binding between distractor and response. Note that it
is essential to test binding via this interaction, as any
separate comparison of two of the four cells resulting
from varying response and distractor relation can be
distorted by additional main effects influencing reaction
times (RTs) (e.g., response repetition or distractor inhi-
bition effects). Importantly, this binding effect was ex-
pected to be larger if target and distractors were present-
ed in a grouped (i.e., horizontal) stimulus configuration
than if they were presented in a non-grouped (i.e., ver-
tical) configuration (see Fig. la). Of particular interest
was whether stimulus configuration also had an effect
on incidental distractor-response association learning.
Based on past research, we can assume that the group-
ing of target and distractor influences learning of
distractor-target associations. Effects of such learning
on the results were precluded by exchanging target
stimuli between learning and test phase. Markedly, an

influence of target-distractor grouping on incidental
distractor-response association learning cannot be pre-
dicted. That is, unless binding is caused by a learning
process, we would expect the compatibility effect not to
be modulated by stimulus configuration (see Fig. lc).

Method
Participants

Seventy students (55 female) from the University of Trier took
part in the experiment. Two participants failed to report their
age. The median age of the remaining sample was 22 years
with a range from 19 years to 39 years. Three additional par-
ticipants were excluded from the analysis. One seemed to be
intoxicated, one was sick during testing, and a third had an
extremely high error rate in the test phase of the experiment.
All participants took part in exchange for partial course credit
or monetary compensation.

Design

The factor stimulus configuration (horizontal vs. vertical ar-
rangement of targets and distractors) was varied between par-
ticipants. Compatibility of stimulus—response mapping (com-
patible vs. incompatible) in the block testing learning effects
was varied within participants. The design of the block, testing
binding effects, comprised two within-subjects factors, name-
ly response relation (response repetition vs. response change),
and distractor relation (repetition vs. change).

Materials

The experiment was conducted using the E-prime 2.0 soft-
ware. Instructions and stimuli were shown in white on black
background on a standard CRT screen. Consonants were used
as stimuli. All letters subtended a horizontal and vertical visual
angle of 0.8°. Viewing distance was approximately 60 cm.
Participants responded by pressing one of two keys on the
computer keyboard.

Procedure

Participants were tested individually in soundproof chambers.
Instructions were given on the screen and summarized by the
experimenter. Participants were instructed to place their left
index finger on the D key and their right index finger on the K
key of a standard computer keyboard. They were told that they
would always see one target letter, flanked by two identical
distractor letters. Their task was always to categorize the target
letter by pressing a key with the corresponding finger. One
group of participants always saw the three letters in a horizon-
tal row, and the other group always saw them in a vertical
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a D b (500 ms) (2000 ms)
) DTD T )
D DTD DTD
horizontal vertical
configuration configuration 500 ms RSI 2000 ms RSI
c) Learning effects Binding effects
Binding is a learning Binding differs from
process learning

Grouplng horizontal > vertical horizontal = vertical horizontal > vertical

modulation

Pacing

. 500 ms RSI > 2000 ms RSI 500 ms RSI < 2000 ms RSI 500 ms RSI > 2000 ms RSI
modulation

Fig. 1 a Stimulus setup for horizontal and vertical stimulus
configurations in Experiment 1. b Stimulus setup and procedure in one
trial in Experiment 2, for fast (500 ms) and slow (2000 ms) pacing. Black
is depicted in white and white is depicted in black. T Target, D distractor;
Stimuli are not drawn to scale. (¢) Hypotheses for manifestations of

column (Fig. 1a). Each participant worked through three
blocks of trials.

The first block (200 trials) served as a learning phase, the
second block (80 trials) was used to measure any learning that
took place during the first block, and the third block (160
trials) was used to measure binding effects with the exact same
stimulus configuration as used in the first two blocks, but
utilizing different letters as target and distractor stimuli. For
each subject, the 20 consonants were randomly assigned to the
different roles in the experiment. Four letters served as targets
in the first block (two were assigned to each response). Four
different letters were presented as distractors in the first block.
Two of these distractors appeared in 90% of the trials that
required a left-hand response, and in 10% of the trials that
required a right-hand response. Complementary, the other
two distractors appeared in 90% of the trials that required a
right-hand response and in 10% of the trials that required a
left-hand response. That is, overall each distractor was pre-
sented in the same percentage of trials in the learning block.

In the second block (the block testing learning effects),
these same letters were then used as targets. Of the two
distractors previously associated with the left-hand response,
one was now mapped to the left and the other to the right
response in the test block, resulting in compatible and incom-
patible stimulus—response mappings. The two distractors that
had been associated with the right-hand response were
mapped to the two responses in the same way. Four new letters
were used as distractor stimuli in the test block. None of the
stimuli in the test block were presented contingently with a
response or with another stimulus.

The sequence within individual trials was identical in the
first two blocks. The target and distractor stimuli appeared and
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grouping and pacing influences on binding and learning effects.
Different modulations of learning effects are expected dependent on the
assumptions that binding can be differentiated from learning effects
(middle column) or not (left column)

remained in the middle of the screen until participants
responded. Then a feedback display was presented for
1000 ms informing the participant, whether the last response
was correct or not. Finally, the screen went blank for 1500 ms
inter-trial interval.

In the third block, testing distractor-response binding ef-
fects, four new letters were used as targets (two were assigned
to each response) and four new letters were used as distractor
stimuli.

For measuring distractor-response binding effects, a
prime-probe sequence was utilized. Thus, an individual
trial consisted of the following events. The prime target
and distractors appeared in the middle of the screen and
remained there until participants responded. In case of
an incorrect response, an error message was presented
for 1000 ms, reminding the participant to respond as
fast as possible, but without making errors. Then the
screen went blank for 500 ms. Probe target and
distractors were then presented in the middle of the
display until participants responded. As before, an error
message was presented for 1000 ms in case of an in-
correct response. Finally, a blank screen was presented
for 1500 ms inter-trial interval. Response relation and
distractor relation were varied orthogonally between
prime and probe of the binding block. In response rep-
etition (RR) trials, the same response was required on
the prime and the probe. In response change (RC) trials,
different responses had to be given to the prime and
probe target. Similarly, in distractor repetition (DR) tri-
als, the same letter was presented as the distractor on
prime and probe displays, while in distractor change
(DC) trials, different letters were presented as prime
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and probe distractors. Hence, four different conditions
were realized in the binding block: response repetition
with distractor repetition (RRDR), response repetition
with distractor change (RRDC), response change with
distractor repetition (RCDR), and response change with
distractor change (RCDC).

The same order of blocks was used for all participants to
maximize the probability for the distractor-response contin-
gencies to be learned (in the first block). Since no contingen-
cies were present in the block measuring binding effects, we
assumed that experiencing this block first might decrease the
probability for picking up contingencies in the same task, later
on. Before the first block started, participants practiced the
task for 20 trials and before the third block started, a practice
of eight trials was included. These practice trials were a sub-
sample of the trials in the following blocks.

Results

For the analysis of RTs, we considered only those trials with
correct responses (to both the prime and the probe in case of
the binding block). Error rates were 5.1% in the learning block
and 5.2% in the test block; in the binding block, probe error
rate was 4.1% and prime error rate was 3.9%. RTs that were
more than 1.5 interquartile ranges above the third quartile of
the RT distribution of the sample (Tukey, 1977), and those that
were shorter than 200 ms were excluded from the analysis.
Due to these constraints, 10.8% of the trials in the learning
block, 12.8% of'the test block, and 13.0% of the binding block
were discarded. For mean RTs and error rates in the conditions
of the three blocks see Table 1.

Learning block

In a 2 (stimulus configuration: horizontal vs. vertical) x 2
(distractor-response compatibility: compatible vs. incompati-
ble) MANOVA on RTs with Pillai’s trace as the criterion, the
main effect of compatibility was significant, F(1,68) = 27.45,
P <.001, npz =.29, indicating faster responses, if the response
indicated by the target was also compatible to the distractors
(M = 612 ms, SD = 74 ms) than if the response indicated by
the target was incompatible to the distractors (M = 634 ms, SD
= 83 ms). Neither the main effect of stimulus configuration,
F(1,68) < 1, P = .889, np2 < .01, nor the interaction of
compatibility with stimulus configuration was significant,
F(1,68) < 1, P = .360, np2 = .01. In the same analysis on
error rates we found numerically the same pattern. However,
the main effect of compatibility did not reach significance,
F(1,68) = 3.13, P = .081, npz = .04. The main effect of
stimulus configuration, F(1,68) < 1, P = .405, np2 = .01, and
the interaction were not significant, F(1,68) < 1, P = .493,
np> < .01.

Table 1 Mean response times (in ms) and mean error rates (in
parentheses) in Experiment 1 and Experiment 2

Experiment 1 Grouping Experiment 2 Pacing

Horizontal ~ Vertical RSI 500 ms RSI 2000 ms

Learning

Incompatible 635 (6.7) 634 (5.4) 544 (6.0) 595 (6.0)

Compatible 609 (5.2) 615@4.7) 533 (5.4) 585 (4.6)
Test

Incompatible 626 (5.4) 644 (5.6) 534 (4.8) 615(5.2)

Compatible 613 (4.6) 627 (5.1) 531 (6.6) 596 (4.9)
Binding

RRDR 497 (4.1) 523 (3.4) 472(4.1) 553 (4.1)

RRDC 526 (2.8) 537 (3.3) 490 (5.1) 555 (4.0)

RCDR 550 (6.2) 573 (6.0) 529 (6.2) 588 (4.2)

RCDC 552 (3.9) 573 (4.8) 523 (4.7) 585 (4.1)

For the learning phase, compatible refers to the 90% of trials in that a
distractor stimulus appeared together with its to-be-associated response;
incompatible refers to the 10% of trials in that a distractor appeared
together with the not to-be-associated response. For the test phase,
compatible and incompatible refer to the (former distractor, now target)
stimulus response mapping compared to the associations learned during
the training phase. For the binding condition, mean probe response times
are shown. RR Response repetition, RC response change, DR distractor
repetition, DC distractor change

Test block

In a 2 (stimulus configuration: horizontal vs. vertical) x 2
(stimulus—response compatibility: compatible vs. incompati-
ble) MANOVA on RTs with Pillai’s trace as the criterion, the
main effect of compatibility was significant, £(1,68) = 9.26, P
=.003, npz = .12, indicating faster responses to target stimuli
that were mapped to the response to which they were previ-
ously associated (M = 620 ms, SD = 90 ms) than those for
which the mapping was incompatible to the previously
learned association (M = 635 ms, SD = 94 ms). Neither the
main effect of stimulus configuration, F(1,68) < 1, P = .462,
77p2 < .01, nor the interaction of compatibility with stimulus
configuration, F(1,68)< 1, P=.657, np2 <.01, was significant
(see Fig. 2, upper part, left side). In the same analysis on error
rates none of the effects were significant, all Fs < 1, Ps > .35,
Ny < .02.

Binding block

In a 2 (stimulus configuration: horizontal vs. vertical) x 2
(response relation: repetition vs. change) x 2 (distractor rela-
tion: repetition vs. change) MANOVA on probe RTs with
Pillai’s trace as the criterion, the main effects of response
relation, F(1,68) =214.78, P < .001, 77p2 = .76, and distractor
relation, F(1,68)=29.53, P<.001, npz =.30, were significant.
Responses were faster for response repetition (M = 521 ms,
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Fig. 2 Binding and learning effects in ms as a function of grouping and
pacing modulations. Learning effects are calculated as the difference
between stimulus—response-incompatible and -compatible trials in the
test block. Distractor-response binding effects are calculated as the

SD = 64 ms) than for response change trials (M = 562 ms, SD
= 68 ms), and responses were faster if the distractor repeated
from prime to probe (M = 535 ms, SD = 67 ms) than if the
distractor changed (M = 546 ms, SD = 64 ms). Importantly,
the interaction of response relation and distractor relation was
also significant, F(1,68) = 32.88, P <.001, npz = .33, indicat-
ing a general effect of distractor-response binding (the
advantage due to distractor repetition as compared to
distractor change was larger in response repetition than in
response change trials; see Table 1). Most importantly, this
effect was further modulated by stimulus configuration,
F(1,68) = 4.23, P = .044, 77p2 = .06 (see Fig. 2, upper part,
right side). Separate analyses indicated a larger effect of
distractor-response binding, if target and distractors were pre-
sented in a horizontal configuration, F(1,34) = 37.49, P <
.001, 77p2 = .52, than if they were arranged vertically, F(1,34)
=5.68, P =.023, np2 =.14. For the sake of completeness, the
interaction of distractor relation and stimulus configuration,
F(1,68)=4.01, P=.049, npz = .06 was also significant, while
the response relation x stimulus configuration interaction,
F(1,68)<1,P>.5, npz < .01, was not. In the same analysis
on error rates, only the main effects of response relation,
F(1,68) = 17.27, P < .001, np2 = .20, and distractor relation,
F(1,68)=8.08, P =.006, npz = .11, were significant. All other
Fs<2,Ps>.16,n,"<.03.

Discussion
Experiment 1 clearly replicated past studies regarding binding

and learning effects (Frings & Rothermund, 2011; Miller,
1987). On the one hand, additional flanking distractor-

@ Springer

35
30
25
20
15
10

5

0

horizontal vertical
*

35 —

500 ms 2000 ms

difference between distractor repetition effects in response repetition
and response change trials in the binding block (repetitions and changes
from trial n — 1 to trial n). Error bars Standard error of the mean

stimuli were integrated with responses given to a target stim-
ulus, leading to distractor-response binding effects. On the
other hand, contingently presenting specific distractor stimuli
together with specific responses led to incidental distractor-
response association learning. Moreover, our results also indi-
cate that the same stimulus grouping modulation that influ-
enced binding effects had no effect on incidental learning.
Although binding effects were clearly modulated by stimulus
configuration, the same horizontal and vertical setups led to no
difference in learning effects. This is a first indication that
grouping principles regarding target and distractor stimuli
are likely not used to infer contingencies between distractors
and responses. Apparently, for a modulation of incidental
learning, elements need to be directly affected by grouping
principles (e.g., Baker, et al., 2004; Glicksohn & Cohen,
2011). This is different for the processes underlying stimu-
lus—response binding effects. Here, stimulus grouping seems
to modulate the structure of response association within an
event file.

The findings of Experiment 1 suggest that incidental learn-
ing was not directly influenced by the process that resulted in
binding effects. To be able to distinguish the processes even
more clearly, in Experiment 2 we took a closer look at another
aspect that may have a larger potential to differentiate effects
of separate binding and learning processes.

Experiment 2

Stoet and Hommel (1999) found that action plans are
disintegrated very soon after action execution, and that



Atten Percept Psychophys (2017) 79:2590-2605

2599

individual elements of the action plan (i.e., feature codes) can
remain activated for up to 1 s. In fact, past research investigat-
ing binding typically used very short intervals around 500 ms
between integration and retrieval (Colzato et al., 2006; Giesen
& Rothermund, 2014a; Moeller & Frings, 2015; Waszak,
Hommel, & Allport, 2004). Moreover, in line with an assump-
tion of fast action plan disintegration, binding effects that were
present with 500 ms response—stimulus intervals (RSI) were
smaller or disappeared if the RSI was extended to 2000 ms
(Frings, 2011; Moeller, Pfister, Kunde, & Frings, 2016).

In contrast, if we take a closer look at studies implementing
contingencies to analyze incidental learning, it becomes clear
that learning is possible with a rather slow pacing (Logan &
Etherton, 1994; Miller, 1987; Schmidt & Besner, 2008;
Schmidt et al., 2007, Schmidt, et al., 2010). At least
1000 ms RSI were used, when contingencies between addi-
tional stimuli and responses were learned (e.g., Logan &
Etherton, 1994; Miller, 1987). Moreover, repeated presenta-
tion of a stimulus led to more learning with long than with
short intervals between the individual presentations (Wagner
et al., 2000). In general, presentation of separate instances
spaced widely in time typically leads to more learning than
closely spaced presentation (Cepeda, Pashler, Vul, Wixeted, &
Rohrer, 2006; Greene, 1989, 1990, 1992; Kahana & Howard,
2005; Melton, 1967, 1970). Thus, with a timing manipulation,
we might be able to reach a dissociation of learning and bind-
ing processes. If binding effects are indeed larger for short
than for long RSIs while learning effects are larger for long
rather than for short RSIs (see Fig. 1¢), it can be ruled out that
binding is caused by a process of incidental learning.

Experiment 2 was very similar to Experiment 1. However,
only horizontal stimulus configurations were presented, and
the crucial variation was the pacing of response and subse-
quent display presentation. The trial sequence in all blocks of
the experiment was identical, including stimulus presentation
until response followed by a fixed interval before the next
stimulus display was presented. The critical manipulation
was the duration of the RSL. It either lasted for 500 ms or for
2000 ms throughout the experiment (i.e., both in learning
blocks and also in binding blocks). In addition, in
Experiment 1 we kept the order of learning and binding blocks
constant to maximize the probability for learning to take place.
To control for sequence effects that might account for any
findings with such a design, in Experiment 2, the order of
learning and binding blocks was counterbalanced.

Method
Participants
Seventy-one students (59 female) from the University of Trier

took part in the experiment. Their median age was 22 years
with a range from 18 to 29 years. Two additional participants

were excluded from the analyses because they were much
older than the otherwise very homogenous sample (more
than three interquartile ranges above the third quartile of the
sample, Tukey, 1977). All participants took part in exchange
for partial course credit or monetary compensation.

Design

The factors block order (learning first vs. binding first) and
pacing (500 ms RSI vs. 2000 ms RSI) were varied between
participants. Compatibility of stimulus—response mapping
(compatible vs. incompatible) in the block, testing learning
effects, was varied within participants. The relevant within-
subjects factors of the block, testing binding effects, were
response relation (repetition vs. change from response n — 1
to response n), and distractor relation (repetition vs. change
form response n — 1 to response n).

Materials and procedure

Materials and procedure of the learning and test blocks was
identical to that of Experiment 1, with the following excep-
tions. All participants saw target and distractor letters in a
horizontal configuration. However, the inter-trial interval (of
all blocks) differed between participants. For half of the par-
ticipants, 500 ms elapsed between response 7 — 1 and presen-
tation of display 7, and for the other half, 2000 ms passed (see
Fig. 1b). As in Experiment 1, only letters that were not pre-
sented in the learning blocks were used as stimuli in the bind-
ing block. Four targets were mapped to the left and right
response (two to each side) and two different letters were used
as distractors. Targets and distractors were randomly assigned
in each display. The same sequence of events was realized as
in the learning and test block: target and distractors were pre-
sented until participants responded, and then an inter-trial in-
terval of 500 ms (or 2000 ms, respectively) elapsed before the
next stimulus presentation. Each participant experienced the
same inter-trial interval (500 ms or 2000 ms) in all three
blocks. Approximately half of the participants (n = 36) expe-
rienced the learning blocks before the binding block and the
other half experienced the binding block first.

Results

For the analysis of RTs, we considered only those trials with
correct responses in the learning and the test block, and only
correct responses that followed a correct response in the bind-
ing block. Error rates were 5.1% in the learning block, 5.4% in
the test block, and 4.2% in the binding block. Response times
that were more than 1.5 interquartile ranges above the third
quartile of the RT distribution of the participant (Tukey, 1977),
and those that were shorter than 200 ms were excluded from
the analysis. Due to these constraints, 10.6% trials of the
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learning block, 12.9% of the test block, and 13.4% of the
binding block were discarded. For mean RTs and error rates
in the conditions of the three blocks see Table 1. The factor
block order (learning first vs. binding first) did not significant-
ly modulate any of the relevant main or interaction effects
reported below. For the sake of clarity, we therefore dropped
this factor from the reported analyses.

Learning block

In a 2 (pacing: RSI 500 ms vs. RSI 2000 ms) x 2 (distractor-
response compatibility: compatible vs. incompatible)
MANOVA on RTs with Pillai’s trace as the criterion, both
main effects were significant [pacing: F(1,69) = 7.15, P =
.009, 77p2 =.09; compatibility: F(1,69) = 11.39, P = .001, np2
=.14]. Responses were faster with 500 ms RSI (M = 535 ms,
SD = 68 ms) than with 2000 ms RSI (M = 586 ms, SD = 90
ms), and participants responded faster, if the response indicat-
ed by the target was also compatible to the distractors (M =
559 ms, SD = 83 ms) than if the response indicated by the
target was incompatible to the distractors (M = 570 ms, SD =
86 ms). The interaction of compatibility with pacing was not
significant, F(1,69) < 1, P = .882, np2 < .01. In the same
analysis on error rates, none of the effects was significant,
Fs<2,ps>.14,7,° < .04.

Test block

In a 2 (pacing: RSI 500 ms vs. RSI 2000 ms) x 2 (stimulus—
response compatibility: compatible vs. incompatible)
MANOVA on RTs with Pillai’s trace as the criterion, both
main effects were significant [pacing: F(1,69) = 15.93, P <
.001, np2 =.19; compatibility: F(1,69) = 8.28, P =.005, np2 =
.11]. Responses were faster with 500 ms RSI (M =533 ms, SD
= 58 ms) than with 2000 ms RSI (M = 605 ms, SD = 91 ms),
and participants responded faster, if the SR mapping was com-
patible (M = 564 ms, SD = 81 ms) than if the mapping was
incompatible (M = 575 ms, SD = 91 ms). Importantly, the
interaction of compatibility with pacing was also significant,
F(1,69)=4.01, P =.049, npz = .06 (see Fig. 2, lower part, left
side). Pairwise comparisons showed that the compatibility ef-
fect, indicating incidental learning, was only significant for
slow pacing (RSI 2000 ms), #35) = 3.00, P = .005, d =
0.50, but not for fast pacing (RSI 500 ms), #34) = 0.76, P =
451, d =0.13. In the same analyses on error rates none of the
effects was significant, all F's < 1.7, Ps > .2, np2 < .03.

Binding block

In a 2 (pacing: RSI 500 ms vs. RSI 2000 ms) % 2 (response
relation from n — 1 to n: repetition vs. change) X 2 (distractor

% We thank an anonymous reviewer for this suggestion.
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relation from n-1 to n: repetition vs. change) MANOVA on
RTs with Pillai’s trace as the criterion, the main effects of
pacing, F(1,69) = 17.74, P < .001, npz = .21, and response
relation, F(1,69) = 126.44, P < .001, npz = .65, were signifi-
cant. Responses were faster with RSI of 500 ms, (M = 502 ms,
SD = 56 ms), than with 2000 ms RSI (M = 570 ms, SD = 76
ms), and faster for response repetition (M = 518 ms, SD = 75
ms) than for response change trials (M = 557 ms, SD =77 ms).
The interaction of response relation and distractor relation was
also significant, F(1,69) = 15.11, P <.001, 77p2 =18, indicat-
ing a general effect of distractor-response binding (The
advantage due to distractor repetition as compared to
distractor change was larger in response repetition than in
response change trials; see Table 1). Most importantly, this
effect was further modulated by pacing, F(1,69) = 6.29, p =
.015, npz = .08 (see Fig. 2, lower part, right side). Separate
analyses indicated a significant effect of distractor-response
binding only for fast pacing (RSI 500 ms), F(1,35) = 19.78,
P < .001, 77p2 = .36, but not for slow pacing (RSI 2000 ms),
F(1,36)=1.30, P = .262, np2 =.04. For the sake of complete-
ness, the interaction of distractor relation x pacing, F(1,69) =
4.76, P = 032, 1,” = .07, reached significance, as well, while
the main effect of distractor relation, F(1,69) = 2.34, P =.130,
npz = .03, and the interaction of response relation x pacing,
F(1,69)=3.42, P=.069, 77132 = .05, were not significant. In the
same analysis on error rates, the pattern was identical. The
interaction of response relation and distractor relation,
F(1,69)=5.28, P =.025, npz = .07, was significant, indicating
a general binding effect. As in the RTs, binding was further
modulated by pacing, F(1,69) = 5.17, P = .026, np2 =.07.
Separate analyses again indicated that the distractor-response
binding effect was only significant for fast, F(1,34)=9.71,p =
.004, 1,” = .22, but not for slow, F(1,35) < 1, P = .987, 1,° <
.01, pacing. None of the other effects reached significance, Fs
<2,Ps>.17,n,> < .03.

Discussion

Distractor-response binding effects were found only with
500 ms RSI, but not with 2000 ms RSI. In contrast, incidental
distractor-response association learning emerged only with
2000 ms RSI, but not with 500 ms RSI. That is, we replicated
past findings that binding effects can only be found with a
short interval between distractor-response integration and sub-
sequent retrieval of the event file, which can then influence
responding (Frings, 2011). Our findings also add to the evi-
dence that learning is more pronounced with widely than with
closely spaced presentation of individual learning instances
(Cepeda et al., 2006). Moreover, the formation of long-term
memory entries was prevented under circumstances that en-
able the measurement of binding effects.

Of course, it is highly unlikely that binding of stimuli and
responses generally prevents incidental learning. Instead, it is
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safe to assume that each action in the slow pacing block was
enabled by an action plan that included bindings—just like the
actions in the fast pacing block. However, sufficient time be-
tween responding and the next event seems to be a
prerequisite for the system to pick up contingencies. This
might indicate that the learning mechanism, responsible for
monitoring or storing contingencies, needs some time, and is
in line with a number of past suggestions and findings. Greene
(1989, 1990) proposed two processes that may account for
better learning in widely spaced presentation as compared to
closely spaced presentation. On the one hand, if individual
learning instances are presented close together repeated items
seem more familiar, and therefore less effort is put into learn-
ing these. On the other hand, individual episodes of widely
spaced learning instances are more distinct (for example, they
are more likely to occur in different contexts). Consequently,
they are easier to retrieve. Since participants in the present
experiment had no learning instruction, strategies required
for the first proposed mechanism are improbable. Therefore,
we suppose that the distinctness and easier retrieval of the
individual learning instances is more likely to have influenced
our results.

Another possibility is that a relatively long RSI is necessary
for the detection of distractor-response contingency which
might occur (partly) after responding and after SR-
processing has been completed. Consequently, short RSIs
would have led to interference with the contingency detect
process from stimulus presentation in trial n+1 while longer
RSIs caused less interference.’

Note that distractor-response association learning seems to
be evident in both learning phases. That is, the difference
between learning and binding effects in the present study
might be due to impairment in the manifestation of learning
(rather than due to learning not taking place). Yet, an unam-
biguous interpretation of the results of the learning phase is
impossible for several reasons. First, the mean response times
in the incompatible conditions relied on only 20 trials per
subject (as compared to 180 compatible trials contributing to
the other mean). More importantly, since the task differed
between learning and test phases, we have to assume that the
compatibility effects in the learning and test blocks were likely
caused by different mechanisms. In particular, effects in the
training phase of the 500 ms RSI condition may have been due
to binding effects: since 90% of the trials were compatible, it
was much more likely that any given trial » was preceded by a
compatible trial. If the distractor was then repeated, response
retrieval due to binding led to facilitation if trial » was com-
patible, and to impairment of performance if trial n was in-
compatible. Therefore, we cannot discern for the training
phases whether learning or binding led to differences between
compatible and incompatible trials.

Altogether, Experiment 2 clearly indicates that binding ef-
fects and incidental learning are differently modulated by the

same pacing conditions. Based on these results, we propose
that binding and learning should be regarded as different phe-
nomena that rely on separate processes.

General discussion

In the present study, we systematically analyzed whether two
different factors had a similar influence on binding effects and
incidental learning, as hypothesized by the assumption that
binding is caused by a learning process, or whether influences
differed, indicating disparity of the underlying processes. Our
results clearly support the latter assumption. Experiment 1
replicates the finding that binding effects are stronger for hor-
izontal than for vertical stimulus configurations. However, the
same modulation of stimulus configuration had no impact on
incidental learning of distractor-response associations.
Ignored stimuli were associated with responses to a similar
extent, independently of stimulus configuration. Moreover,
Experiment 2 provided evidence that presentation rate (RSI)
had opposite influences on binding and learning effects.
Binding effects were only present with 500 ms, but not with
2000 ms RSI, while incidental learning was only possible with
2000 ms, but not with 500 ms RSI. Together, these results
draw a clear picture: SR binding is not identical to incidental
learning.

Theoretical implications and future directions

Most importantly, the present results indicate different under-
lying processes for two phenomena (binding and incidental
learning) that were almost impossible to distinguish in the
past. Regarding the current result pattern, bindings may be
understood as functional entities of action plans (see
Hommel, 2004; Stoet & Hommel, 1999). For flexible behav-
ior, it is central that these bindings are easily and sometimes
quickly disintegrated. It is also central that they function sim-
ilarly well in familiar and in unfamiliar situations. Integration
of longer term associations on the other hand, has to depend
on the identification of contingencies between the associated
stimuli and responses, which calls for storage of either a sort
of contingency counter or the SR association itself on a longer
term basis. Various processes have been suggested to lead to
long-term memory representations that may be retrieved on a
later occasion. Among those are repetition (Logan 1988) or
rehearsal (Waugh & Norman, 1965) of instances or items,
relevance (Herwig & Waszak, 2012), distinctness (Greene,
1989, 1990), or emotional significance (McGaugh, 2000) of
the event, and the level of information encoding (Craik &
Lockhart, 1972). Identifying the exact mechanisms for inci-
dental long-term memory encoding is beyond the scope of the
present study. Nevertheless, our results indicate one mecha-
nism that cannot account for incidental learning; namely
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short-term integration of stimulus and response codes within
an action plan.

Our findings have important implications for the interpre-
tation of past studies that did not explicitly distinguish be-
tween binding and learning. In particular, one arising question
is which of the reported effects were due to incidental learning
processes and which were due to binding. The experimental
design of a study might provide a first hint for the underlying
processes of the measured effects. If stimulus features and
responses were orthogonally varied within an experimental
session, incidental learning is unlikely to have contributed to
the result pattern, and it seems safe to assume underlying
binding processes. Presence of SR contingencies, on the other
hand, are a good indicator that incidental learning will have
influenced the results. Hence, some past studies might need a
re-interpretation. For example, Frings et al. (2015) report
binding effects, although their introduction of contingencies
between fixation mark identity and response suggest that their
effects were likely due to incidental learning and not binding
processes.

Another relevant indicator for the processes underlying a
given result pattern may be timing between integration and
retrieval. In this sense, effects reported by Horner and
Henson (2009, 2011; see also Hsu & Waszak, 2012;
Moutsopoulou, Yang, Desantis, & Waszak, 2015) are more
likely caused by learning than by binding processes. The au-
thors found response retrieval due to stimulus repetition (after
a single first encounter) after retention intervals of 10—15 min
and several dozen responses to different stimuli. It is highly
unlikely that residual associations of action plans can survive
such long times as well as repeated exchanges of working
memory contents. Learning on the other hand is conceivable,
considering that pictures of objects were used as stimulus
material and their deep encoding was ensured by the task to
decide whether the depicted object is larger or smaller than a
shoebox in real life.

Finally, modulating factors of an effect can point towards
one set of underlying processes or the other. If associations
between additional task irrelevant stimuli and responses vary
with the current stimulus grouping, the effect can be assumed
to be driven by binding processes. Likewise, if stimulus
grouping does not modulate such an effect, binding
processes are unlikely to have influenced the results. More
importantly, even if stimulus grouping is not varied, the
specific stimulus setup of an experiment allows an
estimation of which processes were more likely involved.
For example, in a typical Eriksen Flanker paradigm,
presenting target and distractor stimuli in a horizontal line,
binding processes are likely to contribute to the result
pattern. In contrast, in vertical arrays of target and
distractor stimuli (e.g., Logan & Etherton, 1994), contribu-
tions by binding processes are unlikely, and effects are more
realistically due to learning processes.
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The notion that SR-binding effects are not caused by inci-
dental learning has substantial implications also for future
research. First, both in learning and in binding studies re-
searchers are well advised to clearly differentiate the terminol-
ogy for short-term bindings and long-term learning. Seeing
that these rely on different processes, referring to one implies
a different set of characteristics that can be assumed for the
process than referring to the other (e.g., the way the process
might be influenced by conditions like stimulus grouping or
pacing).

This above suggestion also touches on another important
issue that follows from the present findings. It will be neces-
sary to practically differentiate binding and incidental learning
effects also in more ambiguous situations. In other words, the
boundary conditions of short-term binding on the one hand
and longer-term learning on the other, need to be identified.
For example, it may be more difficult to ascribe effects that
range over longer time spans than binding effects in the cur-
rent study (e.g., Herwig & Waszak, 2012; Hommel & Colzato,
2004; Horner & Henson, 2009, 2011) to one process or the
other. It is plausible that the particular circumstances of resid-
ual bindings can modulate their life span. For instance, bind-
ings between target stimuli and responses are stronger and
have a longer duration than distractor-response bindings
(e.g., Frings, 2011; Herwig & Waszak, 2012; Thrke,
Behrendt, Schrobsdorff, Herrmann, & Hasselhorn, 2011;
Moeller et al., 2016). Closer investigation of factors modulat-
ing the duration of bindings seems to be a promising starting
point. In addition, searching for other qualities besides dura-
tion that can differentiate between binding and learning is
similarly important. One approach could be a careful compar-
ison between the structures of action plans and incidentally
learned associations.

Seeing that bindings can be differentiated from incidental
learning effects, a challenging question is whether, under what
circumstances, and to what extent the mechanisms underlying
the two phenomena may influence each other. First evidence
seems to suggest that binding effects vary with advancing
learning (Moeller & Frings, 2014b; Moeller & Frings,
2017). Furthermore, other literature indicates that priming
(i.e., the presence of a short term integration) hinders learning
of a longer-term association (e.g., Wagner et al., 2000). It is
conceivable that both directions of influence lead to a more
complex interaction of processes responsible for incidental
learning and binding.

For action control in general, this means that we identified
two distinct sets of processes that influence human behavior in
everyday life. The first set can enable flexible behavior, and
the second utilizes contingencies in our environment to facil-
itate fast and correct actions in familiar situations. In the past,
underlying processes of both phenomena (incidental learning
and binding) have either been investigated in separate fields of
psychology or assumed to be identical. With regard to the
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present findings, we propose that a new line of investigation
should consider both aspects of action control together with
possible superposition or interaction of their effects.

Conclusion

Based on the present results, we conclude that processes un-
derlying binding effects need to be treated as dissociable from
learning. Putting this suggestion into practice has important
indications for the interpretation of past research, and raises
several issues that need to be addressed in the future. As a
starting point, binding and learning mechanisms should be
addressed in terms of their likely underlying functions. A rea-
sonable approach may be to interpret binding effects as resid-
ual activations of recent action plans reflecting the flexibility
of human actions, and not as the first manifestation of learning
future SR associations.
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