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Abstract
Accounts of human action control assume integration of stimulus and response features at response execution and, upon
repetition of some of those features, retrieval of other previously integrated features. Even though both processes contribute
sequentially to observed binding effects in studies using a sequential prime-probe design, integration and retrieval processes
theoretically affect human action simultaneously. That is, every action that we execute leads to bindings between features of
stimuli and responses, while at the same time these features also trigger retrieval of other previously integrated features.
Nevertheless, the paradigms used to measure binding effects in action control can only testify for integration of stimulus and
response features at the first (R1, n-1, or prime) and retrieval of the past event via feature repetition at the second (R2, n, or probe)
response. Here we combined two paradigms used in the action control literature to show that integration and retrieval do indeed
function simultaneously. We found both significant stimulus-response and significant response-response binding effects, indi-
cating that integration of responses must have occurred at the same time as response retrieval due to feature repetition and vice
versa.
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Introduction

Human action control seems to function effortlessly, but re-
search in past decades shows that various more or less com-
plex processes contribute to any action at a given moment in
time (Dignath et al., 2019; Frings et al., 2015; Henson et al.,
2014; Hommel, 1998; Kiesel et al., 2010; Kunde, 2001; Mayr
& Buchner, 2006; Tenpenny, 1995). Based on the ideomotor
principle and earlier binding theories (Hommel et al., 2001;
Logan, 1988; Schmidt et al., 2016; Shin et al., 2010), the
Binding and Retrieval in Action Control framework explicitly
separates two core processes that contribute to many classic
effects in the action control literature: feature integration and
retrieval due to feature repetition (Frings et al., 2020). If a
person responds to a stimulus, stimulus features and response
features are integrated in one episodic memory trace that has
been termed the event file (Hommel, 2004). The next

encounter of any of these features then retrieves the event file,
affecting further action. If, for example, a stimulus repeats,
this triggers retrieval of the integrated response. If the re-
trieved response matches the currently required response, re-
trieval facilitates responding; if a different response is required
at stimulus repetition, responding is impaired. Such a result
pattern indicates binding effects; in this example between
stimulus and response.

The characteristics of feature integration and retrieval are
typically analyzed in paradigms that rely on both of them
working in sequence (e.g., distractor-response binding,
Frings et al., 2007; S1R1-S2R2, Hommel, 1998; negative
priming, Mayr & Buchner, 2006; Rothermund et al., 2005;
response-response binding, Moeller & Frings, 2019a; but see
Stoet & Hommel, 1999, for binding effects with a somewhat
different logic; see also Dilcher et al., 2021). Hence, in virtu-
ally all past studies, the processes contributing to the binding
effects can strictly be separated in time. Participants execute a
sequence of two responses n-1 and n. Specific features and
specific responses are orthogonally varied from n-1 to n, so
that measured binding effects can be attributed to feature in-
tegration that occurs at the time of response n-1, and retrieval
due to feature repetition, affecting response n performance.
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This separation in past studies can lead to the impression of
mutually exclusive processes: past results would not differ if
ongoing retrieval prevented simultaneous new integration of
the retrieving feature.

Note, however, that an important theoretical assumption re-
garding binding processes in action control is that integration
and retrieval operate simultaneously at every single response
(Frings et al., 2020; Hommel et al., 2001): responses affected
by retrieval processes are obviously responses that should lead
to feature integration. That is, theoretically integration and re-
trieval processes are not limited to sequential paradigms, only
their measurement requires such sequences. Together, there is
both a wide consensus that integration and retrieval mecha-
nisms work constantly in parallel and also to date there is no
direct evidence for this consensus. Moreover, even with simul-
taneous integration and retrieval in general, it is still possible
that a single feature cannot simultaneously be integrated with
one feature while retrieving another one. In the present study
we used identical responses that were simultaneously part of
stimulus-response binding and response-response binding ef-
fects to provide evidence that the same feature can indeed be
integrated at the same time it triggers retrieval.

Slightly different paradigms have been used to analyze
stimulus-response and response-response binding effects. To
measure stimulus-response binding, Moeller et al. (2016)
asked participants to respond to individually presented target
letters that were surrounded by response-irrelevant geometric
shapes. In a prime probe design that required responding to
each prime and each probe display, the required response and
the identity of the geometric shape orthogonally repeated or
changed between prime and probe. Assuming that response
and shape were integrated during the prime, repetition of the
same shape in the probe led to retrieval of the prime response.

The response-response binding paradigm uses the same
logic but includes two independently planned and executed
responses in each prime and each probe (Moeller & Frings,
2019a). Participants respond to two individually presented
stimuli in each prime and each probe, with the second stimulus
only appearing after execution of the first response. Here the
assumption is that the two responses are integrated during the
prime, so that repeating either of them as the first response in
the probe retrieves the other (Moeller & Frings, 2019b).

In the present study we assumed that every individual re-
sponse is integrated with simultaneously occurring stimuli
(stimulus-response binding) and also with the directly preced-
ing response (response-response binding; see Fig. 1). In line
with hierarchical views on action control, we assume that one
event file is formed at each individual response, which can
become part of a higher order event file including both prime
(or both probe) responses (Moeller & Frings, 2021).1 In a

sequence of two responses, stimulus-response binding already
occurs at the time of the first response (Response 1), while
response-response binding can only occur upon execution of
the second response (Response 2). Notably, at this point in
time (Response 2) stimulus repetition would also lead to re-
trieval of Response 1. Focusing on the next response pair,
repetition of Response 1 from before would here lead to re-
trieval of Response 2 of the previous pair. At the same time, a
new integration of the current stimulus with the executed
Response 1 of the current response pair has to be assumed
(which could then influence the following Response 2).
Hence, if we observe stimulus-response and response-
response binding effects in the same trials, this implies that
integration and retrieval processes affected behavior simulta-
neously, with an identical response starting retrieval of an
integrated response while being integrated with other features.
To anticipate the results, stimulus-response and response-
response binding effec ts were indeed measured
simultaneously.

Experiment

We implemented a response-response binding paradigm
and introduced a few changes to also measure stimulus-
response bindings either in the prime or in the probe
sequence of the response-response binding paradigm.
The standard response-response binding paradigm in-
cludes two responses (Response 1 and Response 2) dur-
ing the prime and two responses (Response 1 and
Response 2) during the probe of each trial. We then
assume that Response 1 and Response 2 identities are
integrated during the prime and that repetition of
Response 1 identity as probe Response 1 retrieves the
other response from the prime, influencing probe
Response 2 performance. Statistically, a response-
response binding effect is indicated by an interaction
of Response 1 relation (repetition vs. change from prime
to probe) and Response 2 relation (repetition vs. change
from prime to probe).

In the adjusted paradigm, stimulus-response binding was
measured during the prime sequence (of Response 1 and
Response 2; half of the trials) or during the probe sequence
(the other half of the trials). Responses were indicated by
individually presented letters and each letter was surrounded
by a geometric shape that served as an additional response-
irrelevant stimulus. Binding effects resulting from integration
and retrieval of this additional stimulus and the response are
interpreted as stimulus-response binding effects. Repetition of
the additional stimulus is assumed to trigger retrieval of the
response that accompanied the stimulus at its last presentation.
Hence, stimulus repetition would lead to response facilitation
if the response is also repeated but to impairment if

1 Note that our focus on individual responses and response pairs as events only
includes a small part of a larger hierarchy.
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different responses are required as Response 1 and Response
2. A significant interaction of response relation (repetition vs.
change) and stimulus relation (repetition vs. change) indicates
stimulus-response binding.

Method

Participants Effect sizes (computed as t/sqrt(n)) of response-
response binding effects were larger than 0.6 in previous ex-
periments (Moeller & Frings, 2019a: d = 0.63 and d = 0.84;
Moeller & Frings, 2019b: d = 0.83). We therefore aimed to
find an effect of at least d = .6, assuming alpha = .05 (two-
tailed) and a power of 1-ß = .90. A power analysis with the
program G*Power revealed that 32 participants were required
(Faul et al., 2007). This sample size ensured a power of 1−β =
.98 for detecting stimulus-response binding effects (assuming
d = 0.74 as reported for a comparable paradigm of Exp. 1 in
Moeller et al., 2016, and a two-tailed test). Thirty-two students
(27 female) from the University of Trier took part in the ex-
periment. The median age of the sample was 20 years (range
17–52). All participants reported normal or corrected-to-
normal vision and received monetary compensation or partial
course credit.

Design For the response-response binding analyses, the design
comprised three within-subjects factors: Response R1
Relation (response repetition vs. response change from prime
to probe), Response R2 Relation (response repetition vs. re-
sponse change from prime to probe), and Time of stimulus-
response Binding Measurement (during the prime vs. during
the probe sequence). For the stimulus-response binding anal-
yses, the design comprised three within-subjects factors:
Response Relation (repetition vs. change from R1 to R2),
Stimulus Relation (repetition vs. change from R1 to R2),
and Time of Measurement (during prime responses vs. during
probe responses).

Materials The experiment was conducted using E-prime 2.0.
Instructions and stimuli were shown in white on a black back-
ground on a standard TFT screen. Target-stimuli were the
letters A, B, C, D, G, H, I, J, M, N, O, P, U, V, W, and X.
All letters subtended a horizontal visual angle of 0.3°–0.5°,
and vertical visual angle of 0.5°. Task-irrelevant stimuli were
the outlines of four geometric shapes (square, hexagon, circle,
and triangle). These subtended a horizontal visual angle of
2.9°–3.2°, and a vertical visual angle of 2.7°–3.1°. Viewing
distance was approximately 60 cm. Participants responded by
pressing one of four keys on the computer keyboard.

Fig. 1 Integration and retrieval processes, involved in stimulus-response
and response-response binding effects in a single trial in the experiment.
To obtain significant stimulus-response and response-response binding
effects, the depicted integration and retrieval processes have to function
simultaneously. Participants categorized the central letter by pressing one
of four response keys and ignored surrounding geometric shapes. Stimuli

were never repeated from prime to probe sequences. Hence, stimulus-
response integration that occurred at prime Response 2 was never mea-
sured. This is an example of a R1 repetition, R2 change trial in which
stimulus-response binding was measured during the prime. This example
shows a response change (from prime R1 to prime R2) and stimulus
repetition condition
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Procedure The procedure was adapted from Moeller and
Frings (2019b) and Moeller et al. (2016). Participants were
tested individually in soundproof chambers and instructions
were given on the screen. Participants placed middle and in-
dex fingers of both hands on the keys S, C, M, and L of a
standard computer keyboard, which were marked with the
respective letters. Their task was always to press the key cor-
responding to individually presented letters. For A, B, C, and
D, participants responded with their left middle finger, for G,
H, I, and J with their left index finger, for M, N, O, and P with
their right index finger, and for U, V,W, and Xwith their right
middle finger. All target letters appeared centered on the
screen and were surrounded by the outlines of one of the four
possible task-irrelevant geometric shapes. Each trial started
with the presentation of an asterisk, which after 500 ms was
exchanged for a plus sign that lasted for another 500 ms. Then
the first prime letter and shape appeared until prime R1 re-
sponse execution, followed by the second prime letter and
shape until prime R2 response execution. A fixation mark
appeared for 500 ms and was followed by the first probe letter
and shape until the probe R1 response execution. Then the
second probe letter and shape appeared until probe R2 re-
sponse execution. Finally, an asterisk, presented in the middle
of the screen, indicated that the next trial had started. In the
case of an incorrect response R1 or R2 in prime or probe, an
error message appeared for 1,500 ms immediately following
the erroneous response, reminding the participant to respond
as quickly as possible but without errors. After every 40 trials
participants were allowed to take a short break, after which
they resumed the task in their own time.

Response R1 relation from prime to probe (repetition vs.
change) was varied orthogonally to response R2 relation from
prime to probe (repetition vs. change), while target letters did
not repeat within a single trial. In R1 repetition trials, the same
response was required to the letter indicating prime response
R1 and the one indicating probe response R1. In R1 change
trials, different responses were required to the stimulus indi-
cating prime response R1 and the one indicating probe re-
sponse R1. In R2 repetition trials, the same response was
required to the stimulus indicating probe response R2 and
the one indicating prime response R2. In R2 change trials,
different responses were required to the stimulus indicating
probe response R2 and the one indicating prime response
R2. This resulted in the four different conditions
R1repetition/R2repetition, R1repetition/R2change,
R1change/R2repetition, and R1change/R2change, which are
necessary to measure response-response binding effects.
Orthogonally to these the factors response relation from R1
to R2 and stimulus relation from R1 to R2 were varied for the
measurement of stimulus-response binding effects. In re-
sponse repetition trials, the same response was required as
R1 and R2 (in the prime or in the probe, respectively). In
response change trials, different responses were required as

R1 and R2. In stimulus repetition trials, the same shape
surrounded the letter indicating R1 and the one indicating
R2, and in stimulus change trials different shapes surrounded
the letters indicating R1 and R2. That is, four different condi-
tions were used to measure stimulus-response bindings: re-
sponse repetition/stimulus repetition, response repetition/
stimulus change, response change/stimulus repetition, and re-
sponse change/stimulus change. In half of the trials, stimulus-
response binding was measured during the prime and in the
other half of the trials stimulus-response binding was mea-
sured during the probe. In the primes and probes that were
not used to measure stimulus-response binding, task-
irrelevant shapes always changed between R1 and R2, and
also differed from those shapes presented in the respective
probe (or prime) of the trial. For examples of all conditions,
see Table 1. Stimulus or response repetition was also possible
from probe R2 of trial n-1 to prime R1 of trial n, likely affect-
ing individual prime R1 performance. However, since these
repetitions were not systematically varied, any integration and
retrieval only increased the variance of R1 performance, and
binding effects could not be measured. The experimental
block consisted of 256 experimental trials. Before the exper-
imental block started, participants practiced their task for 32
trials (subsample of the experimental trials).

Results

Response-response binding The dependent variable of inter-
est for the response-response binding effect was performance
in probe R2. For the response time (RT) analysis, we consid-
ered only those trials with correct responses in both the prime
and the probe. The rate for at least one error in the prime
responses was 5.3%. Probe error rates were 2.5% for R1 and
2.4% for R2. RTs that were more than 1.5 interquartile ranges
above the third quartile of the RT distribution of the partici-
pant (Tukey, 1977) and RTs that were shorter than 200 ms
were excluded from the RT analysis. Due to these constraints,
14.4% were excluded. For mean RTs and error rates (ERs),
see Table 2.

In a 2 (R1 relation from prime to probe: repetition vs.
change) × 2 (R2 relation from prime to probe: repetition vs.
change) × 2 (time of stimulus-response binding measurement:
prime vs. probe) MANOVA on probe response R2 RTs with
Pillai’s trace as the criterion, all main effects were significant;
time of stimulus-response binding measurement: F(1,31) =
15.76, p < .001, ηp

2 = .34, R1 relation: F(1,31) = 11.71, p =
.002, ηp

2 = .27, R2 relation: F(1,31) = 68.85, p < .001, ηp
2 =

.69. Importantly, the interaction of R1 and R2 relation was
also significant, F(1,31) = 37.31, p < .001, ηp

2 = .55, indicat-
ing binding between responses. This binding effect was fur-
ther modulated by the time of stimulus-response binding mea-
surement, F(1,31) = 7.85, p = .009, ηp

2 = .20, indicating a
larger response-response binding effect if stimulus-response
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binding was measured during the prime. We return to this
difference in the Discussion. Notably, individual analyses in-
dicated significant response-response binding effects both for

measurement during the prime, F(1,31) = 46.96, p < .001, ηp
2

= .60, and measurement during the probe, F(1,31) = 8.38, p =
.007, ηp

2 = .21 (Fig. 2, left-hand side). The interaction of R2
relation and time of stimulus-response binding measurement,
F(1,31) = 5.68, p = .023, ηp

2 = .16, was also significant.
In the same analysis on ERs, the main effect of R2

relation came close to significance, F(1,31) = 2.99, p =
.094, ηp

2 = .09. The interaction of R1 relation and R2
relation was significant, F(1,31) = 11.71, p = .002, ηp

2

= .27, again indicating binding between the responses.
The interaction of R1 relation and time of stimulus-
response binding measurement was also significant,
F(1,31) = 9.34, p = .005, ηp

2 = .23. None of the other
effects were significant, Fs < 2.2, ps > .15, ηp

2s < .07.

Stimulus-response binding The dependent variable of interest
for the stimulus-response binding effect was response

Table 1 Examples for stimulus presentations in prime R1, prime R2, probe R1, and probe R2 as a function of response-response binding and stimulus-
response(SR) binding conditions in the experiment. For the sake of clarity, numbers represent required responses

SR-binding measurement during prime SR-binding measurement during probe
Prime R1 Prime R2 Probe R1 Probe R2 Prime R1 Prime R2 Probe R1 Probe R2

R1 re , R2 re
RrSr
RrSc
RcSr
RcSc
R1 re , R2 change
RrSr
RrSc
RcSr
RcSc
R1 change, R2 repe
RrSr
RrSc
RcSr
RcSc
R1 change, R2 change
RrSr
RrSc
RcSr
RcSc

1
1
1
1

1

1

1
1
1

1
1
1

1
1
1
1

1

2

2

1

1

2

2

1

1

2

2

1

1

2

2

1

1
1
1
1

3
3
3
3

1
1
1
1

4
4
4
4

1

2
1

2

1

2
1

2

3

3
3

3

3

3
3

3

1
1
1
1

1

1

1
1
1

1
1
1

1
1
1
1

1

2

2

1

1

2

2

1

1

2

2

1

1

2

2

1

1
1
1
1

3
3
3
3

1
1
1
1

4
4
4
4

1

2
1

2

1

2
1

2

3

3
3

3

3

3
3

3
Note that target letters (which indicate the required responses) actually never repeated within a single trial

RrSr response repetition/stimulus repetition,RrSc response repetition/stimulus change,RcSr response change/stimulus repetition, RcSc response change/
stimulus change

Table 2 Mean response times (in ms) and mean error rates (in percent)
for probe responses R2, as a function of R1 relation from prime to probe,
R2 relation, and time of stimulus-response binding measurement (prime
vs. probe)

Stimulus-response binding measurement in

prime Probe

R2 repetition R2 change R2 repetition R2 change

Probe R2

R1 change 833 (3.4) 843 (1.8) 787 (1.6) 800 (1.8)

R1 repetition 744 (1.2) 860 (3.0) 742 (2.2) 804 (4.0)

Priming Effect 89 (2.2) -17 (-1.2) 45 (-0.6) -4 (-2.2)
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R2 performance either in the prime or in the probe (depending
on the time of stimulus-response binding measurement). For
the RT analysis, we considered only those trials with correct
responses to R1 and R2 in this prime or probe, respectively.
The rate for R1 errors was 2.6% in stimulus-response binding
prime trials and 2.5% in stimulus-response binding probe tri-
als. R2 error rates were 3.0% in stimulus-response binding
prime trials, and 2.4% in stimulus-response binding probe
trials. RTs that were more than 1.5 interquartile ranges above
the third quartile of the RT distribution of the participant
(Tukey, 1977) and RTs that were shorter than 200 ms were
excluded from the RT analysis. Due to these constraints, 9.9%
of the trials were excluded. For mean RTs and ERs, see
Table 3.

In a 2 (response relation from R1 to R2: repetition vs.
change) × 2 (stimulus relation from R1 to R2: repetition vs.
change) × 2 (time of stimulus-response binding measurement:
prime vs. probe) MANOVA on prime/probe response R2 RTs
with Pillai’s trace as the criterion, all main effects were signif-
icant, F(1,31) = 7.91, p = .008, ηp

2 = .20, for time of stimulus-
response binding measurement, F(1,31) = 105.78, p < .001,
ηp

2 = .77, for response relation, and F(1,31) = 4.30, p = .046,
ηp

2 = .12, for stimulus relation. Importantly, the interaction of
response relation and stimulus relation was also significant,
F(1,31) = 5.18, p = .030, ηp

2 = .14, indicating stimulus-
response binding (Fig. 2, right-hand side). This binding effect
was not modulated by the time of stimulus-response

binding measurement, F(1,31) < 1, p = .553, ηp
2 = .01.

Follow-up analyses confirmed the stimulus-response binding
pattern: stimulus repetition led to faster response times only if
the response was repeated, t(31) = 3.19, p = .003, d = 0.56, but
not if the response changed from R1 to R2, t(31) = 0.46, p =
.652, d = 0.08. The interaction of stimulus relation and time of
stimulus-response binding measurement, F(1,31) = 4.66, p =
.039, ηp

2 = .13, was also significant.
In the same analysis on ERs, only the interaction of re-

sponse relation and stimulus relation approached significance,
F(1,31) = 3.65, p = .065, ηp

2 = .11, with a pattern suggesting
stimulus-response binding. None of the other effects were
significant, Fs < 3, ps > .1, ηp

2s < .09.

Fig. 2 Distribution of the individual response-response(RR) binding ef-
fects (left-hand side) and stimulus-response(SR) binding effects (right-
hand side) for reaction times (RTs) in ms and error rates (ERs) in %.
Mean binding effects are marked with a red x. Response-response bind-
ing effects were calculated as R1 change minus R1 repetition RTs of
probe R2 for R2 change trials, subtracted from R1 change minus R1
repetition RTs of probe R2 for R2 repetition trials ([R1change/

R2repetition − R1repetition/R2repetition] − [R1change/R2change −
R1repetition/R2change]). SR binding effects were calculated as the dif-
ference between stimulus repetition effects in response repetition and
response change trials ([response repetition/stimulus change − response
repetition/stimulus repetition] − [response change/stimulus change − re-
sponse change/stimulus repetition])

Table 3 Mean response times (in ms) and mean error rates (in percent)
for R2 responses (in the prime or probe respectively), as a function of
response relation from R1 to R2, and stimulus relation

Response repetition Response change

Prime/Probe R2

Stimulus change 736 (2.7) 868 (2.7)

Stimulus repetition 708 (2.0) 864 (3.4)

Priming Effect 28 (0.7) 4 (-0.7)
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Discussion

We analyzed stimulus-response and response-response bind-
ing effects in the same trials and found evidence for both
binding effects. It is important that this was the case, even
though individual responses needed at the same time to be
integrated with a stimulus and retrieve a different response,
and vice versa. This is evidence for binding effects that relied
on simultaneous integration and retrieval processes.

Note that we found a larger response-response binding ef-
fect if stimulus-response binding was measured during the
prime than if it was measured during the probe. This differ-
ence is likely due to response-response binding being boosted
by response repetitions during the probe responses if stimulus-
response binding was measured during the prime but not if
stimulus-response binding was measured during the probe
(see Table 1). If stimulus-response binding was measured dur-
ing the probe, half of the trials in each of the response-
response binding conditions (R1repetition/R2repetition,
R1repetition/R2change, R1change/R2repetition, R1change/
R2change) included response repetition between probe re-
sponses R1 and R2. That is, if stimulus-response binding
was measured during the probe, any effect of response repe-
tition between probe responses R1 and R2 led to generally
faster responding in all conditions contributing to the
response-response binding effect. By contrast, if stimulus-
response binding was measured during the prime, response
repetitions between probe responses R1 and R2 occurred only
in the response-response binding condition that repeated both
R1 and R2 from prime to probe. Here, half the trials included
response repetitions between probe responses, leading to
faster mean RTs compared to the other three conditions, in
turn boosting the response-response binding effect. Therefore,
we mainly rely on the response-response binding effect in the
trials measuring stimulus-response binding during the probe
and are cautious with an interpretation of the response-
response binding effect in the rest of the trials. Most impor-
tantly, the response-response binding effect was also signifi-
cant if it was unaffected by response repetition effects.

Looking at a more detailed timeline, retrieval and integra-
tion likely occurred sequentially in the prime sequence: stim-
ulus repetition in prime R2-displays could retrieve a response
that was then (upon execution) integrated with the previous
response. Yet in probes, a sequence is less clear. Integration of
the stimulus in the probe R1-display with the executed re-
sponse is assumed to occur at response execution (Hommel,
2005). This same response execution could also trigger re-
trieval of a response (that was executed in the prime). That
is, even if we expect sequential retrieval and binding in the
present prime responses, simultaneous binding and retrieval
must have occurred during the first probe response.

Hence, in line with theoretical assumptions (Frings et al.,
2020; Hommel et al., 2001), integration and retrieval

processes do not only affect behavior if they function sequen-
tially, with binding at a first response, enabling its correspond-
ing retrieval mechanism to start at the second response. In fact,
a feature that is being integrated with other features can at the
same time trigger retrieval of previously integrated features.
This demonstrates that binding and retrieval processes affect
action not only in sequential paradigms, including two re-
sponses, but virtually in all action control paradigms and other
situations in which humans act. We have to remind ourselves
(and other researchers) that we separate binding and retrieval
in the laboratory so as to measure these processes indepen-
dently (e.g., Frings & Rothermund, 2011; Moeller & Frings,
2019c), but that this does not mean that the results these par-
adigms yield can only be applied to sequential responses.

We assume that actions were hierarchically coded in the
present paradigm, each response being integrated in one event
file and prime (probe) response pairs being integrated in
higher-order events. Even though this might be the closest to
the originally assumed event files (Hommel et al., 2001), it is
only one possibility to account for overlapping integration and
retrieval in the present study. Another possibility is that all
stimuli and responses in a trial are integrated in the same
non-hierarchically structured event file. Under this concep-
tion, the present results would indicate that event files contin-
uously build up over time and that they spread across feature
integration and retrieval. This would imply that not an event is
integrated and can be retrieved later on, but rather features are
integrated and can retrieve each other within the course of one
event. We prefer the former interpretation because it is in line
with a large body of action control and event representation
literature (e.g., Vallacher & Wegner, 1987; Yamaguchi &
Logan, 2014; Zacks & Swallow, 2007), while the event con-
cept seems to lose its meaning with the latter.

With integration and retrieval affecting behavior simulta-
neously, we also have to consider mutual influences between
the mechanisms. For example, it may not only be the present
feature that is integrated in the current event file, but retrieved
features might be integrated as well. This resembles what has
been suggested for episodic encoding and retrieval in memory
(Tulving et al., 1994), underlining structural similarities be-
tween event coding and memory paradigms. Yet, encoding
and retrieval in memory (e.g., Allan & Allen, 2005; Naveh-
Benjamin et al., 1998; Naveh-Benjamin et al., 2006) and bind-
ing and retrieval in action control (e.g., Hommel, 2005;
Hommel et al., 2014; Moeller & Frings, 2014) react very
differently to potential modulators. Memory encoding and
action retrieval are susceptible to modulations, while memory
retrieval and stimulus-response integration are decisively less
affected. Specific research will be necessary to better under-
stand the relation between memory and event-coding effects.

To conclude, here we present evidence that two core pro-
cesses in human action control, namely binding and retrieval,
affect behavior simultaneously although they are separated in

Psychon Bull Rev



sequential paradigms for measurement reasons. This is in line
with theoretical assumptions in stimulus-response binding,
and underlines that binding and retrieval processes affect ev-
eryday actions that typically do not occur in sequential prime-
probe designs.

Author notes The research reported in this article was supported by the
Deutsche Forschungsgemeinschaft (FOR 2790, MO 2839/2-2).

Funding Open Access funding enabled and organized by Projekt DEAL.

Data availability The data for the experiment reported here will be made
available on PsychArchives after publication; none of the experiments
was preregistered.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Allan, K., &Allen, R. (2005). Retrieval attempts transiently interfere with
concurrent encoding of episodic memories but not vice versa. The
Journal of Neuroscience, 25, 8122-8130.

Dignath, D., Johannsen, L., Hommel, B., & Kiesel, A. (2019).
Reconciling cognitive-control and episodic-retrieval accounts of se-
quential conflict modulation: Binding of control-states into event-
files. Journal of Experimental Psychology: Human Perception and
Performance, 45(9), 1265–1270. https://doi.org/10.1037/
xhp0000673

Dilcher, R., Jamous, R., Takacs, A., Tóth-Fáber, E., Münchau, A., Li, S.
C., & Beste, C. (2021). Neurophysiology of embedded response
plans: age effects in action execution but not in feature integration
from preadolescence to adulthood. Journal of Neurophysiology,
125, 1382-1395.

Faul, F., Erdfelder, E., Lang, A.-G. & Buchner, A. (2007). G*Power 3: A
flexible statistical power analysis program for the social, behavioral,
and biomedical sciences. Behavior Research Methods, 39(2), 175–
191. https://doi.org/10.3758/bf03193146

Frings, C. & Rothermund, K. (2011). To be or not to
be...included in an event file: Integration and retrieval of
distractors in stimulus–response episodes is influenced by
perceptual grouping. Journal of Experimental Psychology:
Learning, Memory, and Cognition, 37(5), 1209–1227.
https://doi.org/10.1037/a0023915

Frings, C., Rothermund, K. &Wentura, D. (2007). Distractor Repetitions
Retrieve Previous Responses to Targets. Quarterly Journal of
Experimental Psychology, 60(10), 1367–1377. https://doi.org/10.
1080/17470210600955645

Frings, C., Schneider, K. K. & Fox, E. (2015). The negative priming
paradigm: An update and implications for selective attention.

Psychonomic Bulletin & Review, 22(6), 1577–1597. https://doi.
org/10.3758/s13423-015-0841-4

Frings, C., Hommel, B., Koch, I., Rothermund, K., Dignath, D., Giesen,
C., Kiesel, A., Kunde,W.,Mayr, S., Moeller, B., Möller,M., Pfister,
R. & Philipp, A. (2020). Binding and Retrieval in Action Control
(BRAC). Trends in Cognitive Sciences, 24(5), 375–387. https://doi.
org/10.1016/j.tics.2020.02.004

Henson, R. N., Eckstein, D., Waszak, F., Frings, C. & Horner, A. J.
(2014). Stimulus–response bindings in priming. Trends in
Cognitive Sciences, 18(7), 376–384. https://doi.org/10.1016/j.tics.
2014.03.004

Hommel, B. (1998). Event Files: Evidence for Automatic Integration of
Stimulus-Response Episodes. Visual Cognition, 5(1–2), 183–216.
https://doi.org/10.1080/713756773

Hommel, B. (2004). Event files: feature binding in and across perception
and action. Trends in Cognitive Sciences, 8(11), 494–500. https://
doi.org/10.1016/j.tics.2004.08.007

Hommel, B. (2005). How Much Attention Does an Event File Need?
Journal of Experimental Psychology: Human Perception and
Performance, 31(5), 1067–1082. https://doi.org/10.1037/0096-
1523.31.5.1067

Hommel, B., Müsseler, J., Aschersleben, G. & Prinz, W. (2001). The
Theory of Event Coding (TEC): A framework for perception and
action planning. Behavioral and Brain Sciences, 24(5), 849–878.
https://doi.org/10.1017/s0140525x01000103

Hommel, B., Memelink, J., Zmigrod, S., & Colzato, L.S. (2014).
Attentional control of the creation and retrieval of stimulus-
response bindings. Psychological Research, 78, 520-538.

Kiesel, A., Steinhauser, M.,Wendt, M., Falkenstein,M., Jost, K., Philipp,
A. M. & Koch, I. (2010). Control and interference in task
switching—A review. Psychological Bulletin, 136(5), 849–874.
https://doi.org/10.1037/a0019842

Kunde, W. (2001). Response-effect compatibility in manual choice reac-
tion tasks. Journal of Experimental Psychology: Human Perception
and Performance, 27(2), 387–394. https://doi.org/10.1037/0096-
1523.27.2.387

Logan, G. D. (1988). Toward an instance theory of automatization.
Psychological Review, 95(4), 492–527. https://doi.org/10.1037/
0033-295x.95.4.492

Mayr, S. & Buchner, A. (2006). Evidence for episodic retrieval of inad-
equate prime responses in auditory negative priming. Journal of
Experimental Psychology: Human Perception and Performance,
32(4), 932–943. https://doi.org/10.1037/0096-1523.32.4.932

Moeller, B. & Frings, C. (2014). Attention meets binding: Only attended
distractors are used for the retrieval of event files. Attention,
Perception, & Psychophysics, 76, 959-978.

Moeller, B. & Frings, C. (2019a). From simple to complex actions:
Response–response bindings as a new approach to action sequences.
Journal of Experimental Psychology: General, 148(1), 174–183.
https://doi.org/10.1037/xge0000483

Moeller, B. & Frings, C. (2019b). Lost time: Bindings do not represent
temporal order information. Psychonomic Bulletin & Review, 26(1),
325–331. https://doi.org/10.3758/s13423-018-1493-y

Moeller, B. & Frings, C. (2019c). Response–response binding across
effector-set switches. Psychonomic Bulletin & Review, 26(6),
1974–1979. https://doi.org/10.3758/s13423-019-01669-8

Moeller, B., & Frings, C. (2021). Response-response bindings do not
decay for six seconds after integration: A case for bindings’ rele-
vance in hierarchical action control. Journal of Experimental
Psychology: Human Perception and Performance, 47, 508–517.

Moeller, B., Frings, C. & Pfister, R. (2016). The structure of distractor-
response bindings: Conditions for configural and elemental integra-
tion. Journal of Experimental Psychology: Human Perception and
Performance, 42(4), 464–479. https://doi.org/10.1037/xhp0000158

Naveh-Benjamin, M., Craik, F. I., Guez, J., & Dori, H. (1998). Effects of
divided attention on encoding and retrieval processes in human

Psychon Bull Rev

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1037/xhp0000673
https://doi.org/10.1037/xhp0000673
https://doi.org/10.3758/bf03193146
https://doi.org/10.1037/a0023915
https://doi.org/10.1080/17470210600955645
https://doi.org/10.1080/17470210600955645
https://doi.org/10.3758/s13423-015-0841-4
https://doi.org/10.3758/s13423-015-0841-4
https://doi.org/10.1016/j.tics.2020.02.004
https://doi.org/10.1016/j.tics.2020.02.004
https://doi.org/10.1016/j.tics.2014.03.004
https://doi.org/10.1016/j.tics.2014.03.004
https://doi.org/10.1080/713756773
https://doi.org/10.1016/j.tics.2004.08.007
https://doi.org/10.1016/j.tics.2004.08.007
https://doi.org/10.1037/0096-1523.31.5.1067
https://doi.org/10.1037/0096-1523.31.5.1067
https://doi.org/10.1017/s0140525x01000103
https://doi.org/10.1037/a0019842
https://doi.org/10.1037/0096-1523.27.2.387
https://doi.org/10.1037/0096-1523.27.2.387
https://doi.org/10.1037/0033-295x.95.4.492
https://doi.org/10.1037/0033-295x.95.4.492
https://doi.org/10.1037/0096-1523.32.4.932
https://doi.org/10.1037/xge0000483
https://doi.org/10.3758/s13423-018-1493-y
https://doi.org/10.3758/s13423-019-01669-8
https://doi.org/10.1037/xhp0000158


memory: Further support for an asymmetry. Journal of
Experimental Psychology: Learning, Memory, and Cognition, 24,
1091-1104.

Naveh-Benjamin, M., Kilb, A., & Fisher, T. (2006). Concurrent task
effects on memory encoding and retrieval: Further support for an
asymmetry. Memory & Cognition, 34, 90-101.

Rothermund, K., Wentura, D. & De Houwer, J. (2005). Retrieval of
Incidental Stimulus-Response Associations as a Source of
Negative Priming. Journal of Experimental Psychology: Learning,
Memory, and Cognition, 31(3), 482–495. https://doi.org/10.1037/
0278-7393.31.3.482

Schmidt, J. R., De Houwer, J. & Rothermund, K. (2016). The Parallel
Episodic Processing (PEP) model 2.0: A single computational mod-
el of stimulus-response binding, contingency learning, power
curves, and mixing costs. Cognitive Psychology, 91, 82–108.
https://doi.org/10.1016/j.cogpsych.2016.10.004

Shin, Y. K., Proctor, R. W. & Capaldi, E. J. (2010). A review of contem-
porary ideomotor theory. Psychological Bulletin, 136(6), 943–974.
https://doi.org/10.1037/a0020541

Stoet, G., & Hommel, B. (1999). Actionplanning and the temporal bind-
ing of response codes. Journal of Experimental Psychology: Human
Perception and Performance,25, 1625-1640.

Tenpenny, P. L. (1995). Abstractionist versus episodic theories of repe-
tition priming and word identification. Psychonomic Bulletin &
Review, 2(3), 339–363. https://doi.org/10.3758/bf03210972

Tukey, J. W. (1977). Exploratory Data Analysis (Addison-Wesley Series
in Behavioral Science). Pearson.

Tulving, E., Kapur, S., Craik, F. I., Moscovitch, M., & Houle, S. (1994).
Hemispheric encoding/retrieval asymmetry in episodic memory:
positron emission tomography findings. Proceedings of the
National Academy of Sciences, 91, 2016-2020.

Vallacher, R. R., & Wegner, D. M. (1987). What do people think they're
doing? Action identification and human behavior. Psychological
Review, 94, 3-15.

Yamaguchi, M., & Logan, G. D. (2014). Pushing typists back on the
learning curve: Revealing chunking in skilled typewriting. Journal
of Experimental Psychology: Human Perception and Performance,
40, 592-612.

Zacks, J. M., & Swallow, K. M. (2007). Event segmentation. Current
Directions in Psychological Science, 16, 80-84.

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

Psychon Bull Rev

https://doi.org/10.1037/0278-7393.31.3.482
https://doi.org/10.1037/0278-7393.31.3.482
https://doi.org/10.1016/j.cogpsych.2016.10.004
https://doi.org/10.1037/a0020541
https://doi.org/10.3758/bf03210972

	All together now: Simultaneous feature integration and feature retrieval in action control
	Abstract
	Introduction
	Experiment
	Method
	Results

	Discussion
	References


