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Abstract
The human auditory system is believed to represent regularities inherent in auditory information in internal models. Sounds 
not matching the standard regularity (deviants) elicit prediction error, alerting the system to information not explainable 
within currently active models. Here, we examine the widely neglected characteristic of deviants bearing predictive informa-
tion themselves. In a modified version of the oddball paradigm, using higher-order regularities, we set up different expecta-
tions regarding the sound following a deviant. Higher-order regularities were defined by the relation of pitch within tone 
pairs (rather than absolute pitch of individual tones). In a deviant detection task participants listened to oddball sequences 
including two deviant types following diametrically opposed rules: one occurred mostly in succession (high repetition prob-
ability) and the other mostly in isolation (low repetition probability). Participants in Experiment 1 were not informed (naïve), 
whereas in Experiment 2 they were made aware of the repetition rules. Response times significantly decreased from first to 
second deviant when repetition probability was high—albeit more in the presence of explicit rule knowledge. There was no 
evidence of a facilitation effect when repetition probability was low. Significantly more false alarms occurred in response to 
standards following high compared with low repetition probability deviants, but only in participants aware of the repetition 
rules. These findings provide evidence that not only deviants violating lower- but also higher-order regularities can inform 
predictions about auditory events. More generally, they confirm the utility of this new paradigm to gather further insights 
into the predictive properties of the human brain.
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Introduction

Prior information and previous experience are believed to 
shape cognitive processing by allowing the human brain 
to infer future states of the world (Friston, 2005; Knill & 
Pouget, 2004). In the human auditory system, they suppos-
edly inform the building and maintenance of internal repre-
sentations of the auditory environment which are constantly 

validated by comparing predictions inferred from them with 
the actually received sensory input—the difference between 
the latter two is termed prediction error (Garrido et al., 2009; 
Winkler, 2007). While it is not yet fully understood what 
exact form these internal models take and how failed pre-
dictions affect their content (Winkler & Czigler, 2012), it is 
well documented that different forms of auditory regularities 
are extracted by the auditory system and that deviations from 
them result in prediction error (Paavilainen, 2013; Winkler, 
2007). Auditory regularities pertain to the recurrence of a 
specific sound or physical feature value (lower-order regu-
larities; e.g., all sounds have the same pitch) as well as to 
some common rule that governs stimuli and their relation-
ship (higher-order regularities; e.g., sounds have varying 
pitch but are arranged in pairs with the same direction of 
within-pair pitch change). Representing auditory regulari-
ties serves the formation of perceptual objects in auditory 
scene analysis (Bendixen, 2014; Winkler, 2007; Winkler 
& Schröger, 2015) and more generally, reduces processing 
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requirements for incoming stimulation: The better the inter-
nal models map the auditory environment, the more accu-
rate predictions about the imminent future become, which 
boosts processing efficiency. Evidence for these processing 
principles largely comes from variations of the oddball para-
digm, in which a frequent standard stimulus occasionally is 
replaced by a rare deviant stimulus, which violates an estab-
lished standard regularity (e.g., by having a different pitch 
from the standard, or by violating a standard intersound 
relationship). While the deviant is a potent tool to probe the 
extraction of auditory regularities of varying complexity, it 
is surprisingly underspecified when it comes to what value it 
contributes to the internal model itself. The deviant provides 
precise information about the next stimulus—in the classic 
oddball paradigm, a deviant typically occurs in isolation and 
is, thus, always followed by a standard stimulus. This poses 
the question whether this information that is carried by the 
deviant is incorporated in the internal models and used to 
infer local predictions—namely, in the classic oddball para-
digm that when encountering a deviant, the next stimulus 
will be a standard. Although there could be a local prediction 
(“a deviant is always followed by a standard”), in the classic 
oddball framework there is no easy dissociation from other 
effects. Namely, there could be a global prediction resulting 
in the same expectation as the local prediction (“the most 
probable stimulus in any trial is a standard”). Furthermore, 
while there are several studies that have shown differential 
processing (Ahveninen et al., 2000; Berti, 2008; Parmentier 
& Andrés, 2010; Roeber et al., 2003) of the standard follow-
ing a deviant compared with the “regular” standards (i.e., 
standards following standards), the comparison between 
a standard following a deviant and a standard following a 
standard might not be ideal. This is because there is a dif-
ferent amount of stimulus-specific adaptation in standard-
standard-standard compared with standard-deviant-standard 
micro-sequences (Ulanovsky et al., 2004). Alternatively, the 
deviant might have transiently weakened the global predic-
tion of the standard stimulus. To circumvent these issues, 
several studies (Berti, 2008; Parmentier et al., 2011; Rosburg 
et al., 2018; Todd & Mullens, 2011; Todd & Robinson, 2010) 
introduced deviant repetition to the stimulation: Instead of 
isolated single deviants within the standard stimulation, a 
deviant is followed with a certain probability by a second 
deviant. Indeed, effects on behaviour were reported that 
cannot be explained by a global regularity-based prediction 
alone. In an auditory oddball study, deviants were always 
repeated, and behavioural distraction (longer response times 
relative to regular standards) substantially decreased from 
first to second deviant (Berti, 2008). In a crossmodal odd-
ball study (Parmentier et al., 2011) in which deviants had a 
high conditional probability to repeat, behavioural distrac-
tion was observed for first but not for second deviants. On 
the rare occasion that a standard directly followed a single 

deviant, the distraction effect was of similar magnitude as 
the response to a first deviant. However, this manipulation 
approach does not entirely exclude alternative explanations 
for the observed effects: The successive deviant presentation 
could yield the deviant detection system refractory, or a first 
deviant might reduce confidence in the global regularity of 
standard repetition. To address this, Sussman and Winkler 
(2001) manipulated deviant repetition probability between 
different experimental blocks in an electrophysiological 
study, and observed a stronger reduction of prediction error 
processing for the second compared with the first deviant 
when deviant repetition was more likely. This excludes the 
refractoriness-based explanation, but it does not provide a 
solution to the issue of global confidence in standard rep-
etition, since the manipulation was applied across blocks, 
allowing for different global regularities to be formed.

Recently, we proposed a further variation of the classic 
oddball paradigm which contrasts different repetition prob-
abilities within an ongoing stimulation (Coy et al., 2022): 
Two diametrically opposed deviant repetition rules were 
consistently associated with two deviants of differing pitch 
throughout the experiment—one deviant was more likely 
followed by a second deviant than a standard (high repetition 
probability) and the other deviant was more likely followed 
by a standard than by a deviant (low repetition probability). 
Indeed, although participants were not informed about the 
existence of the two deviant repetition rules, the repetition 
rules differentially affected performance in a simple deviant-
detection task: Response times decreased from first to sec-
ond deviant when deviant repetition probability was high but 
not when it was low. While there was no effect of repetition 
rule on the hit rates (possibly because they were near ceil-
ing), false-alarm rates increased in response to standards 
following single deviant presentations for high compared 
with low deviant repetition probability. These findings pro-
vide further evidence that deviants are integrated into the 
internal predictive models, facilitating precise expectations 
about auditory events in the imminent future. To probe this 
further, here, we transfer the paradigm by Coy et al. (2022) 
to a higher-order auditory regularity.

For lower-order regularities, a direct association can be 
made of a particular stimulus, or a specific low-level fea-
ture, with a specific response—for instance, pressing a but-
ton when encountering either a high- or a low-pitched sound 
(deviant) but not in response to the medium-pitched sound 
(standard). For higher-order regularities, a response strategy 
that links a particular sound with a specific response is not 
as useful, as first-order features (e.g., pitch) are constantly 
changing. Thus, the pitch of any single sound is uninforma-
tive as to the appropriate response. In these instances, it 
is the relation between features of (at least) two succes-
sive sounds that needs to be mapped to a corresponding 
response—for instance, pressing a button if the pitch of two 
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sounds is different, and not responding with a button press if 
they have the same pitch. There is evidence that deviations 
from a higher-order regularity are not only processed as pre-
diction error, as indexed by electrophysiological indicators 
(Paavilainen et al., 2003; Saarinen et al., 1992; van Zuijen 
et al., 2006), but that they can be detected and influence 
behaviour even when task-irrelevant (Schröger et al., 2007). 
Therefore, the question poses itself whether extraction and 
application of predictions based on deviants generalize from 
regularities based on first-order stimulus features to higher-
order regularity contexts. If the ability to encode deviant 
repetition rules was limited to contexts investigated in pre-
ceding studies (Coy et al., 2022; Sussman & Winkler, 2001) 
in which a specific response can be linked to a specific low-
level feature value (e.g., pitch), then this would cast doubts 
on formulating this ability as a general principle of internal 
auditory models. In contrast, it would be a strong argument 
for generalizing deviant-based predictions as an overarching 
processing principle, if repetition rules can be encoded and 
inform behaviour when they are embedded in a higher-order 
regularity (here, the direction of within-pair pitch change) 
while the absolute feature values constantly change and are 
thus uninformative of the appropriate response.

To examine this generalizability, we implemented the 
aforementioned variation of the oddball paradigm within 
a higher-order regularity stimulation protocol (Saarinen 
et al., 1992): All stimuli consisted of two short tones ran-
domly varying in pitch between trials. For standard sounds, 
both tones of a given pair were of the same pitch (constant 
pair), while deviant sounds consisted of two tones differ-
ing in pitch. Specifically, one deviant type had an “ascend-
ing” structure (second tone higher than the first) and the 
other deviant type had a “descending” structure (second 
tone lower than the first). In correspondence with our 
oddball paradigm variation (Coy et al., 2022), each devi-
ant type (ascending/descending) was associated with one 
deviant repetition rule (deviant repetition probability high 
vs low). As it is well known that processing is facilitated 
when targets are predictable (Los & Schut, 2008), observed 
performance differences in the target detection task would 
be taken as evidence that the underlying predictive informa-
tion was extracted. Hypotheses were based on the notion 
that deviants are incorporated into the predictive models 
and translate into behaviour: When a prediction activated 
upon encountering a first deviant is matched by the incoming 
sensory input (prediction confirmation), processing should 
be facilitated in the form of either or both increased accu-
racy and reduced response times. When a prediction is mis-
matched by the incoming sensory input (prediction fails), 
processing should be impeded in the form of either or both 
reduced accuracy and prolongation of response times. To 
elaborate, we expected that when a deviant is followed by a 
second deviant, hit rates should be higher when repetition 

probability is high (predictable deviant repetition) compared 
with low (unpredictable deviant repetition; Hypothesis 1). 
Further, when a first deviant is followed by a standard sound, 
we hypothesized that false-alarm rates should be lower for 
low-repetition probability (predictable nonrepetition) than 
for high-repetition probability (unpredictable nonrepeti-
tion; Hypothesis 2). Lastly, we expected a response time 
facilitation in deviant repetition from first to second deviant 
when repetition probability is high but not when it is low 
(Hypothesis 3). As deviant-detection performance might 
be generally modest for higher-order regularities (Schröger 
et al., 2007), effect sizes might be smaller compared with 
the first-order regularities employed in the preceding study 
(Coy et al., 2022).

Experiment 1

Materials and methods

Participants

Participants (mean age M = 22.3 years, ranging from 18 to 
38 years) were recruited online, and were compensated for 
their participation either in the form of payment (8€/h) or 
course credit. Protocol and procedures were in accordance 
with the Declaration of Helsinki and approved by the Eth-
ics Advisory Board at Leipzig University (RF: 2021.04.08_
eb_83). Forty-eight people participated in Experiment 1, 
which was implemented in an online (i.e., web-based) set-
ting. The sample size was determined so that for a paired 
one-tailed t test there was approximately 80% power to detect 
an effect of at least medium size (Cohen’s dz ≥ .5) given an 
alpha of 0.5%. Note, that the alpha level was lowered to 0.5% 
to reduce the probability of false positive findings (Benja-
min et al., 2018). One additionally tested participant was 
excluded because they failed to detect at least 50% of either 
one of the two target types in Position 1 (first deviants) and 
responded to more than 10% of the regular standards with 
a button press (i.e., a false alarm). All included participants 
reported normal or corrected-to-normal vision and hearing.

Procedure and data acquisition

The experiment was programmed in the JavaScript library 
jsPsych (Version 6.3.0; de Leeuw, 2015) and run on a 
JATOS server (Lange et al., 2015) hosted at Leipzig Univer-
sity. Participants received a copy of the information sheet for 
the experiment and a personal single worker link by e-mail 
to start the experiment from their own home computer, using 
either a Mozilla Codebase or Chromium-based browser. 
They were asked to wear cable-bound headphones with jack-
plug (no Bluetooth, no usage of noise-cancelling function, 



2734 Attention, Perception, & Psychophysics (2023) 85:2731–2750

1 3

ideally no USB) and to adjust the sound intensity themselves 
by listening to a short test sequence, so they could hear the 
sounds well, yet at a comfortable level.

We asked participants to listen to sound sequences con-
sisting of tone pairs of varying pitch while gazing at a black 
fixation cross against a white background. Tone pairs could 
either be composed of two identical tones (constant pair) or 
two tones differing in pitch (ascending or descending pair). 
We instructed participants to respond as quickly as possi-
ble with a key press (space bar) whenever they detected a 
tone pair consisting of two different tones (i.e., ascending 
or descending tone pair). Feedback of task performance (hit 
rate, false-alarm rate, and average response time) was given 
at the end of each block. There was a short training block 
(55 trials), on which participants received direct feedback 
on the target detection (fixation cross temporarily turned 
green for hits, red for false alarms and into a red minus for 
misses). The training block could be repeated as often as 
participants wanted before proceeding to the main part (42 
of the participants performed one, five performed two; one 
performed three training blocks).

As deviant repetition rules might only be extracted and 
applied successfully if participants are able to recognize 
a given deviant type in the first place, there was a control 
task after the main part to probe whether participants are 
in principle able to discriminate ascending from descend-
ing tone pairs. In two blocks of 40 trials each, ascending 
and descending tone pairs (50% each; 1,200-ms trial dura-
tion) were presented in randomized order. Participants were 
instructed to press the space bar whenever they detected an 
ascending tone pair. The control task was followed by a brief 
survey, inquiring about potential strategies participants had 
used during the experiment, whether they had noticed any 
rules that sounds had followed, and general feedback. The 
whole experiment, including instructions, training, control 
task, debriefing and some breaks, took approximately one 
and a half hours.

Stimuli and design

On each trial, a tone pair was presented consisting of two 
50-ms sinusoids (5-ms rise/fall time) separated by a 100-ms 
silent interval. Absolute pitch of the first tone in each pair 
was randomly sampled on each trial from a uniform pool 
between 400 and 900 Hz (in steps of 10 Hz). Relative to the 
first tone, the pitch of the second tone increased by 25% for 
ascending tone pairs and decreased by 25% for descending 
tone pairs. For constant tone pairs the pitch of the second 
tone was identical to the first. All tone pairs (200-ms total 
duration) were created in MATLAB and exported as wav 
files. These sound files were downloaded to local memory 
on each participant’s computer at the start of the experiment 
(jspsych-preload option). Stimuli were presented with the 

jspsych-audio-keyboard-response plugin, which was modi-
fied to register all responses within a trial and not only the 
first key press. In the main part, stimulus-onset asynchrony 
(SOA) was jittered by randomly sampling on each trial 
from a uniform pool between 950 and 1,150 ms (in steps 
of 20 ms). The jittered SOA ensured that a first deviant was 
foremost informative as to the identity of the next sound 
(“what” prediction), rather than the time point of its occur-
rence (“when” prediction). In the control task after the main 
part, SOA was uniformly 1,200 ms.

As can be seen in Fig. 1, sound sequences presented in 
the main part were constructed based on our recent vari-
ation of the classic oddball paradigm (Coy et al., 2022), 
systematically manipulating conditional deviant repetition 
probability. The constant pairs (two identical pitches) served 
as standards, whilst ascending and descending tone pairs 
occurred as rare deviants following diametrically opposed 
repetition rules: While one deviant type (e.g., ascending 
pairs) occurred mostly in two trials in a row (double rule), 
the other deviant type (e.g., descending tone pairs) was 
mostly followed by a standard in the subsequent trial (sin-
gle rule). Only on a subset of trials (20% respectively) each 
repetition rule was violated: that is, the double rule deviant, 
instead of repeating (e.g., a second ascending tone pair), was 
directly followed by a standard. For the single rule, instead 
of returning to the standard regularity, it was followed by a 
second deviant of its kind (e.g., a second descending tone 
pair). Which deviant type follows which repetition rule was 
counterbalanced across participants. As in our previous use 
of the paradigm with lower-order regularities (Coy et al., 
2022), participants in Experiment 1 were not informed of 
these oddball repetition rules (naïve).

During the main part, the first five sounds in each block 
were standards, and at least the first two respective deviant 
events were rule-conforming. There were always at least two 
standard trials between deviant events. It was shown that 
the context in which a given stimulus is first encountered, 
can shape the processing of that stimulus later, even when 
the context is changed then (Fitzgerald & Todd, 2020; Mul-
lens et al., 2014; Todd et al., 2011, 2014, 2020). To control 
for such primacy effects or put more simply, to ensure that 
the repetition rules can be learned correctly during initial 
exposure, there were only rule-conforming deviant events 
in the training block. Each of the 12 experimental blocks 
consisted of 220 trials, of which 175 were standards (79%) 
and 45 were deviants (21%; 15 single deviants and 15 devi-
ant repetitions).

Data pre‑processing and statistical analysis

Data preprocessing was performed offline. Data analysis was 
run in R using the RStudio environment and a number of 
packages, mainly from the tidyverse (Wickham et al., 2019), 
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Fig. 1  (A) Design and (B) exemplary auditory stimulation sequence. 
The sequence was characterized by the occurrence of tone pairs vary-
ing in absolute pitch between trials. The standard regularity was 
defined as a tone pair consisting of two identically pitched tones 
(constant tone pair). There were two types of deviants: One deviant 
type had an ascending structure within each pair (pitch of second tone 
higher than first) and the other deviant type had a descending struc-
ture (pitch of second tone lower than first). Counterbalanced across 
participants, each deviant type was associated with a specific deviant 
repetition rule: one deviant had a high probability of repetition (pur-

ple-coloured stimuli), while the other deviant had a low probability of 
repetition in the subsequent trial (yellow-coloured stimuli). To extract 
the regularity of higher order, the direction of within-pair pitch 
change needs to be extracted, as the absolute pitch of a given tone 
is not informative about the stimulus’ identity (standard or deviant). 
Please note that deviant stimulus base rate corresponds to the pro-
portion of trials in which a deviant sound was presented, and deviant 
event base rate corresponds to the proportion of first deviants within 
the standard sequence (i.e., the number of repetition rule transitions 
from a first deviant to the subsequent sound). (Colour figure online)
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such as dplyr (Wickham et al., 2021) and tidyr (Wickham & 
Henry, 2020) for data wrangling, ggplot2 (Wickham, 2016) 
to generate plots. A repeated-measures analysis of variance 
(ANOVA) was implemented with afex (Singmann et al., 
2021) and emmeans (Lenth, 2021) was used for follow-up 
contrasts and estimation of Odds Ratios. Multilevel logis-
tic regression was conducted with lme4 (Bates et al., 2015) 
and lmerTest (Kuznetsova et al., 2017). Effect sizes were 
bootstrapped with bootES (Kirby & Gerlanc, 2013). Com-
plementary Bayesian analysis was implemented with Bayes-
Factor (Morey & Rouder, 2018) and the Bayesian multilevel 
logistic regression with brms (Bürkner, 2017, 2018).

Family-wise error rate of contrasts (i.e., the alpha proba-
bility of the multiple tests) was controlled by adjusting p val-
ues with the Holm method (Holm, 1979). To follow the call 
for more stringent standards of evidence when claiming new 
findings, the alpha level was set to 0.005 (Benjamin et al., 
2018). In addition to traditional frequentist tests, comple-
mentary Bayes factors (BF10) were calculated as the ratio of 
evidence given the observed data for the alternative hypoth-
esis, defined as a Cauchy prior distribution centred around 
0 with a scaling factor of r = √2/2 (Rouder et al., 2009, 
2012), and for the null hypothesis, which corresponded to a 
standardized effect size δ = 0. The Bayes factor is directly 
interpretable as an odds ratio (Rouder et al., 2009). That is, 
for the Bayesian equivalent of a t test, it reflects the likeli-
hood of the alternative hypothesis (true effect is different 
from zero) relative to the null hypothesis (true effect is equal 
to zero) given the observed data. In the case of ANOVAs and 
multilevel models, BF10 reflects the likelihood of the model 
including the effect of interest relative to the null model 
given the observed data. This likelihood ratio can be easily 
inverted by taking the reciprocal (1/BF10) to express the like-
lihood of the null model relative to the model including the 
effect of interest (BF01). If not indicated otherwise, reported 
Bayes factors from ANOVAs reflect the comparison between 
a given model including an effect of interest and the null 
model including only a random intercept term for subjects.

Response time (RT) was defined as the time between the 
onset of the second tone and a key press attributed to that 
sound. At presentation rates faster than 1 Hz, the attribution 
of a response to a preceding stimulus can become ambigu-
ous, as a given response can overlap or even occur after a 
subsequent stimulus event (Bendixen & Andersen, 2013). 
Therefore, the response time window was specified as fol-
lows: A key press was attributed to a sound if it occurred at 
least 150 ms but no later than 950 ms after the onset of the 
second tone within a pair (note, that this is 150 ms after the 
onset of the first tone within a pair, i.e., trial onset, because 
the response-relevant information only comes with the sec-
ond tone). Note, that the shorter the SOA the more did the 
response window span into the subsequent trial. However, 
response windows never overlapped (i.e., the window never 

spanned until the onset of the second tone within a pair). 
All valid key presses that were not attributed to any sound 
of interest (i.e., first deviant, second deviant, or standard fol-
lowing a first deviant) were not further analyzed (response 
rate to standards following standards: Median  =  1.3%; 
IQR = 2.5%). In accordance with signal detection theory 
(SDT), a button press attributed to a deviant sound (target) 
was treated as a hit, whereas a button press attributed to 
a standard sound following a first deviant (nontarget) was 
treated as a false alarm.

Accuracy As accuracy is measured via a binary outcome 
variable at the single-trial level, both hit (target trials: 
0 = miss, 1 = hit) and false alarm rates (nontarget trials: 
0 = correct rejection, 1 = false alarm) were analyzed by 
means of a multilevel logistic regression, specifically a gen-
eral linear mixed model with a binomial distribution and a 
logit link function (Jaeger, 2008). As commonly assumed in 
repeated-measures designs, observations of the same partici-
pant tend to be more similar than observations of two differ-
ent participants. Multilevel models allow to explicitly repre-
sent this dependency in the data via the inclusion of random 
effects at the participant level. In the context of accuracy, a 
random intercept term reflects that some participants gen-
erally perform better or worse than others. At the level of 
slopes (e.g., the mean difference between two levels of a 
categorical predictor) a random effect explicitly models vari-
ability in the effect of an experimental manipulation between 
participants. That is, the manipulation may differentially 
improve or worsen a participant’s performance. Especially 
in the context of accuracy this is a concern, because gen-
eral task performance can limit the effect of an experimen-
tal manipulation. For instance, a participant who struggles 
with the task may have trouble responding to two deviants 
in a row, thus performance drops from first to second devi-
ant, whereas a participant who is in general very good at the 
task (i.e., performance is at ceiling) has less room for further 
improvement and might show smaller differences between 
factor levels than participants with a generally moderate 
performance. When specifying a random slope, the residual 
correlation coefficient between random intercept and random 
slope (controlled for fixed effects) controls for such ceiling 
(or floor) effects in the data. Whether the inclusion of a par-
ticular fixed effect to the model improved its fit to the data, 
was tested by means of a likelihood ratio test. We report 
marginal R2

m as a measure of the proportion of variability 
explained by fixed parameters, and conditional R2

c as the 
proportion of variability explained by both fixed and random 
parameters. As parameter estimates of the fixed effects are 
on the logit-scale, these effects are reported as Odds Ratios 
(OR). We also report relevant contrasts in terms of the actual 
change in model-implied probabilities, because the changes 
on the logit-scale are not always intuitively interpretable. We 
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computed complementary Bayesian multilevel models and 
estimated the Bayes Factors for the corresponding model 
comparisons from the marginal likelihoods.

The design was characterized by the full combination of 
the factors Position (first vs second deviant), Deviant Repeti-
tion Probability (high vs low), and Actual Repetition (rep-
etition vs nonrepetition). For the analysis of hits, all target 
(i.e., deviant) trials were included in the analysis. That is, 
all Position 1 deviants were included irrespective of whether 
the subsequent stimulus was another deviant or a standard. 
To test whether deviant repetition rules (double vs single 
rule) affect target detection of the second relative to the first 
deviant, we fitted the following models all of which included 
a random intercept over participants and a fixed intercept as 
well as a random slope for both predictors over participants: 
(1) a single predictor model estimating a fixed effect of Posi-
tion (first and second deviant) only, (2) a single predictor 
model estimating a fixed effect of Repetition Probability 
(low vs high) only, (3) an additive model including both pre-
dictors, and (4) a model including the Position × Repetition 
Probability interaction. The additive model was respectively 
tested against each model that contained only one predictor, 
and against the model that included the interaction.

False alarms were defined as key presses in response to 
nontarget sounds (i.e., standards following a first deviant). 
We investigated the effect of Deviant Repetition Probability 
(high vs low) on false-alarm rates by testing whether the 
inclusion of a fixed-effect term of this factor to a multilevel 
logistic regression model improves model fit compared with 
a model that includes only a random intercept and a random 
slope over participants. However, for the frequentist multi-
level model the random-effects structure was not supported 
by the data (singular fit). Therefore, here the inclusion of 
the fixed effect was tested against a random-intercept only 
model. The complementary Bayesian multilevel model did 
include the random intercept though.

Response times Within each participant, the median of all 
collected response times was used as estimate of central 
tendency to aggregate the typically right-skewed response 
time distribution on the subject level. Response times of 
all first deviants (i.e., irrespective of actual repetition) were 
collapsed within high and low repetition probability, respec-
tively. Response times of deviant at Position 2 (i.e., actual 
deviant repetition) were analyzed as a function of repetition 
probability. By nature of the design, the number of trials is 
unbalanced in Position 2 deviants: there are more high- com-
pared with low-repetition-probability second deviants. While 
more trials generally improve parameter estimation preci-
sion, when comparing these cells, it is the across-subject 
variability of the difference score between the cell means 
and not the within-subject single-trial variability within each 
cell, that is relevant for statistical analysis. The standards 

that followed a single deviant (nonrepetition Position 2 tri-
als) were not further analyzed, because (like in in the pre-
ceding study; Coy et al., 2022), not all participants produced 
responses (false alarms) to these stimuli (complete cases 
for 22 of the 48 participants) and even if they did, there are 
only a few trials for analysis (Medianhigh = 6 trials; Medi-
anlow = 2 trials). If a first deviant (Position 1) was classi-
fied as a miss, the subsequent Position 2 trial was removed 
from the response time analysis (this pertained to few trials 
only: M = 3.7%; SD = 2.3%). A repeated-measures 2 × 2 
ANOVA compared the effect of Position (first vs second 
deviant) and Deviant Repetition Probability (low vs high) 
on response times for deviant repetitions. The Position × 
Repetition Probability interaction effect was deconstructed 
by a set of contrasts on the estimated marginal means (Searle 
et al., 1980), probing the effect of Position (first vs second) 
respectively for both Deviant Repetition Probability rules 
(high vs low).

Control task In the short survey at the end of the experi-
ment, three participants reported misreading or misunder-
standing the instructions for the control task. These partici-
pants were removed from the analysis of the control task 
only. In accordance with signal detection theory, ascending 
tone pairs were defined as “signal” and descending tone 
pairs as “noise” in the control task. Sensitivity index d′ was 
estimated as the difference in respectively z-scored hit minus 
false-alarm rate. As inverse normal transforms of extreme 
proportions result in mathematically intractable infinities, 
data were corrected prior to transformation with the log-
linear correction (Hautus & Lee, 2006). A t test against zero 
was used to assess whether discrimination ability was above 
chance at group level.

Results

Accuracy

The respective model-implied probabilities of the accuracy 
data are provided in Fig. 2 and Table 1.

Hits In the case that two deviants occurred in a row, an addi-
tive model (Deviance = 19,135, R2

m = 0.016, R2
c = 0.422), 

including a fixed-effect term for both Position (first vs sec-
ond deviant) and Repetition Probability (high vs low) fits 
the data significantly better than a model including Rep-
etition Probability alone (Deviance = 19,155, R2

m = 0.007, 
R2

c = 0.442), χ2(1) = 20.13, p < .001, BF10 = 6,664. How-
ever, the additive model does not fit the data significantly 
better than the model including the fixed effect of Position 
alone (Deviance = 19,140, R2

m = 0.008, R2
c = 0.417), 

χ2(1) = 5.53, p = .019, BF10 = 3.9. Including the Position 
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× Repetition Probability (Deviance = 19,128, R2
m = 0.017, 

R2
c = 0.423) interaction does not significantly improve 

model fit compared with the additive model, χ2(1) = 6.09, 

p = .014, BF10 = 4.8, but it does significantly better fit the 
data than the model including the effect of Position alone, 
χ2(2) = 11.62, p = .003, BF10 = 19. Although the odds 
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ratios obtained from the frequentist interaction model 
slightly differ as a function of repetition probability (low: 
ORPos2,Pos1 = 0.546; high: ORPos2,Pos1 = 0.685) the actual 
decrease in the model-implied hit rate from first to second 
deviant is very similar between low (5.1 percentage points, 
factor of 0.945) and high (4.1 percentage points, factor of 
0.954) repetition probability. The reported model-implied hit 
rates in Table 1, which are also depicted in Fig. 2a–b, were 
estimated based on the interaction model.

False alarms As can be seen in Fig. 2c (right-hand side) 
and Table 1, key presses also occurred in response to stand-
ards that directly follow a single deviant (deviant nonrepeti-
tion)—that is, participants produced false alarms. However, 
the inclusion of the effect of repetition probability as a fixed 
term (Deviance = 2,252 R2

m = 0, R2
c = 0.239) does not sig-

nificantly improve the model fit over a model including only 
the random and fixed intercept alone (Deviance = 2,252, 
R2

m  =  <0.001, R2
c  =  0.239), χ2(1)  =  0.25 , p  =  .617, 

BF10 = 0.518. That is, the probability of generating a false 
alarm in response to a standard does not significantly depend 
on whether it was preceded by a deviant associated with high 
compared with low repetition probability (ORhigh,low = 1.1). 
The model-implied false alarm rates in Table 2 were esti-
mated based on the model that included only the random 
participants intercept, as the model including the fixed effect 
of repetition probability was not supported by the data.

Response times (RT) We show the response time data in 
Fig. 3 and Table 2. As can be seen in the bottom part of 
Fig. 3a, median response times on average decrease from 
first to second deviant (Table 2). While there is both a sig-
nificant main effect of Position, F(1, 47) = 23.09, p < .001, 
ηg

2 = 0.021, BF10 = 480 ×  103, and of Repetition Probabil-
ity, F(1, 47) = 15.36, p < .001, ηg

2 = 0.006, BF10 = 10.1, 
these factors significantly interact (Fig.  3b), Position 
× Repetition Probability: F(1, 47)  =  13.78, p  <  .001, 
ηg

2 = 0.004, BF10 = 558 ×  105. The model including the 
interaction effect is preferred over the additive model includ-
ing both main effects, BF10 = 4.6. On average, median 
response times decrease significantly from first to second 

deviant by 39 ms when repetition probability is high, ∆21 
t(94) = −5.69, padj < .001, dz = −0.82, BF10 = 208 ×  102, 
but the descriptive decrease of 16 ms from first to second 
deviant when repetition probability is low is not significant, 
Δ21 t(94) = −2.550, padj = .014, dz = −0.37, BF10 = 2.84.

Control task On average participants were well able to 
discriminate ascending from descending tone pairs (d′ 
M = 2.08, SD = 1.07) in the control task. At group level d′ 
was significantly above chance, t(44) = 12.966, p < .001, 
d = 1.93, BF10 = 479 ×  1011.

Discussion of Experiment 1

As in our preceding study (Coy et al., 2022), the manipula-
tion of repetition rule did not affect the accuracy in the devi-
ant detection task, that is deviant repetitions occurring with 
high probability were not clearly associated with a higher hit 
rate than deviant repetitions occurring with low probability. 
Yet there was a marked effect of position on hit rates, that 
is on average hit rates declined from first to second deviant. 
There was a trend in the data that this decline was smaller 
when the repetition was predictable (high-repetition prob-
ability) compared with unpredictable (low-repetition prob-
ability), but the actual change at the level of probability was 
small and thus does not justify a confident inference with 
regard to successful application of repetition rules at the 
level of hit rates.

More generally, the decline in hit rates from first to sec-
ond deviant might be explained by the higher difficulty of 
discriminating the more complex stimulus set employed in 
this study. Specifically, to detect a first deviant, participants 
must discriminate change (ascending or descending) from 
constancy in relation to the preceding standard. To detect a 
second deviant, they do not have a constant reference pair in 
the preceding trial and thus have to rely more on analyzing 
the individual pair.

Surprisingly, we observed no effect of repetition rules 
on false alarm rates. To elaborate, in the preceding study 
false-alarm rates increased by a factor of three when deviant 
repetition was highly probable compared with when repeti-
tion probability was low (Coy et al., 2022), but in the current 
Experiment 1 we observed no significant difference in false 
alarm generation as a function of deviant repetition rules. 
Yet there was a clear effect of deviant repetition probability 
on response times: There was a significant facilitation from 
first to second deviant specific to the deviant with a high 
probability of repetition, but no facilitation when repetition 
probability was low. Nevertheless, the effect of deviant rep-
etition probability on median response times observed in 
Experiment 1 was notably smaller compared with the find-
ings in the preceding study (Coy et al., 2022). As the effect 

Fig 2  Accuracy. a–b Model-implied hit rates (estimated from the 
Position × Repetition Probability interaction model) in deviant rep-
etition trials as a function of deviant repetition probability and rule 
knowledge. In the left panel (a), hit rates are plotted by stimulus posi-
tion (first and second deviant). In the right panel (b), the respective 
position 2-1 difference in hit rates is displayed. c Model-implied false 
alarm rates (in Experiment 1 estimated from intercept-only model, in 
Experiment 2 from the model also including the fixed effect of Rep-
etition Probability) in response to standards following a first deviant 
(non-repetition) as a function of deviant repetition probability and 
rule knowledge. The thin grey lines and coloured dots represent the 
estimated model-implied probability for each subject. Crossbars rep-
resent the estimated fixed effect term in each model ±1 SE 

◂
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of deviant repetition probability seems to mainly manifest 
at the level of response times (speed), rather than both speed 
and accuracy, alternative explanations for the observed RT 
differences need to be considered. Since there are one and 
a half as many instances of the deviant type that typically 
repeats compared with the deviant that typically occurs in 
isolation, a difference in stimulus–response binding (Hom-
mel, 2019; Hommel et al., 2001; Logan, 1988) might have 
emerged that is driven by global probability (base rate) 
rather than conditional repetition probability. This may 
have differentially enforced stimulus–response binding for 
the more frequent deviant (high-repetition probability) com-
pared with the less frequent deviant (low-repetition prob-
ability). Upon correct classification of a deviant stimulus 
as a target (deviant detection), there could consequently be 
more facilitation of the response (-selection) component for 
the deviant with the high compared with the low-repetition 
probability. This would explain why there is an effect on 

speed but not on accuracy—because this benefit of stimu-
lus–response binding only emerges when target detection 
was successful. However, it seems unlikely that observed 
RT effects are entirely driven by a difference in stimulus-
response binding between the two deviant types, because 
then performance should have been facilitated for the more 
frequent deviant type irrespective of stimulus position 
(which was not the case).

Another potential confound, as already discussed in the 
introduction, is that deviant repetition rules might only be 
extracted and applied successfully if participants are able to 
recognize a given deviant type in the first place. If (some) 
participants were not well able to distinguish the deviant 
types, this might explain why smaller effects compared 
with the previous study (Coy et al., 2022) were observed. 
Yet the control task, in which only ascending and descend-
ing tone pairs were presented, shows that participants were 
able to discriminate ascending from descending tone pairs 

Table 1  Model-implied response rates (hit and false alarm rates) as a function of rule knowledge, deviant repetition probability, and position

False alarms refer to button presses in response to standards that directly followed a single deviant (nonrepetition). Model-implied probabilities 
in target trials (hit rates) were estimated from the frequentist model including the fixed effect interaction term of position and repetition probabil-
ity in each experiment respectively; in non-target trials only the model in Experiment 2 included the fixed effect term for repetition probability. 
The data in Experiment 1 did not support the inclusion (and thus the estimation) of a fixed slope of repetition probability—therefore, the model-
implied false alarm rate in low and high repetition probability is the same and corresponds to the estimated fixed intercept. For the interested 
reader, we provide a figure of response rate estimates calculated according to signal detection theory on OSF

Deviant repetition 
probability

Position 1 Position 2 ∆21

M (SE) M (SE) M (SE)

Exp1: Naïve
Hit rate Low 0.930 (0.016) 0.879 (0.028) −0.051 (0.015)

High 0.898 (0.019) 0.857 (0.027) −0.040 (0.012)
False-alarm rate Low 0.020 (0.003)

High 0.020 (0.003)
Exp2: Aware
Hit rate Low 0.903 (0.015) 0.836 (0.028) −0.067 (0.018)

High 0.891 (0.021) 0.858 (0.030) −0.034 (0.015)
False-alarm rate Low 0.026 (0.004)

High 0.063 (0.010)

Table 2  Response times [ms] as a function of rule knowledge, deviant repetition probability and position in deviant repetition

Deviant repetition prob-
ability

Position 1 Position 2 ∆21

M (SE) M (SE) M (SE)

Exp1: Naïve
Deviant repetition Low 536 (13) 521 (15) −16 (6)

High 533 (13) 494 (14) −39 (7)
Exp2: Aware
Deviant repetition Low 524 (10) 511 (14) −13 (8)

High 523 (11) 450 (14) −73 (8)
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reasonably well, rendering this explanation unlikely. It 
should be mentioned, though, that the main experiment and 
the control task differed in task difficulty because (1) there 
are three sound types in the former (constant, ascending and 
descending tone pairs) but only two sound types in the lat-
ter (ascending and descending), and (2) SOA was jittered in 
the main experiment but fixed (and slower) in the control 
task. But the most important issue is that discriminating the 
specific direction changes (ascending vs descending) is not 
the same as distinguishing change from constancy. Although 
the control task shows that ascending and descending tone 
pairs can be discriminated, to successfully perform this task, 
it is sufficient to rely on a same–different comparison in the 
main experiment. To detect first deviants as such in the main 
experiment, it is sufficient to identify them as a mismatch to 
the established standard regularity (are pitches within a pair 
constant or not constant) but there is no need to identify the 
actual direction of pitch change. To successfully learn and 
subsequently apply the repetition rule associated with each 
deviant type, however, it is crucial to not only recognize a 
deviant as having two different pitches within a pair, but 

to recognize the direction of the within-pair pitch change. 
If participants relied on a strategy that focuses on the con-
stant/nonconstant comparison to detect deviants, the actual 
pitch direction might not have been salient enough in Experi-
ment 1. On the one hand, this might result in comparatively 
smaller effects of repetition rule compared with the preced-
ing study (Coy et al., 2022), and on the other hand, it might 
explain the reduction in hit rates from first to second deviant 
(see above). That is, a deviant-detection strategy based on 
constancy of within-pair pitch may yield the representation 
of the standard regularity less accessible after a first deviant, 
or the pitch direction change may need to be processed after 
initial stimulus classification or even upon encountering the 
subsequent stimulus.

To facilitate that first deviants are processed with regard 
to the type of deviant (ascending/descending), we decided 
to directly manipulate awareness of the repetition rules by 
running a follow-up experiment within a new sample in 
which participants were made aware of the repetition rules. 
The advantage of using explicit information of the repeti-
tion rules is that it allows to test whether participants are 

Fig. 3  Response times. Aggregated response times (median) in devi-
ant repetition trials as a function of deviant repetition probability and 
rule knowledge. a Response times are plotted by stimulus position 

(first and second deviant). b The respective position 2-1 difference 
in median response times is displayed. Crossbars represent the mean 
±1 SEM 
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able at all to apply these rules. In Experiment 2, participants 
received explicit instruction about the repetition rules (which 
deviant type typically repeats and which deviant typically 
occurs in isolation). Again, we hypothesized that deviant 
repetition probability would lead to effects on performance 
(hit rates, false-alarm rates, response times) as observed in 
Coy et al. (2022). We extended these hypotheses for Experi-
ment 2 in so far, as that explicit knowledge of deviant repeti-
tion rules boosts the effects of deviant repetition probability 
on performance as described in the introduction.

Experiment 2

Methods

Participants

Forty-eight people (M = 23.2; ranging 18–38 years) par-
ticipated in Experiment 2, which was also conducted as a 
web-based experiment. Three additionally tested participants 
were excluded because they failed to detect at least 50% of 
either one of the two target types in Position 1 (first deviants) 
and they responded to more than 10% of the regular stand-
ards with a button press (i.e., a false alarm). None of the 
participants from Experiment 1 took part in Experiment 2.

Stimulation

Stimuli, procedure and timing was exactly the same as in 
Experiment 1. The only difference to Experiment 1 was that 
participants in Experiment 2 received explicit instructions 
as to the deviant repetition rules (i.e., “ascending tone pairs 
mostly repeat and descending tone pairs mostly occur in 
isolation”, or vice versa).

In Experiment 2 the training block could also be repeated 
as often as participants wanted before proceeding to the main 
experiment (38 of the participants performed one, eight per-
formed two; one performed three, and one performed five 
training blocks).

Data pre‑processing and statistical analysis

Data preparation and subsequent analysis was identical to 
Experiment 1. If a first deviant (Position 1) was classified as 
a miss, the subsequent Position 2 trial was removed from the 
response time analysis (M = 3.0%; SD = 2.1%). For hits, to 
test whether deviant repetition rules (double vs single rule) 
affected target detection of the second relative to the first 
deviant, the following models were fitted that all included a 
random intercept over participants, affixed intercept as well 
as a random slope for both predictors over participants: (1) 
a single predictor model estimating a fixed effect of Position 

(first and second deviant) only, (2) a single predictor model 
estimating a fixed effect of Repetition Probability (low vs 
high) only, (3) an additive model including both predictors, 
and (4) a model including the Position × Repetition Proba-
bility interaction. The additive model was respectively tested 
against each model that contained only one predictor, and 
against the model including the interaction. The effect of 
Deviant Repetition Probability (high vs low) on false-alarm 
rates was investigated by testing whether the inclusion of a 
fixed effect term of this factor to a multilevel logistic regres-
sion model improves model fit compared with a model only 
including a random and fixed intercept and a random slope 
over participants.

In addition to the analyses carried out for Experiment 1, 
further tests were applied on a joint dataset from both exper-
iments to probe whether explicit rule knowledge (Experi-
ment 2: aware) compared with its absence (Experiment 1: 
naïve) boosts the dissociation of high- and low-repetition 
probability effects. For false-alarm rates, a restricted model 
was specified that included a random and fixed effect slope 
of Repetition Probability and a random participant intercept. 
The following unrestricted models were tested against the 
restricted model by means of a Likelihood Ratio test: (1) 
a fixed effect slope for the factor Rule Knowledge (naïve 
vs aware) and (2) a fixed effect product term between Rep-
etition Rule and Rule Knowledge. The contrast of interest, 
reported as Odds Ratio, was between Experiment 1 (naïve) 
and Experiment 2 (aware) for high and low repetition prob-
ability, respectively. For hit rates, the same logic of model 
comparisons was applied but with the additional terms 
related to the effect of position. For response times the rel-
evant contrasts were compared between Experiment 1 and 2 
by means of an independent t test (or nonparametric equiva-
lent). Here, the contrast of interest was the Position 2-1 dif-
ference in median response times between Experiment 1 and 
2 for high versus low repetition probability, respectively.

In the short survey at the end of the experiment, one 
participant reported misreading or misunderstanding 
the instructions for the control task. This participant was 
removed from the analysis of the control task only.

Results

Accuracy

Hits The additive model (Deviance = 19,441, R2
m = 0.007, 

R2
c = 0.384) including both Position (first vs second deviant) 

and Repetition Probability (high vs low) fits the data signifi-
cantly better than a model including Repetition Probabil-
ity alone (Deviance = 19,452, R2

m < 0.001, R2
c = 0.391), 

χ2(1) = 11.56, p < .001, BF10 = 252 ×  1067. However, the 
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additive model does not fit the data significantly better than 
the model including the fixed effect of Position alone (Devi-
ance = 19,441, R2

m = 0.007, R2
c = 0.384), χ2(1) = 0.08, 

p =  .778, BF10 = 167 ×  1067. Including the Position × 
Repetition Probability interaction (Deviance = 19,430, 
R2

m = 0.008, R2
c = 0.385) interaction does significantly 

improve model fit compared with the additive model, 
χ2(1) = 10.46 , p = .001, BF10 = 42. However, the interac-
tion model does not have a significantly better fit than the 
model including only a fixed slope for the position effect, 
χ2(2) = 10.54, p = .0051, BF10 = 705 ×  1068. Note, that the 
equivalent Bayesian multilevel model indicates moderate to 
strong evidence for the inclusion of the interaction of Rep-
etition Probability and Position. The odds ratios obtained 
from the frequentist interaction model slightly differ as a 
function of repetition probability (low: ORPos2,Pos1 = 0.549; 
high: ORPos2,Pos1 = 0.734). The model-implied hit rates from 
first to second deviant decrease by 6.7 percentage points 
when repetition probability is low but only by 3.4 percentage 
points when it is high. Thus, the decline in model-implied hit 
rates from first to second deviant is smaller when repetition 
probability is high compared with low. Yet, at the level of 
model-implied probability, the proportion of detected sec-
ond relative to detected first deviants differs only slightly as 
a function of repetition probability (high: factor of 0.963; 
low: factor of 0.926).

False alarms The inclusion of the effect of repetition 
probability as a fixed term (Deviance = 2,936 R2

m = 0, 
R2

c = 0.190) significantly improves the model fit over a 
model including the random effect terms alone (Devi-
ance = 2,955, R2

m = 0.034, R2
c = 0.203), χ2(1) = 19.61, 

p < .001, BF10 = 5,587. That is, the model-implied prob-
ability of generating a false alarm in response to a stand-
ard significantly increases by 3.7 percentage points, that is 
by a factor of 2.4, when the preceding deviant is associ-
ated with high compared with low repetition probability 
(ORhigh,low = 2.54).

Response times (RT)

As can be seen in the bottom part of Fig.  3a, median 
responses become faster from first to second deviant 
(Table 2). While there is both a significant main effect 
of Position, F(1, 47)  =  39.05, p  <  .001, ηg

2  =  0.059, 
BF10  =  142  ×   104, and of Repetition Probability, F(1, 
47) = 21.18, p < .001, ηg

2 = 0.031, BF10 = 310, these factors 
significantly interact (Fig. 3b), Position × Repetition Prob-
ability: F(1, 47) = 50.13, p < .001, ηg

2 = 0.029, BF10 = 194 
×  1011. The model including the interaction effect is pre-
ferred over the additive model including both main effects, 
BF10 = 5,693. That is, on average median response times 
decrease significantly from first to second deviant by 73 ms 

when repetition probability is high, ∆21 t(47) = −9.167, 
padj < .001, dz = −1.32, BF10 = 181 ×  107, but there is no 
significant reduction (M = −13 ms) of response times from 
first to second deviant when repetition probability is low, 
Δ21 t(47) = −1.626, padj = .111, dz = −0.24, BF10 = 0.532.

Control task

On average participants were well able to discrimi-
nate ascending from descending tone pairs (d′ M = 2.09, 
SD = 0.96). At the group level, d′ values were signifi-
cantly above chance, t(46) = 14.930, p < .001, d = 2.18, 
BF10 = 169 ×  1014.

The effect of rule knowledge

Hit rates The inclusion of Rule Knowledge (naïve vs aware) 
in addition to the restricted model (Deviance = 38,573 
R2

m = 0.011, R2
c = 0.399) did not significantly improve 

model fit to the data (Deviance = 38,573 R2
m = 0.013, 

R2
c = 0.400), χ2(1) = 0.52, p = .472, BF10 = 0.820. This 

indicates that there is no evidence for a difference in general 
deviant detection performance between the two experiments. 
Model fit was also not improved by additionally including 
the interaction between Rule Knowledge, Position, and 
Repetition Probability (Deviance = 38,571 R2

m = 0.013, 
R2

c = 0.400), χ2(3) = 1.51, p = .680, BF10 = 0.095. Thus, 
there is no evidence for a differential effect of repetition 
rules as a function of rule knowledge on hit rates.

False‑alarm rates The inclusion of Rule Knowledge (naïve 
vs aware) as a fixed effect term to the restricted model 
(Deviance = 5,212 R2

m = 0.010, R2
c = 0.223) does not sig-

nificantly improve the fit to the data, additive model (Devi-
ance = 5,205 R2

m = 0.031, R2
c = 0.239), χ2(1) = 6.38 , 

p = .011, BF10 = 10.4. This indicates that there is no gen-
eral difference in performance in terms of false alarms 
between the two experiments. However, including the 
interaction term between Rule Knowledge and Repetition 
Probability does significantly improve the model fit, interac-
tion model (Deviance = 5,193 R2

m = 0.025, R2
c = 0.225), 

χ2(1) = 11.87, p < .001, BF10 = 252. Thus, there is a sig-
nificant dissociation between high and low-deviant repeti-
tion probability only in Experiment 2 but not in Experiment 
1: False-alarm rate is relatively comparable when deviant 
repetition probability is low (ORaware, naïve = 1.26), but when 
repetition probability is high, the false-alarm rate increases 
when rule knowledge is explicitly available (aware) com-
pared with when it has to be acquired implicitly (naïve), 
ORaware, naïve = 2.97.

Response times There is no significant effect of rule 
knowledge on the Position 2-1 difference in response times 
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when repetition probability is low, aware versus naïve: 
t(94) = 0.218, padj = .828, d = -0.045, BF10 = 0.22. But the 
decrease in response times from first to second deviant when 
repetition probability is high is significantly larger when 
participants are aware compared with when they are naïve 
to the repetition rules, aware versus naïve: t(94) = −3.240, 
padj = .003, d = 0.661, BF10 = 19.

Control task There is no significant difference in the abil-
ity to discriminate the two deviant types (ascending vs 
descending) between Experiment 1 and 2; aware vs naïve: 
t(90) = 0.054, p = .957, d = 0.011, BF10 = 0.22.

Discussion

The human auditory system is believed to operate in a pre-
dictive manner, such that regularities inherent in auditory 
information is represented in some form of internal models. 
Regularities may be defined by the recurrence of a specific 
sound or physical feature (lower-order regularities; e.g., all 
sounds have the same pitch) but also through some common 
rule that governs stimulus relationships (higher-order regu-
larities; e.g., sounds have varying pitch but are arranged in 
pairs of the same direction of a within-pair pitch change). 
Expanding on previous behavioural studies on whether audi-
tory internal models incorporate predictive information from 
globally unexpected sounds (Berti, 2008; Coy et al., 2022; 
Parmentier et al., 2011), the current study aimed to test 
whether these findings largely based on lower-order audi-
tory regularities can also be observed with higher-order 
auditory regularities. To this end, we modified a recently 
proposed variation of the classic oddball paradigm (Coy 
et al., 2022), so that conditional oddball repetition rules 
were implemented using auditory regularities of higher 
order. Specifically, two different deviant types (ascending 
and descending tone pairs of varying absolute pitch; stand-
ard regularity was defined by constancy of pitch within a 
tone pair) were associated with different local probabilities 
regarding the subsequent sound type (high vs low probability 
of deviant repetition). As described by Coy et al. (2022), 
successful extraction of predictive information carried by 
deviants should reflect both on the level of accuracy and of 
response times. By directly manipulating knowledge of the 
repetition rules, we could assess whether explicit knowledge 
boosts effects compatible with the extraction of these repeti-
tion rules.

Generally speaking, the majority of participants was well 
able to comply with the instructions and managed to respond 
to targets within the predefined response time window rea-
sonably well, though the task appeared to be more on the 
challenging side (detection rate of first deviants in the range 
of 83% to 86%).

Hypothesis 1: Correct target detection in two 
successive deviants

As in the preceding study, which employed the conditional 
oddball repetition paradigm with lower-order pitch repeti-
tion regularities (Coy et al., 2022), we observed no clear 
effect of deviant repetition rule on hit rates with higher-order 
regularities. Although there was a small benefit in detecting 
a second deviant when repetition probability is high com-
pared with low in both experiments, this effect was small 
to negligible at the level of actual change in hit rates. Thus, 
this should be taken with caution and only tentatively be 
interpreted as evidence for a benefit of repetition rules at 
the level of hit rates. While average hit rates were nota-
bly lower than in the preceding study (Coy et al., 2022), 
in which performance was overall near ceiling, there were 
several participants in both experiments of the current study 
who showed performance near ceiling as well. Thus, it is 
quite possible that hit rates generally grant less room than 
response times, for a potential benefit of the deviant repeti-
tion rules to unfold.

Notably though, when a first deviant was followed by a 
second deviant (deviant repetition), hit rates declined by 
approximately five to seven percentage points both in par-
ticipants naïve to (Experiment 1) and aware of (Experiment 
2) the deviant repetition rules. This drop in target detection 
might indicate that to respond to a deviant if the preceding 
sound also required a response, is generally challenging. 
However, in the preceding study there was no significant 
effect of position on hit rates (Coy et al., 2022), indicating 
that this decline in hit rates from first to second deviant is 
likely related to the stimulus material, rather than directly 
attributable to the response repetition.

As also already discussed for Experiment 1, there might 
have been a confound related to stimulus position. Namely, 
that for a first deviant it is sufficient to recognize it as dif-
ferent from the standard regularity without the necessity to 
actually identify its type (ascending vs descending). This 
information might only be processed after response execu-
tion, perhaps interfering with the processing of the subse-
quent stimulus (Position 2). Not all stimulus properties being 
directly analyzed in deviant processing was also proposed 
by Carral et al. (2005). They used similar stimuli (constant 
standard and nonconstant deviant tone pairs) as employed 
in the current study, though deviants did not repeat. In their 
study the second tone of a given deviant pair was either 
higher (ascending) or lower (descending) than the first tone, 
and additionally, they varied the magnitude of within-pair 
pitch change. The authors concluded that initial mismatch 
processing only reflects that a deviant is a mismatch to the 
established standard regularity (constant vs nonconstant 
comparison) and that other attributes (e.g., magnitude of 
deviation) are analyzed at later stages of auditory processing. 
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This might be exacerbated by the relatively fast stimulation, 
as on occasion the response to a first deviant occurs only 
after the onset of the subsequent stimulus. Additionally, the 
variable length of stimulus-onset asynchrony (SOA) may 
well have increased task difficulty. In electrophysiological 
studies it was shown that temporal regularity (fixed com-
pared with jittered SOA) facilitates deviant processing in 
lower-order regularities (Schwartze et al., 2012; Tavano 
et al., 2014). This might be also helpful in higher-order 
regularities. Another explanation for the decline in target 
detection from first to second deviant could be, that for first 
deviants there is a clear memory trace of the standard regu-
larity against which the incoming stimulus can be compared. 
This trace might be less accessible for the second deviant, 
resulting in poorer detection performance.

Hypothesis 2: False alarms in response to standards 
following a single deviant

For standards preceded by a single deviant sound (nonrepe-
tition) we did observe an effect of repetition probability on 
accuracy. This effect was dependent on whether or not par-
ticipants were aware of the repetition rules. While there was 
no evidence of an effect of deviant repetition on false-alarm 
rates when participants are not informed of the repetition 
rules (naïve), false-alarm rates increased by more than factor 
two under high (compared with low) probability of deviant 
repetition when explicit knowledge was given via instruc-
tion (aware). This lends support to the notion that local pre-
dictions can in principle be inferred from the conditional 
repetition information carried by the deviants. It must be 
stressed, however, that with the higher-order regularities of 
the current study, deviant repetition rules did not manifest 
into differential false alarm rates when these rules had to be 
acquired implicitly. This is an interesting discrepancy with 
the findings from lower-order regularities (Coy et al., 2022; 
Parmentier et al., 2011) that behavioural effects (such as 
facilitation or distraction) emerged without telling partici-
pants about the deviant repetition regularities. This suggests 
that for simple regularities these repetition rules are easier 
to pick up; thus, explicit prior knowledge is not required 
in these instances. Whether it would nevertheless increase 
effect sizes of the repetition rules was not tested for lower-
order regularities.

Another contributing factor could be the saliency of the 
difference between the respective deviant types within a 
study. In contrast to the preceding study (Coy et al., 2022), 
pitch of a given sound by itself is insufficient to identify it 
as either a standard or a deviant. With regard to the higher-
order regularity employed in the current study, one can only 
determine a stimulus as a standard or deviant by extracting 
the relation between the two tones forming a pair. The direc-
tion of a within-pair pitch change might not be as salient 

in an auditory context in which pitch is constantly chang-
ing, as in an auditory context in which altogether only three 
sounds of different pitch occur. Explicit knowledge of devi-
ant repetition rule might compensate this lack of saliency of 
higher-order features (here, the direction of pitch change), 
thus boosting extraction of the deviant repetition rules asso-
ciated with them.

Hypothesis 3: Response times in deviant repetition

Lastly, response times (RT) of correctly identified targets 
were compared between first and second deviants (devi-
ant repetition hit trials) to probe the hypothesized effect of 
repetition probability. Indeed, response times significantly 
decreased from first to second deviant when repetition prob-
ability was high but not when low—this effect emerged 
irrespective of whether participants were made aware of or 
remained naïve to the existence of the repetition rules. This 
result pattern fits with the preceding study (Coy et al., 2022), 
demonstrating that response time facilitation is specific to 
the conditional repetition probability associated with a given 
deviant. Yet when participants were explicitly informed of 
the repetition rule, the facilitation from first to second devi-
ant for high deviant repetition probability showed a further 
increase. That explicit rule knowledge boosts the benefit 
of predictable information in deviant repetition might be 
because such top-down information (prior knowledge) pro-
vides a predefined framework to organize the sensory experi-
ence and also allows for strong priors. Nonetheless, the find-
ings from both Experiments 1 and 2 replicate the specificity 
of RT facilitation to predictable (high-repetition probability) 
but not unpredictable (low) deviant repetition.

When taking together the findings from Experiments 1 
and 2 of the current study, the observed effects suggest that 
deviants’ predictive information, at least in response to tar-
gets, mainly manifests at the level of detection speed rather 
than accuracy. Why high-repetition probability translates 
into an increase of accuracy only when rule knowledge is 
explicitly available but response time facilitation occurs also 
in its absence, warrants some further consideration.

One potential confounder could be differential stimu-
lus–response binding (as already elaborated in the discus-
sion of Experiment 1). This is because the deviant type 
associated with the high repetition probability occurs more 
often (factor 1.5) than the deviant type associated with the 
low repetition probability. The extent of potentially differ-
ential stimulus–response binding (Hommel, 2019; Hommel 
et al., 2001; Logan, 1988) contributing to observed perfor-
mance differences cannot be disentangled with the current 
data. However, it alone is an insufficient explanation for the 
observed effects, as one would have expected significant dif-
ferences of performance also for first deviants as a function 
of deviant type (which was not the case). Nonetheless, its 
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contribution could be further elucidated in future variations 
of this conditional oddball repetition paradigm by increasing 
the number of single deviant trials, such that the global prob-
ability of both deviant types is equal—although this would 
mean that the single rule (deviant nonrepetition) is enforced 
more often than the double rule (deviant repetition).

Apart from this, a crucial confounding factor is the abil-
ity to distinguish the deviant types: To identify a specific 
direction change (ascending vs descending) is more difficult 
than (and not the same as) distinguishing change from con-
stancy (tone pair comprised of two identical vs two different 
pitches). To correctly respond to first deviants, it is sufficient 
to identify them as a mismatch to the standard regularity, 
which means that the latter strategy is sufficient. Yet, in 
order to capitalize on the predictive information related to 
its repetition probability—that is, whether to anticipate a 
second target (deviant)—it is necessary to identify the type 
of deviant (ascending or descending) when encountering the 
first target (Position 1 deviant). As performance in the con-
trol task (in which only ascending and descending tone pairs 
were presented) shows that ascending and descending tone 
pairs can be reasonably well discriminated from each other, 
it seems unlikely that it is a lack of the principle ability to 
distinguish the deviant types from each other. This was also 
found in a study using a detection task with similar stimulus 
material (Schröger et al., 2007). Furthermore, an effect of 
repetition probability on accuracy did emerge when partici-
pants were aware of the repetition rules—which should not 
occur if deviant types cannot be distinguished.

Therefore, a more likely explanation is in the saliency or 
perceived relevance of the deviant types. In Experiment 2 
(aware) the instruction enforced the distinction of the deviant 
into an ascending and descending type. However, in Experi-
ment 1 (naïve) instructions only referred to detecting tone 
pairs that did not consist of two identical (i.e., two different) 
pitches. This might have inadvertently enforced a strategy 
in which the discrimination relies upon a constant versus 
change comparison rather than a processing of the direc-
tion of within-pair pitch change when encountering a first 
deviant. This would also be compatible with the observation 
that the discrimination performance between ascending and 
descending tone pairs can be improved with training, even 
when participants are unable to label the kind of deviation 
(van Zuijen et al., 2006). One might find alternative ways to 
make the processing of the deviant types more salient, for 
instance by changing the within-pair pitch separation, which 
may improve perceptual discriminability between the devi-
ant types. Yet this would not necessarily address the issue of 
task strategy focused on a constant/nonconstant comparison. 
Additionally, if the pitch interval is larger within a tone-pair 
than between tone-pairs, extracting the within-pair direc-
tion of pitch change might actually become more difficult. 
Therefore, another option would be to make the direction 

of a within-pair pitch change task-relevant by changing the 
task from a simple detection task to a two-alternative forced-
choice reaction task. That is, by assigning a response key 
to each deviant type, processing of the pitch direction as 
opposed to only changing vs constant, might facilitate repeti-
tion rule extraction without the need for explicit instruction. 
Another interesting option would be to ask participants to 
decide on each trial whether a given stimulus is a stand-
ard (constant) or a deviant (nonconstant). This would have 
the added benefit of requiring a response to all stimuli (not 
only the deviants) and would thus simplify the distinction 
whether the expectation of repetitions affects accuracy or 
bias in responding to deviants. However, it might not solve 
the issue of task strategy (i.e., deviant type saliency), and 
the stimulation would probably need to be slower than in 
the current study to enable participants to respond on every 
trial. Apart from this, one should bear in mind that the devi-
ant repetition rules are violated in 20% of the cases—that 
is, on average every fifth instance of a repetition rule is a 
violation. Especially in a high-change auditory environment 
(higher-order regularities: absolute pitch of pairs changes on 
every trial; lower-order regularities: one out of three possible 
pitches occurs on each trial), increasing the validity of the 
deviant repetition rules (e.g., to 90%, such that only every 
tenth instance is a rule violation) might boost the learning 
of the repetition rules.

Another factor could be that while correct target pro-
cessing can be boosted by predictive information (response 
time is shortened), the processing resulting in a missed tar-
get might be qualitatively different, such as a momentary 
lapse of attention, or because of ongoing processing still 
related to the first deviant. In such instances the auditory 
system might not be in an optimal state to activate a local 
prediction or the predictive information is simply available 
too late to take effect.

Lastly, with regard to Experiment 1 of the current 
study, it is also difficult to ascertain whether all partici-
pants indeed acquired implicit rule knowledge, and if so, 
at which point in the experiment. It is conceivable that 
implicit deviant repetition rule extraction takes consider-
able time with a complex higher-order regularity (which in 
addition is only 80% valid in the main part of the experi-
ment). Assuming that participants acquired rule knowledge 
after they were well into Experiment 1, would provide a 
simple explanation for the reduced effect sizes relative to 
Experiment 2. As the experiments were conducted online, 
it was—even with the survey at the end—more challenging 
to get an impression about participants’ possible implicit 
knowledge about the regularities than it would be in a lab 
study with direct interaction. The design of future studies 
could be optimized towards examining learning trajecto-
ries for the implicit acquisition of higher-order repetition 
regularities.
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Towards a more integrative perspective 
on oddballs

Previous work has meticulously dissected the role of 
standard sounds in establishing generative or internal 
models, providing insights into the degrees of complexity 
that can still be extracted and maintained by our audi-
tory system (for review, see Paavilainen, 2013; Winkler, 
2007). There is accumulating evidence supporting the idea 
of the (human) brain as a Bayesian predictive machine 
(Clark, 2013; Friston, 2010; Kanai et al., 2015; Knill & 
Pouget, 2004; Wacongne et al., 2011; Winkler & Czigler, 
2012). One common assumption is that the brain, includ-
ing the auditory system, strives to minimize prediction 
error by constantly and recursively comparing internal 
models with sensory input, feeding inconsistencies back-
wards as prediction error to update higher representations 
(Garrido et al., 2009; Kanai et al., 2015; Winkler & Czi-
gler, 2012). This is to generate and optimize hypotheses 
about upcoming information (i.e., the imminent future). 
Although deviants are typically related in their function 
to the maintenance of such models, to our knowledge they 
are usually not assumed to have a direct representation in 
the model themselves. For instance, the Auditory Event 
Representation System (AERS) theory (Schröger et al., 
2014; Winkler & Schröger, 2015) considers the function 
of deviant detection to flag sounds carrying information 
not (yet) covered by the currently active model, triggering 
additional processes such as adjustment of model confi-
dence, selection, reactivation, update, or even generation 
of a new model. Which of these options are selected under 
which conditions and what exactly happens to the underly-
ing model appears to be explained best within a predic-
tion-based account (for review: Winkler, 2007; Winkler 
& Czigler, 2012). While there are several electrophysi-
ological studies probing whether the deviant can inform 
subsequent stimulus processing (Deacon et al., 2000; Mül-
ler et al., 2005a, 2005b; Rosburg et al., 2018; Sams et al., 
1984; Sussman & Winkler, 2001; Tavano et al., 2014; 
Todd et al., 2010; Todd & Mullens, 2011; Todd & Rob-
inson, 2010), reported effects are somewhat inconsistent. 
Thus, the role of the deviant within predictive models is 
not yet well understood. The systematic manipulation of 
conditional repetition probability information carried by 
deviant stimuli employed here, provides a new promis-
ing paradigm to study deviant processing in this respect. 
Like the classic oddball paradigm, our variation cannot 
only be used to study processing in an active listening 
task as in the current study (i.e., deviant detection), but it 
can also be combined with another primary task related 
to the auditory stimulation (e.g., tone duration discrimi-
nation task) to study processing during indirect listening 

(distraction paradigm), or the paradigm can be used in a 
passive listening situation in which attention is directed to 
some unrelated task (e.g., watching a video, performing a 
visual n-back task). The degree to which repetition rules 
inform the underlying model, or the content or strength of 
predictions inferred from it, likely depends on the current 
goals—are sounds to be ignored, or do repetition rules 
directly or indirectly serve the current task? Studying how 
behavioural and electrophysiological processing related to 
repetition rules is affected in different attentional settings 
can help understand how the auditory system incorporates 
and uses predictive information.

The behavioural data gathered here provide further 
evidence that local predictions based on deviants can be 
extracted when directly task-relevant and translate into 
measurable behavioural effects, even when those predic-
tions are based on higher-order regularities. Yet at this 
point it is not entirely clear whether top-down explicit rule 
knowledge is required, or whether task-related strategies 
(focus on constancy vs change rather than deviant type) 
determine extraction and application of deviant-related 
rules. Nonetheless, the current findings provide further 
evidence that deviant-related effects on behavioural goals 
are not an inherent attribute of a stimulus’ novelty, devi-
ancy or frequency but reflect match or mismatch to predic-
tions inferred from local contingencies (Parmentier et al., 
2011). Whether a deviant’s local repetition probability also 
informs the internal model when auditory stimuli are out-
side of direct attention, as in passive listening, remains to 
be seen. To conclude, the deviant is undoubtedly a power-
ful tool to make predictions fail and elicit distraction. Yet, 
in many settings, deviant stimuli do carry information that 
allows to predict impending auditory events. Broadening 
the perspective of the deviant as a potential part of the 
internal models, provides an additional angle to improve 
our understanding of the predictive properties of (audi-
tory) perception.

Acknowledgements We thank Annika Löhr, Malin Wappelhorst, and 
Jan-Paul Ries for assistance with data collection.

Funding Open Access funding enabled and organized by Projekt 
DEAL. The study was funded by the German Ministry for Education 
and Research (www. bmbf. de) with the funding number M526300. The 
funder had no role in study design, data collection and analysis, deci-
sion to publish, or preparation of the manuscript.

Data availability Materials for experimental stimulation, data that sup-
port the findings of this study and the scripts used for statistical analysis 
are openly available in the OSF Repository (https:// doi. org/ 10. 17605/ 
OSF. IO/ 42CF3).

Declaration 

Conflicts of interest The authors declare that there are no competing 
interests to disclose.

http://www.bmbf.de
10.17605/OSF.IO/42CF3
10.17605/OSF.IO/42CF3


2748 Attention, Perception, & Psychophysics (2023) 85:2731–2750

1 3

Research transparency We report how we determined our sample size, 
all data exclusions (if any), all experimental manipulations, and all 
measures in the study.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide 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:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Ahveninen, J., Jääskeläinen, I. P., Pekkonen, E., Hallberg, A., Hie-
tanen, M., Näätänen, R., Schröger, E., & Sillanaukee, P. (2000). 
Increased distractibility by task-irrelevant sound changes in absti-
nent alcoholics. Alcoholism: Clinical and Experimental Research, 
24(12), 1850–1854. https:// doi. org/ 10. 1111/j. 1530- 0277. 2000. 
tb019 89.x

Bates, D., Mächler, M., Bolker, B., & Walker, S. (2015). Fitting linear 
mixed-effects models using lme4. Journal of Statistical Software, 
67(1). https:// doi. org/ 10. 18637/ jss. v067. i01

Bendixen, A. (2014). Predictability effects in auditory scene analysis: 
A review. Frontiers in Neuroscience, 8(8 MAR), 1–16. https:// doi. 
org/ 10. 3389/ fnins. 2014. 00060

Bendixen, A., & Andersen, S. K. (2013). Measuring target detection 
performance in paradigms with high event rates. Clinical Neu-
rophysiology, 124(5), 928–940. https:// doi. org/ 10. 1016/j. clinph. 
2012. 11. 012

Benjamin, D. J., Berger, J. O., Johannesson, M., Nosek, B. A., Wagen-
makers, E.-J., Berk, R., Bollen, K. A., Brembs, B., Brown, L., 
Camerer, C., Cesarini, D., Chambers, C. D., Clyde, M., Cook, T. 
D., De Boeck, P., Dienes, Z., Dreber, A., Easwaran, K., Efferson, 
C., …, Johnson, V. E. (2018). Redefine statistical significance. 
Nature Human Behaviour, 2(1), 6–10. https:// doi. org/ 10. 1038/ 
s41562- 017- 0189-z

Berti, S. (2008). Cognitive control after distraction: Event-related brain 
potentials (ERPs) dissociate between different processes of atten-
tional allocation. Psychophysiology, 45(4), 608–620. https:// doi. 
org/ 10. 1111/j. 1469- 8986. 2008. 00660.x

Bürkner, P. C. (2018). Advanced Bayesian multilevel modeling with 
the R package brms. Royal Journal, 10(1), 395–411. https:// doi. 
org/ 10. 32614/ rj- 2018- 017

Bürkner, P.-C. (2017). brms: An R Package for Bayesian Multilevel 
Models Using Stan. Journal of Statistical Software, 80(1), 1–28. 
https:// doi. org/ 10. 18637/ jss. v080. i01

Carral, V., Corral, M. J., & Escera, C. (2005). Auditory event-related 
potentials as a function of abstract change magnitude. NeuroReport, 
16(3), 301–305. https:// doi. org/ 10. 1097/ 00001 756- 20050 2280- 00020

Clark, A. (2013). Whatever next? Predictive brains, situated agents, and 
the future of cognitive science. Behavioral and Brain Sciences, 
36(3), 181–204. https:// doi. org/ 10. 1017/ S0140 525X1 20004 77

Coy, N., Bendixen, A., Grimm, S., Roeber, U., & Schröger, E. (2022). 
Is the oddball just an odd-one-out? The predictive value of rule-
violating events. Auditory Perception & Cognition, 5(3/4), 169–
191. https:// doi. org/ 10. 1080/ 25742 442. 2022. 20946 57

de Leeuw, J. R. (2015). jsPsych: A JavaScript library for creating 
behavioral experiments in a web browser. Behavior Research 
Methods, 47(1), 1–12. https:// doi. org/ 10. 3758/ s13428- 014- 0458-y

Deacon, D., Gomes, H., Nousak, J. M., Ritter, W., & Javitt, D. (2000). 
Effect of frequency separation and stimulus rate on the mismatch 
negativity: An examination of the issue of refractoriness in 
humans. Neuroscience Letters, 287(3), 167–170. https:// doi. org/ 
10. 1016/ S0304- 3940(00) 01175-7

Fitzgerald, K., & Todd, J. (2020). Making sense of mismatch negativ-
ity. Frontiers in Psychiatry, 11(June), 1–19. https:// doi. org/ 10. 
3389/ fpsyt. 2020. 00468

Friston, K. (2005). A theory of cortical responses. Philosophical 
Transactions of the Royal Society of London Series B, Biologi-
cal Sciences, 360(1456), 815–836. https:// doi. org/ 10. 1098/ rstb. 
2005. 1622

Friston, K. (2010). The free-energy principle: A unified brain theory? 
Nature Reviews Neuroscience, 11(2), 127–138. https:// doi. org/ 10. 
1038/ nrn27 87

Garrido, M. I., Kilner, J. M., Stephan, K. E., & Friston, K. (2009). The 
mismatch negativity: A review of underlying mechanisms. Clini-
cal Neurophysiology, 120(3), 453–463. https:// doi. org/ 10. 1016/j. 
clinph. 2008. 11. 029

Hautus, M. J., & Lee, A. (2006). Estimating sensitivity and bias in a 
yes/no task. The British Journal of Mathematical and Statistical 
Psychology, 59(Pt. 2), 257–273. https:// doi. org/ 10. 1348/ 00071 
1005X 65753

Holm, S. (1979). A simple sequentially rejective multiple test proce-
dure. Scandinavian journal of statistics, 65–70.

Hommel, B. (2019). Theory of Event Coding (TEC) V2.0: Represent-
ing and controlling perception and action. Attention, Perception, 
& Psychophysics, 81(7), 2139–2154. https:// doi. org/ 10. 3758/ 
s13414- 019- 01779-4

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/ S0140 525X0 10001 03

Jaeger, T. F. (2008). Categorical data analysis: Away from ANOVAs 
(transformation or not) and towards logit mixed models. Journal 
of Memory and Language, 59(4), 434–446. https:// doi. org/ 10. 
1016/j. jml. 2007. 11. 007

Kanai, R., Komura, Y., Shipp, S., & Friston, K. (2015). Cerebral hier-
archies: predictive processing, precision and the pulvinar. Philo-
sophical Transactions of the Royal Society B: Biological Sciences, 
370(1668), 20140169. https:// doi. org/ 10. 1098/ rstb. 2014. 0169 

Kirby, K. N., & Gerlanc, D. (2013). BootES: An R package for boot-
strap confidence intervals on effect sizes. Behavior Research Meth-
ods, 45(4), 905–927. https:// doi. org/ 10. 3758/ s13428- 013- 0330-5

Knill, D. C., & Pouget, A. (2004). The Bayesian brain: The role of 
uncertainty in neural coding and computation. Trends in Neu-
rosciences, 27(12), 712–719. https:// doi. org/ 10. 1016/j. tins. 2004. 
10. 007

Kuznetsova, A., Brockhoff, P. B., & Christensen, R. H. B. (2017). 
lmerTest package: Tests in linear mixed effects models. Journal 
of Statistical Software, 82(13), 1–26. https:// doi. org/ 10. 18637/ jss. 
v082. i13 . 

Lange, K., Kühn, S., & Filevich, E. (2015). ‘Just another tool for online 
studies’ (JATOS): An easy solution for setup and management of 
web servers supporting online studies. PLOS ONE, 10(6), 1–14. 
https:// doi. org/ 10. 1371/ journ al. pone. 01308 34

Lenth, R. V. (2021). emmeans: Estimated marginal means, aka least-
squares means (Version 1.8.6) [Computer software]. https:// cran.r- 
proje ct. org/ packa ge= emmea ns 

Logan, G. D. (1988). Toward an instance theory of automation. Psy-
chological Review, 95(4), 492–527.

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/j.1530-0277.2000.tb01989.x
https://doi.org/10.1111/j.1530-0277.2000.tb01989.x
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.3389/fnins.2014.00060
https://doi.org/10.3389/fnins.2014.00060
https://doi.org/10.1016/j.clinph.2012.11.012
https://doi.org/10.1016/j.clinph.2012.11.012
https://doi.org/10.1038/s41562-017-0189-z
https://doi.org/10.1038/s41562-017-0189-z
https://doi.org/10.1111/j.1469-8986.2008.00660.x
https://doi.org/10.1111/j.1469-8986.2008.00660.x
https://doi.org/10.32614/rj-2018-017
https://doi.org/10.32614/rj-2018-017
https://doi.org/10.18637/jss.v080.i01
https://doi.org/10.1097/00001756-200502280-00020
https://doi.org/10.1017/S0140525X12000477
https://doi.org/10.1080/25742442.2022.2094657
https://doi.org/10.3758/s13428-014-0458-y
https://doi.org/10.1016/S0304-3940(00)01175-7
https://doi.org/10.1016/S0304-3940(00)01175-7
https://doi.org/10.3389/fpsyt.2020.00468
https://doi.org/10.3389/fpsyt.2020.00468
https://doi.org/10.1098/rstb.2005.1622
https://doi.org/10.1098/rstb.2005.1622
https://doi.org/10.1038/nrn2787
https://doi.org/10.1038/nrn2787
https://doi.org/10.1016/j.clinph.2008.11.029
https://doi.org/10.1016/j.clinph.2008.11.029
https://doi.org/10.1348/000711005X65753
https://doi.org/10.1348/000711005X65753
https://doi.org/10.3758/s13414-019-01779-4
https://doi.org/10.3758/s13414-019-01779-4
https://doi.org/10.1017/S0140525X01000103
https://doi.org/10.1016/j.jml.2007.11.007
https://doi.org/10.1016/j.jml.2007.11.007
https://doi.org/10.1098/rstb.2014.0169
https://doi.org/10.3758/s13428-013-0330-5
https://doi.org/10.1016/j.tins.2004.10.007
https://doi.org/10.1016/j.tins.2004.10.007
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1371/journal.pone.0130834
https://cran.r-project.org/package=emmeans
https://cran.r-project.org/package=emmeans


2749Attention, Perception, & Psychophysics (2023) 85:2731–2750 

1 3

Los, S. A., & Schut, M. L. J. (2008). The effective time course of 
preparation. Cognitive Psychology, 57(1), 20–55. https:// doi. org/ 
10. 1016/j. cogps ych. 2007. 11. 001

Morey, R. D., & Rouder, J. N. (2018). BayesFactor: Computation of 
Bayes factors for common designs (Version 0.9.12.4.4) [Computer 
software]. https:// cran.r- proje ct. org/ packa ge= Bayes Factor

Mullens, D., Woodley, J., Whitson, L., Provost, A., Heathcote, A., Win-
kler, I., & Todd, J. (2014). Altering the primacy bias-How does a 
prior task affect mismatch negativity? Psychophysiology, 51(5), 
437–445. https:// doi. org/ 10. 1111/ psyp. 12190

Müller, D., Widmann, A., & Schröger, E. (2005). Auditory streaming 
affects the processing of successive deviant and standard sounds. 
Psychophysiology, 42(6), 668–676. https:// doi. org/ 10. 1111/j. 
1469- 8986. 2005. 00355.x

Müller, D., Widmann, A., & Schröger, E. (2005). Deviance-repetition 
effects as a function of stimulus feature, feature value variation, and 
timing: A mismatch negativity study. Biological Psychology, 68(1), 
1–14. https:// doi. org/ 10. 1016/j. biops ycho. 2004. 03. 018

Paavilainen, P. (2013). The mismatch-negativity (MMN) component of 
the auditory event-related potential to violations of abstract regulari-
ties: A review. International Journal of Psychophysiology, 88(2), 
109–123. https:// doi. org/ 10. 1016/j. ijpsy cho. 2013. 03. 015

Paavilainen, P., Degerman, A., Takegata, R., & Winkler, I. (2003). 
Spectral and temporal stimulus characteristics in the processing of 
abstract auditory features. NeuroReport, 14(5), 715–718. https:// doi. 
org/ 10. 1097/ 00001 756- 20030 4150- 00011

Parmentier, F. B. R., & Andrés, P. (2010). The involuntary capture of 
attention by sound: Novelty and postnovelty distraction in young 
and older adults. Experimental Psychology, 57(1), 68–76. https:// 
doi. org/ 10. 1027/ 1618- 3169/ a0000 09

Parmentier, F. B. R., Elsley, J. V., Andrés, P., & Barceló, F. (2011). Why 
are auditory novels distracting? Contrasting the roles of novelty, 
violation of expectation and stimulus change. Cognition, 119(3), 
374–380. https:// doi. org/ 10. 1016/j. cogni tion. 2011. 02. 001

Roeber, U., Widmann, A., & Schröger, E. (2003). Auditory distraction 
by duration and location deviants: A behavioral and event-related 
potential study. Cognitive Brain Research, 17(2), 347–357. https:// 
doi. org/ 10. 1016/ S0926- 6410(03) 00136-8

Rosburg, T., Weigl, M., Thiel, R., & Mager, R. (2018). The event-
related potential component P3a is diminished by identical devi-
ance repetition, but not by non-identical repetitions. Experimen-
tal Brain Research, 236(5), 1519–1530. https:// doi. org/ 10. 1007/ 
s00221- 018- 5237-z

Rouder, J. N., Speckman, P. L., Sun, D., Morey, R. D., & Iverson, G. 
(2009). Bayesian t tests for accepting and rejecting the null hypoth-
esis. Psychonomic Bulletin & Review, 16(2), 225–237. https:// doi. 
org/ 10. 3758/ PBR. 16.2. 225

Rouder, J. N., Morey, R. D., Speckman, P. L., & Province, J. M. (2012). 
Default Bayes factors for ANOVA designs. Journal of Mathemati-
cal Psychology, 56(5), 356–374. https:// doi. org/ 10. 1016/j. jmp. 2012. 
08. 001

Saarinen, J., Paavilainen, P., Schröger, E., Tervaniemi, M., & Näätänen, 
R. (1992). Representation of abstract attributes of auditory stimuli 
in the human brain. NeuroReport, 3(12), 1149–1151. https:// doi. org/ 
10. 1097/ 00001 756- 19921 2000- 00030

Sams, M., Alho, K., & Näätänen, R. (1984). Short-term habituation and 
dishabituation of the mismatch negativity of the ERP. Psychophysi-
ology, 21(4), 434–441. https:// doi. org/ 10. 1111/j. 1469- 8986. 1984. 
tb002 23.x

Schröger, E., Bendixen, A., Denham, S. L., Mill, R. W., Bohm, T. M., 
& Winkler, I. (2014). Predictive regularity representations in viola-
tion detection and auditory stream segregation: From conceptual to 
computational models. Brain Topography, 27(4), 565–577. https:// 
doi. org/ 10. 1007/ s10548- 013- 0334-6

Schröger, E., Bendixen, A., Trujillo-Barreto, N., & Roeber, U. (2007). 
Processing of abstract rule violations in audition. PLOS ONE, 2(11): 
e1131. https:// doi. org/ 10. 1371/ journ al. pone. 00011 31

Schwartze, M., Tavano, A., Schröger, E., & Kotz, S. A. (2012). Temporal 
aspects of prediction in audition: Cortical and subcortical neural 
mechanisms. International Journal of Psychophysiology, 83(2), 
200–207. https:// doi. org/ 10. 1016/j. ijpsy cho. 2011. 11. 003

Searle, S. R., Speed, F. M., & Milliken, G. A. (1980). Population Mar-
ginal Means in the Linear Model: An Alternative to Least Squares 
Means. The American Statistician, 34(4), 216–221. https:// doi. org/ 
10. 1080/ 00031 305. 1980. 10483 031

Singmann, H., Bolker, B., Westfall, J., Aust, F., & Ben-Shachar, M. 
S. (2021). afex: Analysis of factorial experiments (Version 1.3.0) 
[Computer software]. https:// cran.r- proje ct. org/ packa ge= afex

Sussman, E., & Winkler, I. (2001). Dynamic sensory updating in the 
auditory system. Cognitive Brain Research, 12(3), 431–439. https:// 
doi. org/ 10. 1016/ S0926- 6410(01) 00067-2

Tavano, A., Widmann, A., Bendixen, A., Trujillo-Barreto, N., & Schröger, 
E. (2014). Temporal regularity facilitates higher-order sensory pre-
dictions in fast auditory sequences. European Journal of Neurosci-
ence, 39(2), 308–318. https:// doi. org/ 10. 1111/ ejn. 12404

Todd, J., & Mullens, D. (2011). Implementing conditional inference 
in the auditory system: What matters? Psychophysiology, 48(10), 
1434–1443. https:// doi. org/ 10. 1111/j. 1469- 8986. 2011. 01208.x

Todd, J., & Robinson, J. (2010). The use of conditional inference to 
reduce prediction error—A mismatch negativity (MMN) study. 
Neuropsychologia, 48(10), 3009–3018. https:// doi. org/ 10. 1016/j. 
neuro psych ologia. 2010. 06. 009

Todd, J., Myers, R., Pirillo, R., & Drysdale, K. (2010). Neuropsychologi-
cal correlates of auditory perceptual inference: A mismatch negativ-
ity (MMN) study. Brain Research, 1310, 113–123. https:// doi. org/ 
10. 1016/j. brain res. 2009. 11. 019

Todd, J., Provost, A., & Cooper, G. (2011). Lasting first impressions: A 
conservative bias in automatic filters of the acoustic environment. 
Neuropsychologia, 49(12), 3399–3405. https:// doi. org/ 10. 1016/j. 
neuro psych ologia. 2011. 08. 016

Todd, J., Heathcote, A., Whitson, L. R., Mullens, D., Provost, A., & 
Winkler, I. (2014). Mismatch negativity (MMN) to pitch change is 
susceptible to order-dependent bias. Frontiers in Neuroscience, 8, 
1–9. https:// doi. org/ 10. 3389/ fnins. 2014. 00180

Todd, J., Frost, J., Fitzgerald, K., & Winkler, I. (2020). Setting precedent: 
Initial feature variability affects the subsequent precision of regularly 
varying sound contexts. Psychophysiology, 57(4), 1–14. https:// doi. 
org/ 10. 1111/ psyp. 13528

Ulanovsky, N., Las, L., Farkas, D., & Nelken, I. (2004). Multiple time 
scales of adaptation in auditory cortex neurons. Journal of Neurosci-
ence, 24(46), 10440–10453. https:// doi. org/ 10. 1523/ JNEUR OSCI. 
1905- 04. 2004

van Zuijen, T. L., Simoens, V. L., Paavilainen, P., Näätänen, R., & 
Tervaniemi, M. (2006). Implicit, intuitive, and explicit knowledge 
of abstract regularities in a sound sequence: An event-related brain 
potential study. Journal of Cognitive Neuroscience, 18(8), 1292–
1303. https:// doi. org/ 10. 1162/ jocn. 2006. 18.8. 1292

Wacongne, C., Labyt, E., Van Wassenhove, V., Bekinschtein, T. A., 
Naccache, L., & Dehaene, S. (2011). Evidence for a hierarchy of 
predictions and prediction errors in human cortex. Proceedings of 
the National Academy of Sciences of the United States of America, 
108(51), 20754–20759. https:// doi. org/ 10. 1073/ pnas. 11178 07108

Wickham, H. (2016). ggplot2: Elegant graphics for data analy-
sis (2nd ed.). Switzerland: Springer. https:// doi. org/ 10. 1007/ 
978-3- 319- 24277-4

Wickham, H., & Henry, L. (2020). tidyr: Tidy messy data (Version 1.3.0) 
[Computer software]. https:// cran.r- proje ct. org/ packa ge= tidyr

Wickham, H., Averick, M., Bryan, J., Chang, W., McGowan, L. D., Fran-
çois, R., Grolemund, G., Hayes, A., Henry, L., Hester, J., Kuhn, 
M., Pedersen, T. L., Miller, E., Bache, S. M., Müller, K., Ooms, 

https://doi.org/10.1016/j.cogpsych.2007.11.001
https://doi.org/10.1016/j.cogpsych.2007.11.001
https://cran.r-project.org/package=BayesFactor
https://doi.org/10.1111/psyp.12190
https://doi.org/10.1111/j.1469-8986.2005.00355.x
https://doi.org/10.1111/j.1469-8986.2005.00355.x
https://doi.org/10.1016/j.biopsycho.2004.03.018
https://doi.org/10.1016/j.ijpsycho.2013.03.015
https://doi.org/10.1097/00001756-200304150-00011
https://doi.org/10.1097/00001756-200304150-00011
https://doi.org/10.1027/1618-3169/a000009
https://doi.org/10.1027/1618-3169/a000009
https://doi.org/10.1016/j.cognition.2011.02.001
https://doi.org/10.1016/S0926-6410(03)00136-8
https://doi.org/10.1016/S0926-6410(03)00136-8
https://doi.org/10.1007/s00221-018-5237-z
https://doi.org/10.1007/s00221-018-5237-z
https://doi.org/10.3758/PBR.16.2.225
https://doi.org/10.3758/PBR.16.2.225
https://doi.org/10.1016/j.jmp.2012.08.001
https://doi.org/10.1016/j.jmp.2012.08.001
https://doi.org/10.1097/00001756-199212000-00030
https://doi.org/10.1097/00001756-199212000-00030
https://doi.org/10.1111/j.1469-8986.1984.tb00223.x
https://doi.org/10.1111/j.1469-8986.1984.tb00223.x
https://doi.org/10.1007/s10548-013-0334-6
https://doi.org/10.1007/s10548-013-0334-6
https://doi.org/10.1371/journal.pone.0001131
https://doi.org/10.1016/j.ijpsycho.2011.11.003
https://doi.org/10.1080/00031305.1980.10483031
https://doi.org/10.1080/00031305.1980.10483031
https://cran.r-project.org/package=afex
https://doi.org/10.1016/S0926-6410(01)00067-2
https://doi.org/10.1016/S0926-6410(01)00067-2
https://doi.org/10.1111/ejn.12404
https://doi.org/10.1111/j.1469-8986.2011.01208.x
https://doi.org/10.1016/j.neuropsychologia.2010.06.009
https://doi.org/10.1016/j.neuropsychologia.2010.06.009
https://doi.org/10.1016/j.brainres.2009.11.019
https://doi.org/10.1016/j.brainres.2009.11.019
https://doi.org/10.1016/j.neuropsychologia.2011.08.016
https://doi.org/10.1016/j.neuropsychologia.2011.08.016
https://doi.org/10.3389/fnins.2014.00180
https://doi.org/10.1111/psyp.13528
https://doi.org/10.1111/psyp.13528
https://doi.org/10.1523/JNEUROSCI.1905-04.2004
https://doi.org/10.1523/JNEUROSCI.1905-04.2004
https://doi.org/10.1162/jocn.2006.18.8.1292
https://doi.org/10.1073/pnas.1117807108
https://doi.org/10.1007/978-3-319-24277-4
https://doi.org/10.1007/978-3-319-24277-4
https://cran.r-project.org/package=tidyr


2750 Attention, Perception, & Psychophysics (2023) 85:2731–2750

1 3

J., Robinson, D., Seidel, D. P., Spinu, V., …, Yutani, H. (2019). 
Welcome to the tidyverse. Journal of Open Source Software, 4(43), 
1686. https:// doi. org/ 10. 21105/ joss. 01686

Wickham, H., François, R., Henry, L., & Müller, K. (2021). dplyr: A 
grammar of data manipulation (Version 1.1.2) [Computer software]. 
https:// cran.r- proje ct. org/ packa ge= dplyr

Winkler, I. (2007). Interpreting the mismatch negativity. Journal of Psy-
chophysiology, 21(3/4), 147–163. https:// doi. org/ 10. 1027/ 0269- 8803. 
21. 34. 147

Winkler, I., & Czigler, I. (2012). Evidence from auditory and visual 
event-related potential (ERP) studies of deviance detection (MMN 

and vMMN) linking predictive coding theories and perceptual 
object representations. International Journal of Psychophysiol-
ogy, 83(2), 132–143. https:// doi. org/ 10. 1016/j. ijpsy cho. 2011. 10. 
001

Winkler, I., & Schröger, E. (2015). Auditory perceptual objects as gen-
erative models: Setting the stage for communication by sound. 
Brain and Language, 148, 1–22. https:// doi. org/ 10. 1016/j. bandl. 
2015. 05. 003

https://doi.org/10.21105/joss.01686
https://cran.r-project.org/package=dplyr
https://doi.org/10.1027/0269-8803.21.34.147
https://doi.org/10.1027/0269-8803.21.34.147
https://doi.org/10.1016/j.ijpsycho.2011.10.001
https://doi.org/10.1016/j.ijpsycho.2011.10.001
https://doi.org/10.1016/j.bandl.2015.05.003
https://doi.org/10.1016/j.bandl.2015.05.003

	Deviants violating higher-order auditory regularities can become predictive and facilitate behaviour
	Abstract
	Introduction
	Experiment 1
	Materials and methods
	Participants
	Procedure and data acquisition
	Stimuli and design
	Data pre-processing and statistical analysis


	Results
	Accuracy

	Discussion of Experiment 1
	Experiment 2
	Methods
	Participants
	Stimulation
	Data pre-processing and statistical analysis


	Results
	Accuracy
	Response times (RT)
	Control task
	The effect of rule knowledge


	Discussion
	Hypothesis 1: Correct target detection in two successive deviants
	Hypothesis 2: False alarms in response to standards following a single deviant
	Hypothesis 3: Response times in deviant repetition

	Towards a more integrative perspective on oddballs
	Acknowledgements 
	References


