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A B S T R A C T   

Perceptual categorization is an important cognitive function. In the auditory domain, categorization already 
occurs within the first 200 ms of information processing, as indexed by the mismatch negativity. Here, we 
assessed the characteristics of the visual mismatch negativity (vMMN) elicited during the categorization of 
previously unknown visual stimuli. To examine this, we used five-dot patterns with characteristics that allow for 
the formation of categories through rotation and reflection but not through other physical properties. To assess 
whether or not between-category and within-category vMMN differ in amplitude, the data was analyzed with the 
Bayesian approach. We observed that both between-category and within-category deviants elicited a vMMN, but 
that both vMMNs were comparable in magnitude. This finding suggests that abstract categorical representations 
are not always automatically processed at early visual stages and demonstrates limitations of generalization from 
the auditory domain to visual domain.   

1. Introduction 

Categorization is the ability to sort any one element into subsets 
(categories) based on either a prototype or a rule-based system that can 
be either known or inferred (Sowa, 2005). Concerning human percep-
tion, categorization refers to assigning sensory input to distinct groups 
based on cognitive and behavioral relevance. Typically, dividing stimuli 
into often arbitrary groups is taken as synonymous with the semantic 
relationship between objects within a category (Freedman & Assad, 
2016). The categorization of auditory stimuli into relevant groups (e.g., 
stream of auditory input into syllables) is already observable 100–250 
ms after stimulus onset in the activation of brain areas above the audi-
tory cortex (for instance, Kujala, Tervaniemi, & Schröger, 2007). This 
early categorization is reflected in the mismatch negativity (MMN): an 
event-related brain potential (ERP) examined in the human electroen-
cephalogram (EEG). 

Conventionally, the MMN is elicited in oddball-like paradigms with 
two types of stimuli: a frequently presented auditory stimulus, the 
standard, and a deviation from this frequent stimulus, the deviant. The 

standard builds up an internal representation in the auditory system. 
Whenever a sound does not match this internal representation, the 
MMN, defined as the amplitude difference between deviant and stan-
dard, is elicited between 100 and 250 ms after stimulus onset (Kujala 
et al., 2007). Over the last years, it was demonstrated that the MMN can 
reflect more than changes in physical features between standard and 
deviant. For instance, the MMN is elicited by a violation of an expec-
tation in a complex auditory environment (for a review, see Näätänen, 
Paavilainen, Rinne, & Alho, 2007). Several studies suggest that the 
system underlying the MMN categorizes a continuous auditory input at 
an abstract level (for a review, see Näätänen, Tervaniemi, Sussman, 
Paavilainen, & Winkler, 2001). Examples for this capacity include the 
processing of timbre (Christmann, Lachmann, & Berti, 2014) and har-
monic categories (Koelsch, Gunter, Schröger, & Friederici, 2003), as 
well as linguistic categories such as speech-non-speech discrimination 
(Christmann, Berti, Steinbrink, & Lachmann, 2014), prosody (Kujala, 
Lepistö, Nieminen-von Wendt, Näätänen, & Näätänen, 2005), semantics 
(Pulvermüller & Shtyrov, 2006), and even statistical learning (Tsogli, 
Jentschke, Daikoku, & Koelsch, 2019). As the detection of irregularities 
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does not depend on participants’ awareness of the change, it is assumed 
that the auditory MMN reflects automatic and pre-attentive processing 
of information (Van Zuijen, Sussman, Winkler, Näätänen, & Tervaniemi, 
2005). 

1.1. Processing of visual categorical information 

Similar to auditory categorization, visual categorization seems to 
occur both effortlessly and near instantaneously for well-learned cate-
gories (e.g., animal vs. non-animals; Fabre-Thorpe, 2011). Several 
studies have indicated that ERPs related to the categorization of visual 
objects are observed at parietal and occipital recording sites between 
150–200 ms after stimulus onset (Curran, Tanaka, & Weiskopf, 2002). In 
contrast, automatic acquisition of novel visual categorical information, 
which is required to form a new representation in working memory, is 
evident in relatively late ERP components around 350–600 ms after 
stimulus presentation (see Berti, Geissler, Lachmann, & Mecklinger, 
2000; Berti & Roeber, 2013). Hence, in the present study we assessed 
whether or not the acquisition of new categorical information in the 
visual domain over the short-term is evident in early ERP responses in 
sensory (pre-) processing similar to those in the auditory domain. In 
other words, we investigated whether the visual system exhibits such an 
early categorization as observed in the auditory system by the MMN. 

The overwhelming evidence and theoretical reflections on the MMN 
are based on auditory processing (Kujala et al., 2007). Nevertheless, in 
recent years, the concept of the MMN and the interpretation of its 
functional significance have been generalized across domains (olfactory: 
e.g., Krauel, Schott, Sojka, Pause, & Ferstl, 1999; tactile: e.g., Kekoni 
et al., 1997; nociceptive: Hu, Zhao, Li, & Valentini, 2013). Similarly, 
numerous studies have investigated the MMN in the visual domain 
(vMMN; e.g., Berti, 2011; Berti & Schröger, 2001; Czigler, 2007; 
Pazo-Alvarez, Cadaveira, & Amenedo, 2003; Tales, Newton, Troscianko, 
& Butler, 1999). The peak of the vMMN is observable around 200 ms 
after stimulus onset at parieto-occipital recording sites (Pazo-Alvarez 
et al., 2003; as reviewed by Czigler, 2007). It is commonly associated 
with the detection of changes in the basic features of visual input. 
However, the underlying processes involved in the vMMN generation 
are also assumed to be capable of deriving complex rules about regu-
larities in visual features (Kimura, Schröger, & Czigler, 2011; Stefanics, 
Kremlácek, & Czigler, 2014; Winkler & Czigler, 2012). It has been 
argued that the vMMN (like its auditory counterpart) reflects automatic 
processing of changes in visual stimulation (Pazo-Alvarez et al., 2003), 
an assumption that has received empirical support in recent studies 
(Berti, 2011; Czigler, Weisz, & Winkler, 2007; Flynn, Liasis, Gardner, & 
Towell, 2016; Jack, Widmann, O’Shea, Schröger, & Roeber, 2017; 
Kogai, Aoyama, Amano, & Takeda, 2011). To date, it still remains 
debatable whether the vMMN reflects both automatic processing and the 
categorization of more complex information derived from visual 
features. 

A generalization from the auditory domain to other sensory domains 
includes the implicit assumption that all sensory processes share 
fundamental characteristics. As sensory systems are optimized for pro-
cessing different sensory properties, the inference of universal MMN 
functions could be challenged. For instance, light and sound sources are 
transduced differentially and consequently the sensory mechanisms are 
different. While the auditory system is specialized for processing over 
time, the visual system is specialized for spatial processing (compare 
Berti, 2018). In the most general sense, all modalities are adapted to 
process stimuli according to the needs of the respective system. It is, 
therefore, a reasonable question whether categorization is similar or 
differs between modalities. 

So far, there is no systematic research on whether a generalization 
across sensory domains is valid. Empirical evidence for the influence of 
categorical information on the vMMN has been reported for nameable 
categories such as facial emotions (Astikainen & Hietanen, 2009; Ste-
fanics, Csukly, Komlósi, Czobor, & Czigler, 2012; Yu, Li, Mo, & Mo, 

2017), lexical categories (Wei, Dowens, & Guo, 2018 for Chinese 
single-character word recognition; Wang, Liu, Wu, & Wang, 2013, for 
lexical tone phonology; Yu, Mo, Zeng, Zhao, & Mo, 2017, for novel 
shapes with lexical category labels), symmetry (Kecskés-Kovács, Suly-
kos, & Czigler, 2013) and color. For the latter, Clifford, Holmes, Davies, 
and Franklin (2010) used two different shades of blue colored squares 
and one green colored square as stimuli. One of the blue colored squares 
was presented as standard, the other blue colored square represented a 
within-category deviant, and the green colored square was used as a 
between-category deviant. When the deviant and standard belonged to 
different color categories, they elicited a larger vMMN in the time 
window of 100–250 ms compared to when the deviant and standard 
belonged to the same color category (Clifford et al., 2010). However, in 
this study two dimensions are potentially confounded: the physical 
dimension (i.e., the continuous physical property of wavelength of the 
reflected light), and the abstract semantic dimension (i.e., categories 
based on arbitrary linguistic boundaries associated with specific phys-
ical properties, for instance blue corresponding to 450 nm; Athanaso-
poulos, Dering, Wiggett, Kuipers, & Thierry, 2010). To eliminate this 
potential confound, the physical characteristics of the stimuli should be 
kept as constant as possible. For example, Kecskés-Kovács et al. (2013) 
presented patterns consisting of seven black and nine grey squares in 
two 4 × 4 matrixes (i.e., the stimuli had the same physical character-
istics). Kecskés-Kovács et al. (2013) hypothesized that vertical mirror 
symmetry serves as a perceptual category. Therefore, a vMMN was ex-
pected to be elicited by a random, asymmetrical stimulus (deviant) 
presented in a sequence of symmetrical stimuli (i.e., several control 
stimuli serving together as an equiprobable standard) but not vice versa 
(no vMMN for a symmetrical deviant in a sequence of asymmetrical 
control stimuli). As predicted, when the deviant was asymmetrical, two 
negative deflections were observed (between 112–120 ms and 284–292 
ms). These were both identified as vMMNs by the authors and no vMMN 
was observed when a symmetrical deviant was presented in a sequence 
of asymmetrical control stimuli (see Kecskés-Kovács et al., 2013). 
Hence, only symmetry, and not the lack thereof, formed an internal 
representation and can be classified as a category. This supports the idea 
that an abstract visual category can elicit a vMMN. Accordingly, in the 
present study we relied on physically identical stimuli belonging to 
complex visual categories in order to compare categorization within and 
between abstract categories. Using these stimuli, we tested whether 
perceptual processing is affected by the categorical information inherent 
to the visual stimuli. We applied a Bayesian approach to derive a test 
statistic informed by prior independent evidence (Quintana & Williams, 
2018) for evaluating the likelihood for both differences and similarities 
between conditions. 

2. The present study 

In the present study, we used a set of visual patterns consisting of five 
dots each (see Fig. 1). These were arranged in an imaginary 3 × 3 
squared grid with no empty rows or columns (as first used by Garner & 
Clement, 1963). These stimuli offer two major advantages for applica-
tion in ERP studies. First, the physical energy of each pattern delivered 
to the sensory system is the same, since each pattern consists of five dots. 
Second, they comprise different categorical information as there are a 
total of 90 possible patterns belonging to 17 distinct subsets. These 
subsets were defined as transformational categories: each subset consists 
of patterns that can be transformed into each other by reflection and/or 
rotation and thus can be considered as categorically equivalent (equiv-
alence set; ES; see Garner & Clement, 1963). The 17 subsets differ in 
size, containing either 1, 4, or 8 categorically equivalent patterns 
(equivalence set size, ESS; see examples in Fig. 1). It was shown that all 
patterns of an ES share a common mental representation (Lachmann & 
Geissler, 2002; Lachmann & van Leeuwen, 2010). Since a smaller ES 
contains less information and thus a higher degree of redundancy (i.e., 
match of characteristics with the categorical representation), on 
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average, higher Goodness (i.e., easier to remember, “good” patterns 
have few alternatives; Lachmann & van Leeuwen, 2010) ratings are 
observed for smaller ESS patterns (Garner & Clement, 1963; Lachmann 
& Geissler, 2002). Moreover, several studies demonstrated that cate-
gorical information is encoded from these patterns even when the 
experimental task did not require this information for task performance 
(e.g., Berti & Roeber, 2013; Lachmann & Geissler, 2002, 2005a, 2005b), 
suggesting that the formation of these categories (i.e., ES) is an auto-
matic and reliable process. 

The inherent characteristics of the stimulus material (i.e., equivalent 
patterns can be transformed into each other by reflection and/or rota-
tion) are supposed to form the basis of categorization of each pattern in 
terms of the entire ES the pattern belongs to. However, humans tend to 
attribute meaning to otherwise meaningless patterns. This could also be 
the case for some of the dot patterns used here, resulting in abstract 
categories other than the ones defined by the ES structure. If meaning is 
indeed attributed to the dot patterns, the task may be solved effectively 
without ES based categorization. Lachmann (1998) asked participants to 
rate and to specify possible meaning for 17 patterns (i.e., one prototype 
for each ES). He found that only some patterns are consistently associ-
ated with a meaning (e.g., associations with letters and the “five of dice” 
pattern received the highest ratings). Nevertheless, a model assuming a 
mental pattern representation based on ES categorization (Lachmann & 
Geissler, 2002) was the best predictor for recognition performance; 
representational equivalence of rotated and/or reflected objects can 
hardly be ignored by humans (Lachmann & van Leeuwen, 2007, 2010; 
Pornstein & Krinsky, 1985). Hence, we use the ES structure of these dot 
patterns as compelling categorical information to examine a possible 
influence on the vMMN. For the purpose of this study, we use two out of 
17 possible subsets; a smaller subset of ESS = 4 with four equivalent 
patterns as categorical elements, and a larger subset of ESS = 8 with 
eight equivalent patterns as categorical elements. 

As described above, the visual stimuli used here control for one 
relevant non-cognitive influence on the ERPs, the variation of 
complexity and saliency of the physical stimulus. To avoid another po-
tential misattribution, we used an equiprobable control condition 
(Schröger & Wolff, 1996; as used in Kecskés Kovács et al. (2013)). In the 
traditional oddball paradigm, the standard stimulus is presented more 
frequently than the deviant stimulus and this difference in frequency 
affects the amplitude of ERP components (Kujala et al., 2007). In the 
equiprobable control condition, all stimuli are presented at an equal 

probability and thus effects due to frequency are controlled for. Hence, 
the vMMN difference wave is based on this equiprobable control con-
dition, preserving the same physical characteristics as in the oddball 
condition but controlling for differences in the frequency of the 
presentation. 

In addition, we used the three-stimulus oddball paradigm, as first 
used by Courchesne, Hillyard, and Galambos (1975), which is a varia-
tion of the classical oddball paradigm (see, for instance, Polich, 2007; 
Katayama & Polich, 1996; Rugg et al., 1993). Another rare stimulus, 
serving as a target, is introduced into the sequence of standard and 
deviant stimuli with the same probability as the deviant (e.g., standard 
stimulus p = .75, deviant stimulus p = .125, and target stimulus p =
.125). This paradigm allows one to control for target effects (i.e., dif-
ferences between the two relevant stimulus types, ‘standard’ and 
‘deviant’, cannot be attributed to differences in the required cognitive 
processing connected with these targets, because neither standards nor 
deviants require any response). Hence, potential effects of further 
attentive processing steps are limited. In addition, all visual stimuli are 
presented in the same location on the screen, which keeps allocation of 
spatial attention constant for all three stimulus types. Therefore, dif-
ferences between the stimulus types cannot be attributed to differences 
in the allocation of attention to the visual stimuli. However, it has been 
demonstrated that the vMMN is not modulated by attentional allocation 
(see, for instance, Berti, 2011; Czigler et al., 2007) and, therefore, effects 
in an early time-window (between 100 and 240 ms) likely indicate 
differences in perceptual processing of the visual input. 

To address whether automatic encoding of the stimulus category can 
affect processing of early sensory processing steps, we will refer to the 
difference of the ERPs elicited by an ESS 4 deviant and ESS 8 equi-
probable stimuli as between-category vMMN. Likewise, we will refer to 
the difference of the ERPs elicited by an ESS 8 deviant and ESS 8 equi-
probable control stimuli as within-category vMMN (see Fig. 2). 

Our main research question is whether categorical information af-
fects the processes underlying vMMN generation (i.e., early perceptual 
processing of visual information). We address this question by investi-
gating the vMMN and its potential categorical influences in two ana-
lyses: First, we test whether a vMMN is observed for between-category as 
well as within-category deviants. If a significant vMMN is obtained in 
both conditions, the second step is to then test whether the magnitude of 
the between-category vMMN and the within-category vMMN differs. 
Following the argumentation of the studies reviewed above (i.e., 

Fig. 1. Stimulus Material. The stimuli consisted of five dots arranged in an imaginary 3 × 3 grid with no empty rows or columns (first used by Garner & Cements 
1963). Each stimulus prototype can be transformed into an equivalent pattern by rotation (90◦) and/or reflection on any axis. An equivalent set size (ESS) of 4 is 
formed by a stimulus prototype that can be transformed into four equivalent patterns. An ESS of 8 is formed by a stimulus prototype that can be transformed into 
eight equivalent patterns. 
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categorical processing as general feature of the MMN-process), we have 
two predictions regarding the elicitation of the respective vMMNs (1 and 
2) and two predictions regarding the statistical comparison of the ob-
tained vMMNs (3 and 4):  

(1) Between-category deviants elicit a vMMN.  
(2) Within-category deviants elicit a vMMN.  
(3) Between- and within-category vMMNs differ in magnitude.  
(4) Specifically, the within-category vMMN is smaller compared to the 

between-category vMMN. 

3. Methods Experiment 1 

3.1. Participants 

For this experiment, we recorded EEG data from 27 students from the 
University of Kaiserslautern who participated for course credits. We had 
to exclude three participants from the analysis due to low performance 
(error rate higher than 1 SD above group mean). Participants self- 
reported that they were right-handed, had normal or corrected-to- 
normal vision, have or had no diagnosis of psychological or neurolog-
ical disorders, do not regularly consume psychoactive drugs or have not 
recently taken medication affecting the central nervous system. The 

study was conducted in accordance with the Declaration of Helsinki 
(World Medical Association, 2013) and approved by the ethical review 
board of the Faculty of Social Science of the University of Kaiserslautern. 
Every participant provided written informed consent in either German 
or English. Each participant generated an encrypted code word to ensure 
anonymity. In this experiment, EEG data from 24 students were 
analyzed (10 women; mean age: 25.8 years, SD = 2.3 years; English as 
instruction language: 11 participants). 

3.2. Material 

We presented patterns of two different ES (see Fig. 2, Garner & 
Clement, 1963) according to the conditions. Each set contains patterns 
which can be transformed into each other by operations of rotation (90◦) 
and/or reflection on any axis (“Rotation & Reflection sets”, cf. Garner & 
Clement, 1963). The ES were chosen based on perceived perceptual 
complexity with the aim to keep them as comparable as possible (for 
ratings see Garner & Clement, 1963, as well as Lachmann & Geissler, 
2002). The ESS 4 pattern employed here was rated with Goodness scores 
of 3.66 in Garner and Clement (1963) and 3.92 in Lachmann and 
Geissler (2002) on a nine-point scale from very complex = 9 to very 
simple = 1. The ESS 8 pattern employed here was rated with a 4.37 and 
4.71, respectively. These specific patterns received very low ratings for 

Fig. 2. Experimental Procedure. In Block 1 and Block 2, a three-stimulus oddball was employed with a repeated (standard) stimulus (p = .75), a deviant stimulus (p =
.125), and a target stimulus (p = .125). The last block was a Control Block in which seven control stimuli, including those which were previously presented as standard 
and deviant stimuli from Block 1, were presented with an equal probability as the target pattern (p = .125). 
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meaning (Lachmann, 1998). In a number of experimental studies using 
these dot patterns, it was found that the ESS predicted (1) Goodness 
ratings for the individual patterns (Garner & Clement, 1963; Lachmann 
& Geissler, 2002), (2) reaction times (RTs) in speeded classification and 
recognition tasks (e.g., Carmo et al., 2017; Checkosky & Whitlock, 1973; 
Clement & Varnadoe, 1967; Hermens, Lachmann, & van Leeuwen, 2015; 
Lachmann & van Leeuwen, 2005a, 2005b, 2010), and (3) ERP ampli-
tudes (e.g., the P3b: Berti et al., 2000; Berti & Roeber, 2013; Takahashi, 
Yasunaga, & Gyoba, 2019). 

3.3. Procedure 

Fig. 2 summarizes the stimulus material applied in this experiment. 
In all experimental blocks, participants were instructed to count how 
many times they saw a prespecified target. In Block 1, we presented a 
three-stimulus oddball design. Thus, three patterns were displayed: one 
ESS 8 pattern served as a standard (75 % of all trials), another ESS 8 
pattern as deviant (12.5 % of all trials), and one ESS 4 pattern as the 
target (12.5 % of all trials). In Block 2, another ESS 8 pattern served as a 
target and the ESS 4 as a deviant. We did not change the ESS 8 standard 
in comparison to the first condition. Finally, we included a Control Block 
with an equiprobable condition. In this condition, we presented seven 
different ESS 8 control stimuli (7 × 12.5 %), thus matching the fre-
quency of deviant and target stimuli for each stimulus presented. The 
target was again the ESS 4 pattern (12.5 %). As the neuronal response to 
a frequent stimulus is smaller compared to the neuronal response to a 
rare stimulus, differences in frequency of presentation may also affect 
the outcome of difference waves. In more detail, because the neurons 
processing the frequent stimulus are firing more frequently, the 
"exhausted" neuronal response is subtracted from the "fresh" neuronal 
response elicited by the rare stimulus. The resulting overestimated dif-
ference between the two conditions is the so-called refractoriness effect 
(see Schröger & Wolff, 1996). In other words, amplitude differences 
between standard and deviant ERPs do – at least to some degree – also 
reflect the different refractoriness of the related neuronal populations. 
Thus, in the Control Block all patterns were presented with the same 
probability. 

Participants viewed a total of 400 trials per block, with a short break 
after 200 trials. The order of blocks was fixed: all participants started 
with Block 1, continued with Block 2, and finished with the Control Block. 
The sequence of trials within the blocks were randomized for each 
participant with the following two constraints: The first two blocks 
started with at least five standard trials and at least two standards were 
presented between two consecutive rare events, whereas the last block 
started with at least five control trials and at least two control stimuli 
were presented between two consecutive other events. Each pattern was 
constructed in an imaginary 50 × 47 mm frame. These patterns were 
presented sequentially at the center of the screen for 200 ms. A fixation 
cross was displayed between stimuli presentation for 300 ms, thus 
resulting in a total trial duration of 500 ms. Stimuli and the fixation cross 
were presented in black (luminance = 0.417 cd/m2) on a white back-
ground (luminance = 161.1 cd/m2). Participants were instructed to 
focus on the fixation cross to prevent eye-movements. Prior to the 
beginning of each block, participants were instructed to count how often 
the assigned target pattern occurred. In the instruction, we presented 
only the target patterns to the participants; the non-target patterns were 
not presented before the experimental trials. The counting task was 
introduced to ensure that participants attended the visual stimuli. Par-
ticipants reported their results orally in each break and their answers 
were recorded by the experimenter. 

3.4. EEG recording 

For the EEG recordings, we used 27 Ag/AgCl cap-mounted electrodes 
(EasyCap GmbH; Gilching, Germany) positioned on an extended 10–20 
system (plus two electrodes placed at the mastoids). The EEG was 

recorded with the BrainVision EEG-System (BrainProducts GmbH; 
Gilching, Germany). All electrodes were recorded with impedances 
lower than 10 KΩ. Additionally, we used four electrodes (above, below, 
right, and left of the eyes) to record eye-movements. The ground elec-
trode was placed at the forehead (AFz) and the reference electrode was 
placed at position FCz. The EEG signal was digitized with a sampling 
rate of 500 Hz. Stimuli were shown on a 14” VGA color monitor com-
puter (1366 by 768 pixel), synchronized with the monitor refresh rate of 
60 Hz. Participants perceived stimuli foveally (visual angel = 0.72◦). 
Participants were seated 40 cm in front of the monitor without a chin 
rest. Stimulus presentation was controlled with Presentation Software 
(Version 18.0, Neurobehavioral Systems, Inc., Berkeley, CA, www.ne 
urobs.com). The study took place in a dimly lit room. 

3.5. Data processing 

The EEG was re-referenced offline to the averaged mastoids (M1/ 
M2) using Brain Vision Analyzer 2.1 (Brain Products GmbH, Gilching, 
Germany). All epochs with eye-movements (on average 15.3 % of trials 
per participant) were excluded from further analyses. Eye-movements 
were assessed manually by the frontal distribution and their unique 
change in amplitude. A band-pass filter was applied (1 Hz–30 Hz; each 
with 24 dB/oct; Butterworth). For the three relevant stimulus types 
(equiprobable control, ESS 4 rare deviant, and ESS 8 rare deviant), EEG 
segments were based on a time window of 100 ms before and 400 ms 
after stimulus onset. Control stimuli directly following the ESS8 serving 
as the deviant in Block 1 and as the target in Block 2 or control stimuli 
directly following target trials were excluded from further analysis. 
Further artifacts (introduced, for instance, by muscle activity or body 
movements) were deleted automatically when a voltage step of 50 μV/ 
ms was detected, when a voltage difference of 100 μV occurred in any 
200 ms interval, or when a low amplitude of 0.5 μV occurred in a 100 ms 
interval. On average, 0.3 % of all trials were rejected due to artifacts. A 
baseline correction was applied to the segmented signal, using the time 
window of 100 ms before the stimulus onset. On average, 191 (range: 
106–227) control, 36 (range 18–51) ESS 4 deviant, and 42 (range 
26–50) ESS 8 deviant trials entered statistical analyses. 

To report the results of the vMMN, we created difference waves by 
subtracting the ERPs elicited by control stimuli from those elicited by 
each deviant. A control stimulus is defined as a pattern being presented 
with the same frequency as all other patterns in this block. By contrast, a 
deviant stimulus is defined as a pattern deviating from a sequence of 
more frequently presented pattern. Thus, we compare across blocks to 
ensure that both demands regarding frequency are fulfilled. By using the 
equiprobable control stimuli for this comparison, we could control for 
frequency of presentation. This means that the differences in ERPs are 
not attributable to the lower frequency of presentation in one condition. 
To obtain the within-category vMMN, we subtracted the ERPs elicited by 
ESS 8 control stimuli from the ERPs elicited by the ESS 8 deviant (see 
Fig. 2). Since both, the deviant and the control stimuli belong to the 
same ESS, we call this within-category vMMN. To obtain the between- 
category vMMN, we subtracted the ERPs elicited by ESS 8 control stimuli 
from the ERPs elicited by the ESS 4 deviant. This vMMN is called be-
tween-category vMMN, since we are comparing between two ESS, more 
specifically a deviant from ESS 4 and control stimuli from ESS 8. Note 
that these comparisons involve stimuli of different blocks for creating 
the vMMN difference waves. 

For these two difference waves, we calculated the mean amplitude in 
the time window of 160–240 ms with the following criteria: First, we 
identified the individual negative peak in this time window and, second, 
we computed the mean amplitude within a 40 ms window centered 
around the peak. The selection of both time window and electrode site is 
in accordance with the literature. As reviewed by Czigler (2007), the 
MMN is defined as a negative peak observable around 200 ms after 
stimulus onset. In a number of earlier studies (Berti & Schröger, 2001, 
2004, 2006), the highest amplitude for the vMMN was elicited at 
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electrode site P8 (see, for instance, Figure 5 in Berti & Schröger, 2001). 
Therefore, the analysis was performed at electrode site P8 (see Fig. 3c). 
Diagrams shown in the following passages are figures from Brain Vision 
Analyzer edited with CorelDraw X7 (Corel GmbH, München, Germany). 

3.6. Statistical analysis 

In this study, we assess whether or not between- and within-category 
deviants elicit a vMMN, and if so, whether the two potentially differ in 
size. Inherent in this endeavor is the possibility to find no differences 
between conditions. Hence, we choose the Bayesian approach in 
analyzing the data, as “the traditional p-value approach is only con-
cerned with disproving the null hypothesis, there is no way to assess if 
the data favors the null hypothesis compared to the alternative hy-
pothesis. Even a ‘large’ non-significant p-value does not provide evi-
dence for the null hypothesis” (Quintana & Williams, 2018, page 1). 
Therefore, the Bayesian framework allows us to quantify how much 
more likely the data is under the null hypothesis compared to the 
alternative hypothesis, given a prior probability. Combining the prior 
probability with the observed data forms the posterior distribution. 

The results were analyzed with two Bayesian one-sample t-tests 
against zero (to test predictions 1 and 2: Do we observe reliable within- 

and between-category vMMNs?), one Bayesian two-sided paired sample t- 
test (to test prediction 3: Do both vMMNs differ in magnitude?) and one 
Bayesian one-sided paired sample t-test (to test prediction 4: Is the be-
tween-category vMMN larger than the within-category vMMN?). We used 
JASP (Version 0.9.1.0), which implements methods described by 
Rouder, Speckman, Sun, Morey, and Iverson (2009). For the two 
Bayesian one-sample t-tests, we used an informed normal-distributed 
prior. As we wanted to test our data against a specific value (i.e. 0), 
the mean of the prior effect size distribution was 0. Assuming that the 
variances of our samples do not systematically vary, we used Cohen’s 
d from the literature (Berti, 2018) to predict a prior standard derivation 
of the effect in a δ distribution size. The calculated standard derivation 
(SD) was 0.2184. Under the same assumption, we calculated the prior 
distribution for the paired sample t-tests. For this second prior normal 
distribution, we used partial eta-squared (η2

p) from the studies by 
Athanasopoulos et al. (2010), Clifford et al. (2010), and Kecskés-Kovács 
et al. (2013) to calculate the mean (0.896) and SD (0.9255) of the dis-
tribution. Cohen’s f 2 can be derived by dividing η2 by 1- η2 and Cohen’s 
d can be calculated for multivariate comparisons with a minimum 
variability by multiplying Cohen’s f 2 with the squared-root of two times 
the number of means (k; Cohen, 2008). We will report the Bayes Factor 
(B) for support of the alternative hypothesis (B10/B+0) or the null 

Fig. 3. Results of Experiment 1. (a) Grand average ERPs (N = 24) at one representative electrode (P8) for the ESS 8 deviant, the ESS 4 deviant, and the control 
stimuli. The grey area indicates the interval of 160 – 240 ms after stimulus onset, in which the peak detection analysis was performed. (b) Differences waves at one 
representative electrode (P8) for between- and the within-category vMMN. Between-category vMMN was calculated by subtracting the ERPs of the controls from the ERPs 
of the ESS 4 deviant. The within-category vMMN was calculated by subtracting the ERPs of the controls from the ERPs of the ESS 8 deviant. The grey area indicates the 
interval of 160 – 240 ms after stimulus onset, in which the peak detection analysis was performed. (c) Topographical maps of between-category and within-category 
vMMN in the time window of 160 – 240 ms. Electrode sites are marked with circles and the filled circle indicate the P8 electrode used for analysis. 
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hypothesis (B01/B0+). A B value between 3 and 10 indicates a substantial 
evidence, between 10 and 100 indicates strong support (Kass & Raftery, 
1995). Additionally, we report the Bayesian 95 % credibility interval 
(Bayesian 95 % CI; Wagenmakers, Lodewyckx, Kuriyal, & Grasman, 
2010). 

4. Results Experiment 1 

4.1. Task performance 

Participants’ performance in the target counting task was highly 
accurate, with an average accuracy of 0.941 (SE = 0.027; Bayesian 95 % 
CI [0.884, 0.997]) in Block 1, 0.965 (SE = 0.011; Bayesian 95 % CI 
[0.942, 0.987]) in Block 2, and 0.98 (SE = 0.004; Bayesian 95 % CI 
[0.971, 0.989]) in the Control Block. 

4.2. Event-related potential data 

In the ERPs, we observed differences in the mean amplitude between 
the ESS 4 rare deviant, ESS 8 rare deviant, and ESS 8 equiprobable 
control stimuli. As illustrated in Fig. 3a, both the ESS 4 rare deviant and 
the ESS 8 rare deviant elicited a more negative deflection in the vMMN 
time window (40 ms, centered around individual peak latencies iden-
tified between 160–240 ms) compared to ESS 8 controls. Both types of 
deviants elicited more negative ERPs (ESS 4 rare deviant: − 2.16 μV, SE=
0.32 μV and ESS 8 rare deviant: − 2.87 μV, SE = 0.36 μV) than ESS 8 
control stimuli (− 1.35 μV, SE = 0.22 μV). 

To evaluate the vMMN (difference wave; see Fig. 3b and c), we 
assessed whether the between-category vMMN (prediction 1) and the 
within-category vMMN (prediction 2) are different from zero. The support 
for prediction 1 is 60 time more likely than the support for the respective 
null hypothesis (B10 = 60.95; Bayesian 95 % CI [− 0.812, − 0.165]). We 
acquired a between-category vMMN in the time window of 160–240 ms 
with a mean peak amplitude of − 1.18 μV (SE = 0.21 μV) and a mean 
peak latency of 197 ms (SE =6 ms). We also found strong support for 
prediction 2, demonstrating that the within-category vMMN (mean 
amplitude = − 1.68 μV, SE = 0.28 μV; mean latency = 199 ms, SE = 5 
ms) is different from 0 (B10 = 73.749; Bayesian 95 % CI [− 0.825, 
− 0.175]). 

To test for a category-dependent modulation as specified in pre-
dictions 3 and 4, we compared the size of the between-category vMMN 
with the size of the within-category vMMN. Based on the literature, we 
considered a possible difference when comparing the vMMN in both 
conditions. The support for the prediction of a difference between the 
vMMNs (prediction 3) is 2 times more likely than the null hypothesis 
(B10 = 2.072; Bayesian 95 % CI [0.075, 0.895]) and thus does not 
provide sufficient evidence for prediction 3. We also found that the 
within-category vMMN could be smaller than the between-category vMMN 
(prediction 4). The alternative hypothesis is 2 times more likely than the 
null hypothesis (B+0 = 2.46; Bayesian 95 % CI [0.106, 0.896]), 
providing support that between-category and within-category vMMN 
did not differ in the present paradigm. 

5. Discussion Experiment 1 

The results of the first experiment clearly demonstrate the presence 
of both between- and within-category vMMNs (i.e., larger than 0; corre-
sponding to prediction 1 and 2, respectively). However, we did not 
observe a difference between both vMMNs (corresponding to prediction 
3). Hence, the within-category vMMN was not smaller than the between- 
category vMMN (corresponding to prediction 4). These results indicate 
that early perceptual processes, as reflected by the vMMN, do not 
comprise ad hoc visual categorical information, which is in contrast with 
the literature and the evidence obtained in the auditory domain. 

Closer inspection of the existing literature reveals that categorization 
effects are typically based on already acquired categories and these 

effects may not be the same when classifying something such as the 
previously unknown dot patterns used here. Regarding this point, the 
literature on the effect of categorical information in the vMMN is mainly 
based on categories like color (Athanasopoulos et al., 2010; Clifford 
et al., 2010; Thierry, Athanasopoulos, Wiggett, Dering, & Kuipers, 2009) 
and facial emotions (Astikainen & Hietanen, 2009; Stefanics et al., 
2012). Compared to the dot patterns we used, this kind of categorical 
information is part of our everyday life. Thus, these categories are ac-
quired early in life and are well-known to most of our participants. This 
can be also said about the literature of the auditory MMN (e.g., phonetic 
processing: Aulanko, Hari, Lounasmaa, Näätänen, & Sams, 1993). Thus, 
maybe our participants did not clearly perceive the categorical affilia-
tion of the ES, even though behavioral evidence suggests that they 
should (Lachmann & van Leeuwen, 2010), in line with the notion of “To 
perceive is to know” (Garner, 1966). 

Taking full advantage of the Bayesian logic requires that a prior, 
against which the empirical values are tested, is derived from a study 
closely resembling the evidence to be evaluated (Gronau, Ly, & 
Wagenmakers, 2019). By replicating our results, we can derive priors 
from the same experiment rather than relying on other studies with 
similar, but not identical topics. To additionally eliminate a potential 
confound, we changed the order of the blocks, such that the Control 
Block appears before Block 1 and Block 2. Giving participants the chance 
to see all ESS 8 patterns beforehand may increase the likelihood that the 
ESS 4 pattern represents a deviation relative to the other patterns. 

6. Methods Experiment 2 

6.1. Participants 

For the second experiment, we recorded the EEG data of 28 students 
from the University of Kaiserslautern. In order to preclude carry-over 
effects, participants in Experiment 2 were naïve to the content of 
Experiment 1 and recruited independently (i.e., no participants of 
Experiment 2 had already participated in Experiment 1). In Experiment 
2, students participated for course credit or monetary compensation. We 
had to exclude four participants from the analysis due to low perfor-
mance (error rate higher than 1 SD; n = 2), and excessive artifacts (n =
2). Participants self-reported that they were right-handed, had normal or 
corrected-to-normal vision, have or had no diagnosis of psychological or 
neurological disorders, do not regularly consume psychoactive drugs or 
have not recently taken medication affecting the central nervous system. 
The study was conducted in accordance with the Declaration of Helsinki 
(World Medical Association, 2013) and approved by the ethical review 
board of the Faculty of Social Science of the University of Kaiserslautern. 
Every participant provided written informed consent, in either German 
(13 participants) or English (11 participants). Each participant gener-
ated an encrypted code word, to ensure anonymity. In this experiment, 
EEG data from 24 students were analyzed (9 women; mean age: 25.5 
years, SD = 2.4 years). 

6.2. Procedure 

Participants performed the same blocks as in Experiment 1. How-
ever, in Experiment 2, the Control Block was presented first, containing 
seven control patterns with the same frequency (i.e., 12.5 % of trials) as 
the ESS 4 pattern serving as target. In the second block (corresponding to 
Block 1 in Experiment 1), we presented a three-stimulus oddball 
sequence with the ESS 4 pattern as the target, an ESS 8 pattern as the 
deviant, and another ESS 8 pattern as the standard. The last block 
(corresponding to Block 2 in Experiment 1) repeated the stimulus 
properties. The only difference was that the ESS 8 was assigned as the 
target and that the ESS 4 was assigned as deviant in this block. 
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6.3. Data processing and analysis 

EEG acquisition procedures and data analysis were the same as 
described above. On average, 12.1 % of all trials had to be deleted due to 
eye-movements and 0.4 % of all trials were rejected due to artifacts. In 
this analysis, we had on average 201 control trials, 35 ESS 4 deviant 
trials and 40 ESS 8 deviant trials. The prior distribution for the Bayesian 
statistics was derived from the first experiment. The SD for the Bayesian 
one-sample t-test was calculated form the posterior distributions’ me-
dian and the lower CI. Thus, the prior distribution of the two one- 
sampled t-tests are normally distributed around 0 with a SD of 0.165 
for the between-category vMMN and a SD of 0.166 for the within-category 
vMMN (prediction 1 and 2). For the Bayesian paired sample t-tests, we 
used the results of our first experiment as priors, thus testing the results 
against our own previous results. The mean for the Bayesian two-sided 
paired sample t-test (prediction 3) was at 0.485 with a SD of 0.209. 
For the Bayesian one-sided paired sample t-test (prediction 4), we used a 
mean of 0.487 (SD = 0.194). 

7. Results and Discussion Experiment 2 

7.1. Task performance 

Participants’ overall performance in the target counting task was 
highly accurate, with an average accuracy of 0.976 (SE = 0.005; 
Bayesian 95 % CI [0.964, 0.987]) in the Control Block, 0.976 (SE =
0.007; Bayesian 95 % CI [0.961, 0.989]) in Block 1, and 0.828 (SE =
0.023; Bayesian 95 % CI [0.780, 0.875]) in Block 2. 

7.2. Event-related potential data 

In the ERPs, we observed differences in mean amplitude between the 
ESS 4 deviant, the ESS 8 deviant, and the ESS 8 control stimuli. As 
illustrated in Fig. 4a, both the ESS 4 deviant and the ESS 8 deviant eli-
cited a more negative deflection in the vMMN time window (40 ms time 
window, centered around individual peak latencies identified between 
160 and 240 ms) compared to the ESS 8 controls. The ESS 4 rare deviant 
had an average amplitude of − 3.96 μV (SE= 0.69 μV) and the ESS 8 rare 
deviant of − 4.00 μV (SE = 0.65 μV), compared to ESS 8 control stimuli 

Fig. 4. Results of Experiment 2. (a) Grand average ERPs (N = 24) at one representative electrode (P8) for the ESS 8 deviant, the ESS 4 deviant, and the control 
stimuli. The grey area indicates the interval of 160 – 240 ms after stimulus onset, in which the peak detection analysis was performed. (b) Differences waves at one 
representative electrode (P8) for between- and the within-category vMMN. Between-category vMMN was calculated by subtracting the ERPs of the controls from the ERPs 
of the ESS 4 deviant. The within-category vMMN was calculated by subtracting the ERPs of the controls from the ERPs of the ESS 8 deviant. The grey area indicates the 
interval of 160 – 240 ms after stimulus onset, in which the peak detection analysis was performed. (c) Topographical maps of between-category and within-category 
vMMN in the time window of 160 – 240 ms. Electrode sites are marked with circles and the filled circle indicate the P8 electrode used for analysis. 
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with an average amplitude − 3.11 μV (SE = 0.64 μV). 
For the assessment of the vMMN (difference wave; see Fig. 4b), we 

evaluated whether the between-category vMMN (prediction 1) and the 
within-category vMMN (prediction 2) were different from zero. The 
support for prediction 1 is 9 time more likely than the support for the 
respective null hypothesis (B10 = 9.417; Bayesian 95 % CI [− 0.564, 
− 0.034]). We acquired a between-category vMMN in the time window of 
160–240 ms with a mean peak amplitude of − 1.48 μV (SE = 0.33 μV) 
and a mean peak latency of 204 ms (SE =6 ms). We also found support 
for the assumption (prediction 2) that the within-category vMMN (mean 
= − 1.27 μV, SE = 0.24 μV; mean latency =204 ms, SE =6 ms) is different 
from 0 (B10 = 14.639; Bayesian 95 % CI [− 0.598, − 0.060]). 

For our second step of analyses (predictions 3 and 4), we compared 
the size of the between-category vMMN and the within-category vMMN. 
Based on the literature, we considered a possible difference when 
comparing the vMMN in both conditions (prediction 3). The support for 
the null hypothesis of prediction 3 is 11 times more likely than the 
alternative hypothesis (B01 = 11.861; Bayesian 95 % CI [− 0.130, 
0.444]), hence not providing sufficient evidence for prediction 3. More 
specifically, we examined that the within-category vMMN could be 
smaller than the between-category vMMN (prediction 4). The null hy-
pothesis is 15 times more likely than the alternative hypothesis (B0+ =

15.354; Bayesian 95 % CI [0.017, 0.464]), providing support that within- 
category vMMN is not smaller than the between-category vMMN in the 
present experiment 2. 

7.3. Discussion 

In the second experiment, we replicated the results of the first 
experiment with a different block order and a more refined statistical 
prior against which the empirical data were tested. Notably, block order 
did not modulate our effects. The chance to see all ESS 8 patterns from 
the start did not increase the likelihood that the ESS 4 pattern was 
perceived as a deviation relative to the other patterns. Thus, the main 
effect was not significantly influenced by block order and we again did 
not observe the difference between the within-category vMMN and the 
between-category vMMN described in the literature regarding well- 
learned, nameable categories and the findings from the auditory 
domain. Together, these data provide evidence that early and automatic 
processing steps, as reflected by the vMMN, are not affected by cate-
gorical information for previously unknown stimuli. 

8. General Discussion 

Does visual categorical information influence early perceptual pro-
cessing and the associated ERP response as reflected in the vMMN? We 
investigated this question by using visual stimuli that have the same 
physical characteristics while belonging to different categories. Previous 
studies on categorization suggested that perceptual processing steps 
comprise categorical information and can therefore influence the vMMN 
(Athanasopoulos et al., 2010; Clifford et al., 2010; Mo, Xu, Kay, & Tan, 
2011; Thierry et al., 2009). However, theoretical considerations 
regarding the functional significance of the MMN are largely confined to 
the auditory domain (Kujala et al., 2007). The present results contrast 
these considerations and suggest that the underlying MMN mechanism 
processes changes in visual stimuli based on perceptual differences even 
though the physical characteristics are equal. We choose this statistical 
approach to reflect both alternative answers to our research question (i. 
e., “yes” or “no”). 

The first step of analysis (prediction 1 and 2) in our study was con-
cerned with the presence of the between- and within-category vMMN, 
serving as an empirical measure for a general vMMN with the five-dot 
patterns employed here. As we found a pronounced between- and 
within-category vMMN, our data support this hypothesis. Hence, we can 
conclude that early processing steps in the visual domain can represent 
differences that are based on an abstract sensory rule. For our second 

hypothesis, we considered that between- and the within-category vMMN 
might differ (prediction 3). In more detail, the literature suggested that 
the within-category vMMN would be smaller in magnitude compared 
with the between-category vMMN (prediction 4). Such a difference would 
support the assumption that the vMMN also reflects processing of cat-
egorical information. Our results, however, do not support this hy-
pothesis. In contrast, Bayesian statistics supports the null hypothesis. 
Note that in Bayesian statistics, the prior probability distribution is 
critical for a valid estimate of the statistical odds favoring or rejecting 
the null hypothesis. The choice of prior distribution often poses the 
challenge that no evidence is available in the literature that closely 
corresponds to the particular settings of the empirical investigation at 
hand. Therefore, default settings are typically used. For our first 
experiment, we reported the particular values underlying our prior 
distribution based on the literature. Crucially, in the second experiment 
we fully resolved this constraint by deriving new values for the prior 
distribution from our own results of Experiment 1. Replicating our own 
results enabled us to refine the Bayesian test statistic against which an 
independent new data set was tested, increasing both reliability and 
validity of our approach while taking full advantage of the Bayesian 
logic. 

One factor influencing the present results is due to the stimulus 
material (Garner & Clement, 1963) we used. Studies about categorical 
information influencing the vMMN have been reported in facial emo-
tions (Astikainen & Hietanen, 2009; Stefanics et al., 2012; Yu, Li et al., 
2017), in lexical categories (Wei et al., 2018 for Chinese single-character 
word recognition; Wang et al., 2013, for lexical tone phonology; Yu, Mo 
et al., 2017, for novel shapes with lexical category labels), and in sym-
metry (Kecskés-Kovács et al., 2013). These types of categorical infor-
mation are perceived regularly in daily life. Thus, these categorizations 
are learned over a long time period and are well-known to most par-
ticipants. Additionally, some of these categories also resemble physical 
categories, which are potentially already encoded on the sensory level 
(for instance, by specialized retinal cells, see Dacey, 2000) or are 
hardwired in the organization of the visual pathways (i.e., by encoding 
the different sources of the information in the visual field, see Jack, 
Roeber, & O’Shea, 2015; for a related argument see also Berti, 2018). A 
critical feature of the different stimulus sets in this study is that they 
comprise different perceptual categories, but still have the same physical 
complexity. Thus, it is possible that our results differ from the literature 
due to either being less perceptually effective or by being not influenced 
by other cognitive processes. 

Two additional factors that could have contributed to differences 
between our results and the literature concerns the choice of time 
window and the choice of electrode site in which the vMMN was eval-
uated. The time window and the choice of electrode site we chose to run 
the peak detection was strongly theory-based and therefore we looked 
strictly at the peak amplitude around 200 ms at P8. However, Figs. 3 and 
4 suggest that there seems to be a later effect of categorical processing 
outside of the vMMN time window. Therefore, it remains to be estab-
lished whether cognitive processes during this time window can still be 
characterized as pre-attentive. Additionally, the within-category vMMN 
seems to have a more central topographical distribution than the be-
tween-category vMMN. Therefore, it remains to be established whether 
the influence of categorical information is reflected also in the topo-
graphical distribution. Consequently, an analysis focusing on the topo-
graphical distribution instead of the magnitude difference might yield 
different results. 

Originally, theories on the functionality of the MMN were mostly 
based on the auditory MMN (Kujala et al., 2007), which were then often 
generalized across other domains (olfactory: e.g., Krauel et al., 1999; 
tactile: e.g., Kekoni et al., 1997; nociceptive: Hu et al., 2013). This seems 
to be reasonable, as all sensory domains share the fundamental char-
acteristic of processing sensory properties. However, functional differ-
ences between all sensory systems might challenge the generalization of 
the MMN across modalities. Thus, even if the processes underlying the 
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auditory MMN are capable of an early and fast categorization of a 
continuous auditory input at an abstract level (for a review, see 
Näätänen et al., 2001), it is not necessarily generalizable to the visual 
domain and the vMMN. There does not seem to be much empirical ev-
idence whether the generalization across sensory domains is valid. The 
results of our study indicate that the underlying mechanism of the 
vMMN may not be capable of general categorization at this automatic 
perceptual stage. 

We acknowledge a number of limitations of the present investiga-
tion. Firstly, we did not randomize block order, but relied on two ex-
periments with a pre-specified order of blocks. We replicated the results 
of the first experiment using a different block order, giving us evidence 
that the vMMN is elicited by these five-dot patterns and that block order 
did not have a major influence on our results. Note, however, that we 
cannot exclude another order effect in the second experiment for the 
between-category vMMN, as the ESS 4 pattern was attended (i.e., the 
target) in the block before it represented the deviant. According to this 
logic, the amplitude of the between-category vMMN may have been 
influenced by being more salient but not necessarily attended. Secondly, 
while a classic oddball paradigm is used in the majority of the literature, 
we employed a three-stimulus oddball paradigm in the present investi-
gation. This change might have contributed to inconsistent findings in 
the present study compared to previous investigations. Thirdly, taking 
full advantage of Bayesian statistics resulted in a restricted analysis in 
terms of electrode location (using electrode site P8 only). Bayesian 
statistics were employed since we focused our analysis on the specific 
question of whether or not we would observe magnitude differences in 
the vMMNs, allowing for the statistical assessment of the null hypoth-
esis. Based on the topographical distribution of the observed vMMNs, 
activity for the within-category vMMN appears to have a slightly more 
central-parietal distribution compared to the clearly right-parietal focus 
of the between-category vMMN. Because we did not predict this topo-
graphical difference and we did not have any means to account for this 
within the Bayesian logic, it remains to be evaluated in future research 
whether additional cognitive processes or potential differences in the 
timing of stimulus evaluation might account for this phenomenon. 

The present results are in line with other studies applying these five- 
dot patterns: In a series of behavioral studies (Carmo et al., 2017; 
Lachmann & Geissler, 2002; Lachmann & van Leeuwen, 2005a, 2005b, 
2007, 2010), it was shown that ESS of two successively presented pat-
terns predict the time to decide whether or not they belong to the same 
ES category. Importantly, a strong response conflict was evident if the 
task requests a different response for two physically different patterns 
belonging to the same ES (physical comparison; Lachmann & van 
Leeuwen, 2005b). Furthermore, dual-task experiments with two over-
lapping choice reaction tasks (using the dot-pattern comparison as a 
secondary task following a simple independent tone choice reaction 
task) showed that the ESS effect is additive with varied asynchrony 
between the onset of the primary and the secondary tasks (Lachmann & 
van Leeuwen, 2007, 2008). Together, these studies suggest that the 
decision of whether two patterns belong to the same category (i.e., same 
ES) is made relatively late in the time course of information processing 
and that it requires limited central capacity (Pashler, 1994). The same 
effect was found for mental rotation of letters as a secondary task in a 
dual task setting (Ruthruff, Miller, & Lachmann, 1995). 

8.1. Conclusion 

Our data suggest that categorical classification is not reflected in the 
vMMN, indicating that early sensory processing (as indexed by the 
MMN) does not comprise ad hoc perceptual categorization in the visual 
domain. This finding is in contrast to corresponding findings in the 
auditory domain, where sensory processing is affected by abstract rules 
and hence reflects perceptual classification at early processing steps. The 
correspondence between the auditory (MMN) and the visual (vMMN) 
domain is in question as there is not yet sufficient research for the visual 

system. This may imply that ad hoc perceptual categorization in the 
visual domain affects later processing steps rather than the early 
perceptual processing steps under investigation here. It is also possible 
that auditory and visual categories are based on different perceptual 
features and rules, which might not be reflected to an equal extent in the 
two MMN subtypes. Both interpretations, however, suggest that the 
auditory and the visual MMN are not fully functionally equivalent. 
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Koelsch, S., Gunter, T., Schröger, E., & Friederici, A. D. (2003). Processing tonal 
modulations: An ERP study. Journal of Cognitive Neuroscience, 15, 1149–1159. 
https://doi.org/10.1162/089892903322598111 

Kogai, T., Aoyama, A., Amano, K., & Takeda, T. (2011). Visual mismatch response 
evoked by a perceptually indistinguishable oddball. Neuroreport, 22, 535–538. 
https://doi.org/10.1097/WNR.0b013e328348ab76 

Krauel, K., Schott, P., Sojka, B., Pause, B. M., & Ferstl, R. (1999). Is there a mismatch 
negativity analogue in the olfactory event-related potential? Journal of 
Psychophysiology, 13, 49–55. https://doi.org/10.1027//0269-8803.13.1.49 
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