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ABSTRACT 

This dissertation consists of a review of the N2 component of the ERP and five 

experiments investigating the role of complex visual object categorization in modulating 

the N2 and two other ERP components: the P300, and a late prefrontal positivity.  In the 

review, we focus on paradigms that elicit N2 components with an anterior scalp 

distribution, namely cognitive control, novelty, and sequential matching, arguing that the 

anterior N2 should be divided into separate control- and mismatch-related 

subcomponents.  The experiments manipulated categorical typicality and the presence of 

conflicting information as participants categorized multi-featured artificial animals.  In 

Experiments 1 and 2, rule-irrelevant features were correlated with particular categories 

during training.  During transfer, participants applied a one- dimensional rule to stimuli 

with category-congruent, category-incongruent, or novel rule-irrelevant features. 

Category-incongruent and novel features delayed RT and P300 latency, but had no effect 

on the N2.  Experiment 3 used a two-dimensional rule to create conflict between rule-

relevant features. Conflict resulted in prolonged RTs, P300 latency, and larger amplitudes 

of a prefrontal positive component, but had no impact on the N2. Novel features did 

enhance the N2 relative to frequent features.  In Experiments 4 and 5, participants 

categorized stimuli using a more complex three dimensional rule. Conflicting stimuli 

shared two features with one prototype and one feature with a second prototype while 

prototypes contained no conflicting information.  A third category contained stimuli with 

either common or novel features. Again, perceptual novelty, but not conflict, increased 

the amplitude of the N2. Compared to prototypes, stimuli with conflicting information 
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slowed reaction times but had no effect on P300 latency, instead enhancing a late 

prefrontal positive component.  These results suggest limitations on the generality of the 

N2’s sensitivity to conflicting information, while confirming its sensitivity to attended 

visual novelty. We suggest that, while P300 latency tracks stimulus evaluation time, 

application of a complex categorization rule requires a later stage of evaluation involving 

prefrontal cortex. In very complex rules, computations indexed by the P3 may be 

terminated early in favor of computations in PFC. 
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CHAPTER1 

 

INTRODUCTION 
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Background and overview of experiments 

 Categorization is arguably a cornerstone of cognition, as the ability to group 

individual entities into a smaller number of more abstract mental entities is what allows 

old learning to be transferred to new objects and activities.   If broadly defined as the 

ability to apply previously acquired categorical divisions and to learn and apply new 

ones,  categorization is impaired in a large number of neurological disorders, including 

Alzheimer’s disease, schizophrenia, frontotemporal dementia, Parkinson’s disease, and 

Huntington’s disease (Everett, Lavoie, Gagnon, & Gosselin, 2001; Gainotti, 1993; 

Garrard & Hodges, 1999; Hodges, Salmon, & Butters, 1992; Keri et al., 1998; Knowlton, 

Mangels, & Squire, 1996; Saffran & Schwartz, 1994; Sage et al., 2003).  However, this 

definition is overbroad, as the same diagnostic groups can appear more or less normal 

depending on the nature of the task (Elvevag, Weickert, Wechsler, Coppola, Weinberger, 

& Goldberg, 2002; Keri et al., 1999; Keri et al., 2000; Keri, Kelemen, Benedek, & Janka, 

2001). Despite its prevalence, categorization is undoubtedly not a fundamental cognitive 

process, but instead arises from the interplay of processes dependent on different brain 

circuits including perceptual learning (posterior neocortex), declarative memory for 

previously learned exemplars of a category (medial temporal lobe and neocortex), habit 

learning (striatum and frontal cortex), and several “executive” processes thought to be 

critically dependent on prefrontal cortex (Knowlton & Squire, 1993; Knowlton et al., 

1996; Sage et al., 2003; Reber, Stark, & Squire, 1998a; Poldrack, Prabhakaran, Seger, & 

Gabrieli, 1999; Poldrack et al., 2001; Zaki & Nosofsky, 2001; Filoteo, Maddox, & Davis, 
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2001; Kolodny, 1994). This dissertation focuses on the last category by examining 

prefrontal contributions to categorization of novel visual stimuli. 

 Cognitive theories of categorization can be broadly divided into those based on 

assessing the similarity between an item that must be classified and known members of a 

category (exemplar and prototype theories), and those based on applying rules to 

determine category membership (Hahn & Chater, 1998; Medin & Schaffer, 1978; Smith, 

Patalano, & Jonides, 1998; Smith & Sloman, 1994; Smith & Minda, 1998). The 

traditional hallmark of rule use is that application of a fixed set of criteria results in an 

all-or-none category boundary, rather than graded membership. For natural categories, 

there is considerable evidence for both similarity and rule-based strategies, and parallel 

results have been observed for artificial stimuli which allow stronger control of a host of 

variables (McCloskey & Glucksberg, 1979; Allen & Brooks, 1991). Most researchers 

agree that categorization performance can reflect a mixture of strategies, which differ in 

their speed and utility for different sorts of materials, and in their demands on various 

cognitive processes (Ashby, Alfonso-Reese, Turken, & Waldron, 1998; Nosofsky, 

Palmeri, & McKinley, 1994; Erickson & Kruschke, 1998).  Smith et al. (1998) describe 

several cognitive differences assumed to differentiate similarity- and rule-based 

strategies. Among these are a larger burden on working memory during rule use, because 

the rule itself must be maintained in working memory. If the rule is multidimensional, a 

count of matching/mismatching features will also need to be held and updated as the 

stimulus is processed.  According to Smith et al, rule use also entails decomposition of a 

stimulus into features or properties, with serial attention to each, leading to the typical 
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result of slower responses from rule-instructed participants. An additional distinction 

offered by Smith and colleagues is that rule use is strategic whereas similarity assessment 

is automatic.  My interpretation of this latter distinction is that successful rule application 

may require overriding rapidly available associations between a given response and a 

single feature (or collections of features),  until the entire stimulus has been assessed in 

light of the rule.  All five experiments reported in this dissertation (Chapters 3 and 4) 

evaluate this hypothesis. 

 Several of these component processes – working memory, directing attention, and 

inhibition of prepotent responses – have been attributed to prefrontal cortex (D'Esposito, 

Postle, & Rypma, 2000; Knight, Richard Staines, Swick, & Chao, 1999; Kopp, Rist, & 

Mattler, 1996). Prefrontal cortex has been associated with the processes of rule discovery 

and shifting from one rule to another for some time, because prefrontal damage produces 

deficits in card sorting categorization tasks (Milner, 1963; Stuss et al., 2000; see Lezak, 

1995 for a review). In normal participants, increased hemodynamic activity is observed in 

the superior frontal gyrus on rule-shift trials as compared to repeated application of a 

simple rule (Nagahama et al., 1999; Rogers, Andrews, Grasby, Brooks, & Robbins, 2000; 

Strange, Henson, Friston, & Dolan, 2001).  

 Other work suggests that prefrontal cortex can be critical for rule application as 

well, but indicate that a clear understanding of the neural bases of rule use requires 

careful characterization of the rules themselves.  Rules can vary in several qualities,   one 

of which is dimensionality, the number of features relevant for category membership.   

Some studies using reasoning tasks (e.g., Ravens matrices) rather than categorization 
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paradigms suggest that problems requiring consideration of multiple dimensions 

preferentially require prefrontal cortex (Robin & Holyoak, 1995; Waltz et al., 1999; 

Christoff et al., 2001; Kroger, Sabb, Fales, Bookheimer, Cohen, & Holyoak, 2002). For 

categorization tasks however, some investigators argue that verbalizability of the rule is a 

more critical determinant of prefrontal engagement (Waldron & Ashby, 2001). 

Hemodynamic imaging studies have shown greater prefrontal blood flow when using 

multidimensional rules to categorize artificial animals than baseline conditions, but have 

not made comparisons to unidimensional rules (Goel & Dolan, 2000; Patalano, Smith, 

Jonides, & Koeppe, 2001; Koenig et al., 2005). Results of my preliminary study suggest 

that dimensionality may be an important predictor of the magnitude of prefrontal cortical 

activity; the five experiments reported in this dissertation measure prefrontal activity in 

one-, two-  and three-dimensional rules. 

 

Preliminary study 

 In my master’s research (Folstein and Van Petten, 2004), I recorded event-related 

potentials (ERPs) while participants categorized line drawings of novel animals as Mogs, 

Nibs, or Others depending on the number of features they shared with a prototype.  

Features were antennae, head, body, arms, and legs.  The stimuli varied with respect to 

the number of features they shared with members of other categories (distance from the 

category boundary), and their mix of high and low frequency features.  High frequency 

features were statistically associated with specific categories while low frequency 
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features were not.  A general schematic of the structure of the stimuli is shown in Figure 

1.1.  

 As in all of the dissertation experiments, the preliminary study was divided into 

training and transfer phases, with analysis of accuracy, reaction time (RT), and event-

related potential (ERP) data from the transfer phase only.   (Accuracy data only is 

recorded during training phases to ensure that participants reach an accuracy criterion 

before proceeding to the transfer phase).  Twenty participants were trained to categorize 

the animals via a multidimensional rule (“Mog if at least three of five Mog body parts 

present”, Rule group) followed by practice with accuracy feedback; twenty others 

received accuracy feedback alone (this is a Mog, this is a Nib, etc.).  No accuracy 

feedback was provided during the transfer phase.     

 Bayesian analyses of the relationships between stimulus features and 

categorization responses showed three qualitatively different strategies among the forty 

participants: multidimensional rules (in the participants trained to use them), overall 

similarity between a stimulus and the prototype of that category (half of the feedback-

only group), and a single feature strategy (“I’ll say category A if it has a furry head”, in 

the other half of the feedback-only group).  Figure 1.2 shows the mean probability for 

each strategy group of endorsing aliens given the presence of features ranked by order of 

preference for each participant.  In the single-feature group, endorsement rates are much 

higher for the first-rank feature than for the other four features while for the Rule and 

distributed profile groups endorsement rates showed a much more gradual decline from 

first to fifth rank.  I thus concluded that the single-feature group were basing category  
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Figure 1.1.  Schematic of conditions in initial study.  Stimuli were divided into three 
categories: Mogs, Nibs, and Others.  In each category, stimuli varied in distance from the 
boundaries with the other categories. 
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judgments primarily on a one-dimensional rule of their own device.  Figure 1.3 shows the 

probability for each group of categorizing an alien in a particular category given the 

number of features shared with that categories prototype.  Note that the distributed profile 

group shows an almost perfectly linear slope from four shared features to one shared 

feature.  I thus concluded that these participants had spontaneously adopted a “global 

similarity” strategy, in which exemplars were endorsed as members of a category based 

on their degree of similarity with the prototype of that category.   In contrast,  the Rule 

group’s function drops sharply from three shared features to two shared features, as 

would be expected if those participants were following the three-out-of-five rule 

(although the shallower slope between one and two shared features, and between three 

and four shared features indicate that these participants were also influenced by similarity 

to the category prototype).   

The  ERP results can be summarized in terms of three effects distinguished by 

their latency and/or spatial distribution across the scalp.  First,  a broadly-distributed 

positive component (150-600 ms) showed an orderly gradation of amplitude depending 

on the summed frequency of the stimulus features.  This feature frequency effect closely 

resembled the standard ERP effect indexing memory retrieval, and was insensitive to 

categorization strategy.  Figure 1.4 shows a representative electrode site averaged across 

strategies.  The Conflicting condition had the most frequent features, while the Far 

Boundary Other condition had the least frequent features.   
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Figure 1.2. Probability of categorizing a stimulus as a Mog (or Nib), given the presence 
of a single Mog-type (or Nib-type) feature, independent of what the other features might 
be.  For each subject, the five dimensions (head, body, etc) were ordered from the one 
most closely associated with that subject's decision to the one least closely associated 
with the decision. The flatter the line, the more a subject weighted each dimension 
equally in his/her decision. 
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Figure 1.3.  Probability of endorsement as a function of distance from prototype.  Each 
line shows a separate participant group.  Horizontal axis shows number of features shared 
with a category’s prototype.   Vertical axis shows mean probability of endorsing a stimuli 
as a member of that category. 

 



 27

 
Figure 1.4.  Feature frequency effect averaged across strategy groups at parietal electrode 
Pz.  In this and all subsequent figures, negative voltage is plotted in the upward direction.  
Percentages to the right of the condition labels indicate mean frequency of stimulus 
features in that condition.  Conflicting stimuli had the most frequent features and the 
most positive ERPs, while Far Boundary Other stimuli had the least frequent features and 
the least positive ERPs.
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 Second, an early negative peak (~400 ms) over prefrontal sites was larger for 

stimuli close to category boundaries, only for multidimensional rule users (Rule group).  

This effect is shown in Figure 1.5, and appeared identical to the No-go N2 previously 

associated with response inhibition, and known to be generated in PFC.  I thus 

hypothesize that the multidimensional rule users were actively inhibiting responses based 

on some sort of fast associative process indicating the incorrect category.  This 

“associative process” could have been global similarity to previous exemplars or 

prototypes, or stimulus-response associations based on only two or three features. 

 Third, a late (800-1300 ms) frontally-distributed positivity (Figure 1.6) was much 

larger in both the multidimensional rule (Rule Group) and global similarity (Distributed 

profile group) groups as compared to the single-feature rule group.  This last effect was 

thus linked to the evaluation of multiple stimulus features prior to a decision, whether this 

assessment was in the service of a rule- or a similarity-based strategy. The results 

therefore partially support the hypothesis that rule-based categorization uniquely recruits 

some prefrontal processes (i.e. inhibition of responses associated with misleading 

information), but suggest that similarity based strategies also recruit the frontal lobes in 

important ways.   
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Figure 1.5.  Boundary effect in each of the three strategy groups at prefrontal electrode 
Fpz.  ERPs were more negative for Near Boundary than Far Boundary stimuli from 200 
to 600 milliseconds, but only in the Rule Group.  
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Figure 1.6. Strategy effect at three prefrontal electrodes.  Panel a: each waveform in 
corresponds to a different strategy group.  The Rule and Distributed profile groups had 
more positive ERPs than the Single-feature group from 800-1300 ms.  Panel b: 
Topographical maps of the prefrontal positive effect for the Rule and Distributed profile 
groups.  For each group the positive difference with the Single feature group has a similar 
prefrontal scalp distribution. 
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 Summary of dissertation experiments and results 

 The experiments in this dissertation were primarily designed to test the hypothesis 

that rule use often requires inhibition of responses based on misleading information.   I 

had two major reasons for further testing this hypothesis.  First, although the early frontal 

boundary effect in Folstein and Van Petten (2004)  closely resembled No-go N2 

components observed in other studies, it was not elicited by a standard go/no-go 

paradigm in that the participants in our initial study never had to withhold a response, 

though it is likely that they often switched from one response, based on quickly available 

information, to another response based on information acquired somewhat later.  This 

need to switch from an initial response based on perceptual similarity to a second 

response based on rules may involve the inhibition of the first response and a 

concomitant No-go N2, but this hypothesis required confirmation. Second, the frontal 

negativity was not observed in the unidimensional rule users.  Our post hoc account of 

the dissociation between unidimensional and multidimensional rule-users was that 

participants who were focused on a single dimension may have been less sensitive to 

small fluctuations in amount of conflicting information in other, ignored, dimensions.  

However, it was also true that the reaction time data did show that single feature users 

were sensitive to boundary distance and therefore to conflicting information in the aliens.  

I would thus have predicted that cases with large amounts of conflicting information -- 

aliens far from the category boundary containing all prototypical features except the 

critical one -- should have elicited a No-go N2 in the unidimensional rule-users.  

Unfortunately there too few trials like this to produce a reliable ERP.  If response 
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inhibition is a unique feature of rule use and the N2 is its index, an appropriately 

designed experiment should be able to elicit a frontal negativity in the context of 

unidimensional rule use. 

 Experiments 1 and 2, described in Chapter 3, were designed to produce a conflict 

between an explicit one-dimensional rule and similarity information acquired during the 

training phase. The hypothesis was that global similarity information may become 

available quickly, but that a response based on this information will need to be inhibited 

when it is incompatible with a rule-based response, triggering an enhanced N2 

component.  I employed a design inspired by classic experiments of Brooks and 

colleagues (Allen & Brooks, 1991; Regehr & Brooks, 1993) in which irrelevant features 

associated with one category were combined with single relevant (rule-based) feature 

indicating a different category.   During a training phase, participants learned to 

categorize artificial creatures using a single dimensional rule.  In addition to the relevant 

feature specified in the rule, other features were 100% correlated with each category.  I 

expected that these irrelevant features would be automatically included in similarity 

based representations of the category.  During a transfer phase, participants categorized 

1) stimuli identical to those encountered during the training phase (Typical Condition) 2) 

stimuli with irrelevant features of one category but the relevant feature of the opposite 

category (Negative Match Condition) or 3) stimuli with irrelevant features that had not 

been encountered during training (Novel Condition).  Our reason for including the Novel 

Condition was that a pairwise comparison between Olds and Negative Matches cannot, in 

principle, reveal whether any RT difference reflects an advantage for learned stimulus 
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configurations, or a disadvantage for stimuli which pose a conflict between rule-relevant 

and rule-irrelevant (but associated) information.  Novel stimuli could not benefit from 

prior learning, but at the same time posed no conflict between learned stimulus-response 

associations and the explicit rule.  

 Contrary to our predictions, the amplitude of the N2 did not differ across 

conditions in Experiment 1.  Experiment 2 pursued this negative result by making the 

rule-irrelevant features more perceptually salient, but Experiment 2 also failed to find an 

enhanced N2 for stimuli that were similar to members of one category but which 

belonged to the other category.  One difference between the initial experiment and 

Experiments 1 and 2 was that, in the initial experiment, the misleading features were 

relevant to the rule while, in Experiments 1 and 2, they were irrelevant.  Experiment 3 

thus used a design that was closer to the preliminary study (Folstein & Van Petten, 2004).  

Participants now learned a two dimensional classification rule that divided stimuli into 

three categories: Mogs, Nibs, and Others.  For purposes of description, let the first letter 

of the pair “AA” represent a value on one dimension and the second letter represent a 

value on a second dimension.  Mogs always had values AA, Nibs had values BB, and any 

other combination indicated an Other.  During the training phase, participants learned to 

categorize Mogs (AA), Nibs (BB) and Others with features AC, CA, BC, and CB, forcing 

attention to both relevant dimensions.  During the transfer phase, participants again 

categorized Mogs and Nibs (Typical Condition) and two kinds of Others: Others made of 

combinations of Mog and Nib features (AB, BA: Conflicting Condition), and Others 

made of less frequently encounters parts belonging to neither Mogs nor Nibs (CC: Novel 
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Condition).  I expected that the Conflicting stimuli would maximize response conflict 

because they included information associated with both Mog and Nib responses, but 

required a different, third response; this situation would be ideally configured to elicit a 

large N2.  Again contrary to our prediction, the Conflicting stimuli did not elicit a larger 

N2 than any other condition. An N2 effect was observed in this experiment, but it was the 

Novel Others that elicited a significantly enhanced N2 relative to other conditions. 

 This result led me to form two alternative hypotheses.  The first was that the 

effect observed our initial study was in fact related to novelty detection rather than 

response inhibition or conflict.  This was possible because the Near Boundary cases in 

the initial study were less typical than the Far Boundary cases because they shared fewer 

features with their category’s prototype.  Atypicality is a kind of novelty and novelty is 

also known to trigger the N2.  The second, alternative hypothesis was that the initial N2 

was triggered by response conflict but that it was specifically related to the proximity of a 

stimulus to a category boundary.  Experiments 4 and 5, reported in Chapter 4, were 

therefore very similar to our initial study in that they employed categories with graded 

similarity to prototypes.  Two major departures from the original design were the use of a 

two-out-of-three rule rather than a three-out-of-five rule and the inclusion of the category 

prototypes as stimuli.  Mogs and Nibs that shared two features with their prototype were 

called Near Boundary stimuli while prototypical Mogs and Nibs were called Far 

Boundary stimuli.  A third difference was that the “Other” category had two 

subcategories: Common Others and Novel Others.  Inclusion of a novelty manipulation  

allows comparison of  the scalp distributions of boundary-related and novelty-related N2 
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components.  Although novelty again increased the amplitude of the N2 in Experiments 4 

and 5, distance from the category boundary was ineffective in modulating the component, 

suggesting either that 1) conflict monitoring is not a major factor in rule based 

categorization tasks, or 2) that the particular nature of the conflict is distinct from those in 

a large literature suggesting that the N2 component of the ERP always serves as a 

measure of response conflict, and is more broadly sensitive to what have been called 

processes of cognitive control.  Cognitive control is partly defined as the monitoring or 

regulation of strategy (“How fast am I responding?” “How fast should I be responding?”) 

and the processing of feedback that is informative for strategy regulation (“Another 

mistake”, “That reward was worse than I expected”, etc).  Additionally, the concept of 

cognitive control covers immediate control of action, such as canceling a prepared 

response.  

 This surprising failure of conflicting information to modulate the N2 across 

multiple experiments prompted an extensive review of the N2 literature, presented in 

Chapter 2.  This review suggests that, while there are genuinely independent N2 

components elicited by novelty detection and response conflict, the conflict-related N2 is 

most effectively elicited in simple speeded reaction time tasks.  Results of one study from 

an Australian lab suggest that tasks requiring processing of feature combinations in 

working memory may be less effective in eliciting the control N2 (Fox, Michie, Wynne, 

& Maybery, 2000).   

 In addition to our failure to observed a conflict related N2 component, other 

results were observed that had fascinating implications for the component processes of 
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categorization.   One such finding involved the relationship between reaction times and 

latencies of the P300 component of the ERP.  The P300 is an extremely well studied 

positive ERP component that peaks between 300 and 600 ms and has a parietal scalp 

distribution.  The component is elicited in any paradigm requiring  a classification 

decision from the participant where the decision could be about perceptual or semantic 

properties of a stimulus or whether the stimulus matches the contents of working memory 

(see Verleger, 1997 for a review).  One often observed property of the P300 is that its 

peak latency often, but not always, covaries with reaction time.  In cases where P300 

latency tracks reaction time, it is commonly believed that the RT delay is due to 

prolonged stimulus evaluation, including perceptual and semantic evaluation (Kutas, 

McCarthy, & Donchin, 1977).  In cases where P300 latency is dissociated from reaction 

time, it is commonly believed that the RT delay is due to post-evaluation processes such 

as extended response preparation (Duncan-Johnson & Kopell, 1981).   In my 

experiments, the effect of conflicting information on the latency of the P300 component 

appeared to depend on the complexity of the categorization rule.  For one- and two-

dimensional categorization rules, conflicting information increased both P300 latency and 

reaction time.  For three-dimensional categorization rules, however, conflicting 

information increased reaction time even more but had no effect on P300 latency.  In all 

cases I evaluated ERP correlates of response conflict and response preparation, finding 

no evidence that the delays were due to extended response preparation or control 

processes.  A second ERP component -- the late prefrontal positive effect observed in our 

initial study to be sensitive to attention to multiple features -- also varied with rule 
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complexity.  For single dimensional rules, conflicting information had no effect on the 

late prefrontal positivity.  The component was enhanced by conflicting information in 

two and especially three dimensional rules however.  This pattern suggests that 

categorization can be divided into early and late stages of evaluation that are selectively 

recruited depending the complexity of the operation required.  This idea is developed in 

Chapter 4.  

 I now turn to the review of the N2 component in Chapter 2, which will serve as an 

introduction to Chapter 3. 
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CHAPTER 2 

 

INFLUENCE OF COGNITIVE CONTROL AND MISMATCH ON THE N2 

COMPONENT OF THE ERP: A REVIEW 
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Introduction 

The P300 may be the most studied component of the event related potential.  Its 

amplitude is sensitive to stimulus probability and task relevance of the eliciting stimulus, 

and  its latency reflects stimulus evaluation time  (Johnson & Donchin, 1980, Chapter 12; 

Verleger, 1997). The P300 is commonly divided into two subcomponents with different 

scalp distributions and different functional correlates: a frontally-maximal P3a that 

reflects the orienting of attention to unexpected or significant events in the environment, 

and a parietally-maximum P3b that indexes the updating of working memory 

(Courchesne, Hillyard, & Galambos, 1975; Debener, Makeig, Delorme, & Engel, 2005; 

Dien, Spencer, & Donchin, 2004; Donchin, 1981; Goldstein, Spencer, & Donchin, 2002; 

Näätänen & Gaillard, 1983; Polich & Comerchero, 2003; Spencer, Dien, & Donchin, 

1999, 2001; Squires, Squires, & Hillyard, 1975).   

Commonly observed in combination with the P3a and P3b is the smaller, earlier 

N2. The label “N2” refers to the second negative peak in the averaged ERP waveform, 

and is labeled as such because it follows a prominent frontcentral negative peak at around 

100 ms in the auditory modality, or a prominent temporo-occipital negative peak at 

around 180 ms in the visual modality.  So linked were the N2 and P3 in early research 

that they were often referred to as the “N2-P3 complex” and some studies measured them 

in combination for purposes of correlation with stimulus probability (Squires, 

Petuchowsky, Wickens, & Donchin, 1977; Squires, Wickens, Squires, & Donchin, 1976).   

Recent years have seen a renewed interest in N2 components of the ERP as 

functionally distinct from P3 components, and useful for understanding the nature and 
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sequence of cognitive processes.  For instance, a large literature has emerged focusing on 

the role of anterior N2s in cognitive control.  Cognitive control is partly defined as the 

monitoring or regulation of strategy (“How fast am I responding?” “How fast should I be 

responding?”) and the processing of feedback that is informative for strategy regulation 

(“Another mistake”, “That reward was worse than I expected”, etc).  Additionally, the 

concept of cognitive control covers immediate control of action, such as canceling a 

prepared response. However, studies of cognitive control exist against a background of 

both older and recent work showing N2 modulations that are more readily attributed to 

the detection of novel stimuli, and to the orienting of visual attention.  

The goal of the current paper is to review both classic and recent studies that 

show what experimental factors modulate N2 amplitude, and to propose a classification 

scheme for what are clearly multiple negative components peaking 250-300 ms after 

stimulus onset.  We will suggest that the N2 should be divided into at least four 

subcomponents: the auditory Mismatch Negativity, and three or four varieties of N2 

elicited by visual stimuli – a frontocentral (anterior) component related to the detection of 

novelty or mismatch from a perceptual template, a second frontocentral component 

related to cognitive control  (encompassing response inhibition, response conflict, and 

error monitoring), and one or two posterior N2s related to some aspects of visual 

attention.  Because the Mismatch Negativity is the topic of several excellent reviews 

(Näätänen, 2001; Näätänen & Alho, 1997; Ritter, Deacon, Gomes, Javitt, & Vaughan, 

1995) and because there are strong hints that other N2 peaks are modality-dependent,  we 

focus on the visual modality here, with auditory studies noted only as background.    
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Organization of the review.  We begin with a synopsis of N2 classification 

schemes proposed in the 1970’s through early 1990’s. This is followed by a brief review 

of two-stimulus “oddball” paradigms manipulating stimulus probability and response 

probability; these provide the first suggestion of distinct anterior and posterior N2s, and 

indicate that the anterior N2 is primarily elicited by trials with no response (No-go trials).  

We then review studies using a variety of paradigms suggesting that an anterior N2 is 

also sensitive to perceptual novelty or template mismatch, and can be dissociated from 

both the frontal P3 (P3a) and more posterior N2s.  We then review evidence that the 

anterior N2 is sensitive to cognitive control, and the arguments for associating N2 effects 

with response inhibition, response conflict, and error monitoring.  We conclude with 

evidence from both  ERP and hemodynamic imaging studies regarding associations and 

dissociations between perceptual novelty and cognitive control, factors that are both 

reflected by anterior N2s. 

 

N2 classification schemes: 1970s through early 1990s 

Although differences in N2 amplitude between experiment conditions are often 

accompanied by differences in P3 amplitude, the Mismatch Negativity (MMN) response 

to auditory stimuli that deviate from prior stimuli in acoustic properties is not followed by 

a P3 if the eliciting stimuli are unattended.  Because attended and low-probability (rare) 

auditory stimuli elicit a slightly later negative peak in combination with a P3, it was 

proposed that, like the P3, the N2 could be divided into subcomponents called the N2a 

(MMN) and the N2b (see Näätänen & Gaillard, 1983; Näätänen & Picton, 1986 for 
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reviews).  Somewhat confusingly, the N2b, not the N2a,  was consistently observed in 

combination with the P3a and, based on further oddball studies in the visual modality, it 

was proposed that a third N2 subcomponent, the N2c, was the companion of the P3b 

(Ritter, Simson, Vaughan, & Friedman, 1979; Ritter, Simson, Vaughan, & Macht, 1982).   

This classification scheme was formalized in an influential review by Pritchard 

and colleagues that laid out the properties of the N2a, b, and c in the auditory and visual 

modalities (Pritchard, Shappell, & Brandt, 1991).  Key differences between the 

components were that the N2b and N2c -- but not the N2a -- required attention to the 

eliciting stimulus and were always accompanied by P3 components.  The N2b was larger 

to non-targets than to targets but elicited by both, had a central scalp distribution in both 

the auditory and visual modality, and was accompanied by a P3a. The N2c was 

distinctive in that, unlike the N2a and N2b, its latency covaried with reaction time, it was 

larger to targets than to non-targets, and its scalp distribution was modality specific, 

being posterior in the visual modality and fronto-central in the auditory modality.   The 

N2c was thought to reflect a sub-process of stimulus classification while the N2a and 

N2b/P3a complex were thought to index different stages of mismatch detection.  

Näätänen et al. argued that these mismatch detectors played a key role in triggering the 

orienting reflex (Näätänen & Gaillard, 1983).  

If this characterization of the three N2 subcomponents is correct, the fronto-

central N2 to rare auditory targets is often a mixture of the N2a, N2b, and N2c, all of 

which have central or fronto-central scalp distributions in the auditory modality.  In 

revisiting some of the older literature, therefore, we will refer mainly to studies of the 
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visual modality, as we consider them to be somewhat less ambiguous in differentiating 

the N2b from the N2c.  Because we will conclude that the N2b and N2c may also need 

subdivision, we will initially adopt neutral terms of anterior N2, referring to a negative-

going wave with a frontal or central scalp maximum and corresponding to Pritchard et 

al’s N2b, and posterior N2, referring to a negative-going wave with a parietal or more 

posterior scalp maximum and corresponding to Pritchard et al’s N2c. 

 

The two-stimulus oddball paradigm: influences of stimulus probability and response 

requirements 

The two stimulus oddball paradigm is one of the simplest and most frequently 

used in ERP research.  In the most common version, a rare target stimulus receives an 

overt (button press) or covert (silent count) response while a frequent standard receives 

no response.  In this most standard version of the oddball paradigm, rare visual targets 

elicit a larger N2 over parietal, temporal, and occipital scalp, followed by a larger P3b 

(Simson, Vaughn, & Ritter, 1977; Ritter et al., 1982; Ritter, Simson, & Vaughan, 1983).   

Like the P3, the latency of this posterior N2 covaries with reaction time (Ritter et al., 

1982; Ritter et al., 1983).  Posterior negativities in the N2 time range have been 

extensively studied in the context of attention paradigms, including visual search (N2pc - 

Luck & Hillyard, 1994a; Hickey, McDonald, & Theeuwes, 2006; Woodman & Luck, 

1999, 2003; Conci, Gramann, Müller, & Elliott, 2006; Hopf et al., 2000; Hopf, Vogel, 

Woodman, Heinze, & Luck, 2002; Hopf, Boelmans, Schoenfeld, Luck, & Heinze, 2004; 

Hopf, Luck et al., 2006) and attention to relevant stimulus features (selection negativity 
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or SN - Harter & Previc, 1978; Harter & Guido, 1980; Anllo-Vento & Hillyard, 1996; 

Anllo-Vento, Luck, & Hillyard, 1998; Hillyard & Münte, 1984; Eimer, 1997; Okita, 

Wijers, Mulder, & Mulder, 1985; Wijers, Mulder, Okita, & Mulder, 1989; Wijers, 

Mulder, Okita, Mulder, & Scheffers, 1989; Lange, Wijers, Mulder, & Mulder, 1998; 

Karayanidis & Michie, 1996; Jonkman, Kenemans, Kemner, Verbaten, & van Engeland, 

2004; Martin-Loeches, Hinojosa, & Rubia, 1999; Smid, Bocker, van Touw, Mulder, & 

Brunia, 1996; Smid & Heinze, 1997; Smid, Jakob, & Heinze, 1997, 1999; Martinez, Di 

Russo, Anllo-Vento, & Hillyard, 2001; Previc & Harter, 1982; Kenemans, Kok, & 

Smulders, 1993; Kenemans, Smulders, & Kok, 1995; Kenemans, Lijffijt, Camfferman, & 

Verbaten, 2002; Kasai & Morotomi, 2001).  Both the N2pc and SN are enhanced by the 

presence of relevant elements of a stimulus array or relevant stimulus features and both 

components are largest contralateral to those stimulus elements when they are presented 

lateral to fixation (Hillyard & Münte, 1984; Karayanidis & Michie, 1996; Anllo-Vento & 

Hillyard, 1996; Lange et al., 1998; Luck & Hillyard, 1994a, 1994b).  Second, both the SN 

and N2pc have likely sources in occipito-temporal and occipital cortex, including area V4 

(Anllo-Vento et al., 1998; Martinez et al., 2001; Luck, Chelazzi, Hillyard, & Desimone, 

1997; Luck, Girelli, McDermott, & Ford, 1997; Hopf et al., 2000; Hopf et al., 2002; Hopf 

et al., 2004; Hopf, Luck et al., 2006).  While a thorough review of this literature is 

beyond the scope of this paper, we note that these well documented posterior negativities 

in the N2 time range likely share functional correlates with the posterior N2 elicited by 

the two stimulus oddball paradigm. 
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While the oddball N2 difference wave is much more prominent over posterior 

than anterior electrodes (where it is often completely absent), a small anterior N2 

difference with later peak latency has been observed inconsistently (Breton, Ritter, 

Simson, & Vaughan, 1988; Czigler, Csibra, & Ambro, 1996; Nieuwenhuis, Yeung, van 

den Wildenberg, & Ridderinkhof, 2003).   Partially accounting for this result is the fact 

that, in the standard oddball paradigm, stimulus probability and response probability 

(whether overt or covert) are perfectly confounded, in that rare stimuli call for Go 

responses and frequent stimuli call for no response (No-go).  Several studies have 

separated the influences of visual stimulus probability from Go versus No-go response 

requirements in two-stimulus paradigms.  Pfefferbaum and colleagues first demonstrated 

that when targets (Go) and nontargets (No-go) were presented with equal probabilities, 

No-go trials elicited a larger N2 at a midline frontal scalp site (Fz) in both button-press 

and counting tasks, followed by a larger frontal P3  (Pfefferbaum, Ford, Weller, & 

Kopell, 1985; see also Kok, 1986).  Czigler et al. extended this result by crossing 

stimulus probability (20% versus 80%) with Go/No-go response requirements. This study 

was primarily directed at age differences, such that the N2 results from young adults are 

described but not statistically analyzed.  Figures show that a larger N2 for the low-

probability stimuli was observed for both Go and No-go responses, at posterior scalp sites 

T5,T6 and Oz.  However, the probability effect on the N2 recorded at Fz and Cz was 

much larger in the No-go case than the Go case (Czigler et al., 1996).  

Bruin and Wijers (2002) similarly crossed stimulus probabilities of 25%, 50%, 

and 75% with Go/No-go response requirements, but with statistical analysis of N2.   As 
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the probability of No-go (nontarget) stimuli decreased, the N2 elicited by these events 

increased in amplitude. However, the N2 elicited on Go (target) trials was reportedly 

diminished by decreasing probability.  The authors suggest that the latter result was less 

secure than the former, because of the possibility of overlapping potentials from motor 

preparation. Nieuwenhuis and colleagues also crossed three levels of stimulus probability 

(20/50/80%) with Go/No-go requirements (Nieuwenhuis et al., 2003).  A clear effect of 

probability was apparent for an anterior N2 (measured at FCz) on No-go trials, but only a 

weak non-significant probability effect was observed for Go trials in stimulus-locked 

averages.  In averages time-locked to the button press response rather than stimulus 

onset, low-probability Go trials elicited a larger negative wave peaking at ~75 ms prior to 

the response than high-probability Go trials, but this effect remained smaller than the 

probability effect for No-go trials. 

 

Interim summary 

In paradigms with two stimuli – only one of which calls for a response – a 

posterior N2 is larger for rare targets than common nontargets, and precedes a parietally 

maximum P3 (P3b) which is similarly sensitive to target status and probability.  At 

frontal and/or central scalp sites, an N2 is instead larger for nontarget than target trials, 

those calling for no response.  Ample subsequent studies have confirmed the reality of 

the No-go N2 (Eimer, 1993; Jodo & Kayama, 1992; Kok, 1986; Kopp, Mattler, Goertz, & 

Rist, 1996), such that the latency of this potential has been a useful tool for tracking the 

timing of access to different properties of a stimulus (Schmitt, Münte, & Kutas, 2000; 
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Schmitt, Schlitz, Zaake, Kutas, & Münte, 2001; Schmitt, Rodriguez-Fornells, Kutas, & 

Münte, 2001).  The No-go N2 is evident primarily when No-go trials are less probable 

than Go trials, but can also be observed when Go/No-go probabilities are equal. Similar 

to the association between the posterior N2 and the parietal P3 (N2c and P3b in Pritchard 

et al’s 1991 terminology), the anterior No-go N2 is typically followed by a frontal P3 

(N2b and P3a).    

Based on the No-go results and other evidence, some investigators have argued 

that the anterior N2 reflects the monitoring of response conflict, and is generated in the 

anterior cingulate cortex (Nieuwenhuis et al., 2003; Yeung, Botvinick, & Cohen, 2004). 

This hypothesis stresses that No-go trials require overriding a prepotent response, 

particularly when No-go trials are less probable than Go trials.  The smaller No-go N2s 

obtained when Go and No-go trials are equiprobable is attributed to a continuing bias to 

respond, due to the speeded response requirements that are typical in two-stimulus target 

detection paradigms.  Finally, Nieuwenhuis et al. (2003) have argued that the small 

stimulus probability effect they observed for Go trials (in response-locked averages) 

indexes a degree of response conflict when “go” is the low-probability response. 

N2 results during tasks that tax response inhibition and other aspects of cognitive 

control are reviewed extensively later in this paper.  Just below, however, we turn to 

studies suggesting that an anterior N2 is sensitive to the detection of perceptual novelty or 

attended deviation from a visual template.  The novelty/deviation/mismatch studies also 

provide further support for the dissociation between anterior and posterior N2s, and 

additionally dissociate the anterior N2 from the frontal P3a.   
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The fronto-central N2 is sensitive to visual novelty and attended mismatch from a visual 

template 

 

The oddball paradigm revisited 

The sensitivity of the P3b to probability is usually described in terms of 

categorical probability, or the class to which a stimulus is assigned by a set of 

experimental instructions (Johnson & Donchin, 1980).  For instance, Kutas and 

colleagues recorded a large parietal P3 to the rare stimulus “John” as compared to the 

frequent stimulus “Mary” when participants were asked to discriminate male from female 

names, but an equally large P3 to a variety of male names mixed with a variety of female 

names that occurred with higher categorical probability (Kutas et al., 1977).  This result 

indicates that P3b amplitude is not determined by stimulus probability per se, or else the 

variable-name list would have led to equivalent P3s for each (equally low-probability) 

name.   

Kutas et al. (1977) did not report N2 amplitudes, but a later study by Breton and 

colleagues examined the impact of target stimulus variability and obtained a clear 

dissociation between N2 and P3b (Breton et al., 1988). One block of trials was a standard 

80/20 oddball paradigm, with responses to a rare target letter and no response to a 

different single letter.  The response requirements and categorical probabilities were the 

same in another block of trials, but the targets now consisted of any of 25 possible letters.  

The targets in this second block were thus 20% probable collectively, but less than 1% 

probable individually.  The parietal P3 and posterior (temporal and occipital) N2 were 
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larger for rare targets than frequent nontargets in both blocks, but unaffected by the 

variability in physical identity of the target.  In contrast, the N2 at Fz and Cz was larger 

for the 25-target condition than the unitary target condition.  The influence of target 

variability on anterior N2 amplitude was unaccompanied by any amplitude change in 

positive components. Comparison of a third and fourth block of trials confirmed the 

effect of pure stimulus probability on the frontocentral N2. In the third condition, called 

“paired deviants (2)”, an “X” appeared on 68% of the trials, and an “O’ appeared on 16% 

of the trials, which could be followed by another “O” (8%) or an “I” (8%).  Participants 

responded to the second O with one finger and to the I with another finger, but we are 

currently concerned only with the initial stimulus that called for no response, but instead 

signaled an upcoming stimulus that needed to be identified.  In the “paired deviants (25)” 

condition, 25 different letters appeared with a collective probability of 16%,  and were 

thus individually very rare.  As before, the variable stimuli set of stimuli elicited a larger 

anterior N2 than the rare but unitary stimulus, and this effect could not be attributed to 

response probability.  

 

The frontal novelty effect: N2 and P3a 

 

Background from the auditory modality: Division of the P3 into frontal and parietal 

components 

The division of the P3 into a parietally-maximum P3b and a frontal P3a was 

driven by the results of auditory experiments in the 1970s employing rare nontarget 
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stimuli.  In a two-stimulus oddball paradigm, Squires, Squires and Hillyard (1975) 

observed that when the sequences were attended and rare events were targets, the rare 

events elicited the typical parietally-maximum P3.  When the participants ignored all the 

stimuli, the rare events elicited a more frontal negative-positive complex. More recent 

experiments with three stimulus types --  frequent nontarget, rare target, and rare 

nontarget -- show that rare nontargets in attended sequences also elicit frontal positivities 

(Goldstein et al., 2002; Katayama & Polich, 1998). A similar response – the novelty P3 -- 

is observed when the rare nontargets are very distinct from both standards and targets, 

and unique on each trial (Knight, 1984).  Spencer, Donchin and colleagues have 

concluded that the P3a is the summation of a frontal “novelty P3” and the residue of the 

P3b observable at frontal sites which, although elicited primarily by target events, can 

also be seen to low-probability nontargets  (Spencer et al., 2001; Goldstein et al., 2002; 

see also Friedman, Cycowicz, & Gaeta, 2001 for a review of auditory novelty 

paradigms).  In this review, we use “frontal P3” and “P3a” interchangeably to refer to a 

positive wave with peak latency of 300 to 400 ms at frontal scalp sites, when the frontal 

positivity is larger for some condition of interest as compared to a high-probability 

comparison condition. 

 

Novel visual stimuli elicit enhanced anterior N2s 

Courchesne, Galambos, and Hillyard (1975) were the first to report a novelty 

effect for visual stimuli.  Stimuli were 80% nontargets (the numeral “2”), 10% targets 

that were silently counted (the numeral “4”), and 10% nontargets that were unique on 
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each trial.  For some participants, the rare nontargets were complex and random colored 

patterns (complex novels); for others, the novel stimuli were evenly divided between 

complex novels and simple novels consisting of interpretable black and white stimuli 

(words, faces, geometric shapes, etc).   As compared to either the frequent nontargets or 

the rare targets, the complex novel stimuli elicited a larger frontal N2 and P3.  Although 

equally rare, the simple novels were much less effective in eliciting this frontal novelty 

response.  Other results from the same large study showed that: 1) the N2/P3a response to 

complex novels habituated rapidly if stimuli were repeated, and 2) that the frontal novelty 

response was not augmented by making these stimuli targets, although the parietal P3b 

was increased.    

Multiple studies have replicated the impact of visual novelty on the frontocentral 

N2, with variable degrees of dissociation from the P3a and from the posterior N2.  Polich 

and Comercho have examined visual ERPs to rare nontargets in the context of frequent 

standards and rare targets (Comerchero & Polich, 1998, 1999; Polich & Comerchero, 

2003; Demiralp, Ademoglu, Comerchero, & Polich, 2001).  They found that, as in 

auditory studies, both simple repeated nontargets and unique novel nontargets elicited 

frontal P3a components, and that these P3a’s were larger when the target/standard 

discrimination was more difficult.  N2 components were not analyzed in these studies, 

but inspection of figures suggests that amplitude of an anterior N2 was more sensitive to 

the degree of perceptual deviation from other stimuli, and less sensitive to task difficulty 

than the P3a.  In one paradigm,  difficulty of target-standard discrimination (easy: letter 

“A” vs. letter “B”; difficult: large circle vs. slightly smaller circle) was crossed with four 
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types of rare non-target stimuli: the letters “C” thru “Z”, a square with an area similar to 

the target and standard stimuli, a much larger square, and complex colorful squares that 

were unique from trial to trial (Demiralp et al., 2001; Polich & Comerchero, 2003).  The 

frontal P3 to all types of rare non-targets was larger in difficult than easy tasks, and larger 

for both large squares and novel colorful squares than for letters and small squares. In 

both task conditions, the P3 to large squares and colored squares was identical at Fz.  

Inspection of the waveforms, however, suggests that the frontal N2 was evident primarily 

for novel stimuli, and not influenced by task difficulty.  

Other studies have explicitly analyzed N2 components in addition to positive 

components. Thomas and Nelson (1996) demonstrated an age effect on the anterior N2 

response to visual novelty.   Their stimuli were color photos of a frequent target face 

(60%), a target face (20%), and trial-unique nontargets that were a mixture of objects, 

scenes, and abstract patterns.  ERPs from young adults and eight-year old children 

showed a larger parietal P3b for both targets and novels relative to the frequent standard, 

but in contrast to many studies, no sign of a frontal N2/P3a complex in response to novels 

in the adults.  The children showed a substantial anterior N2 for the novel photos, 

unaccompanied by a subsequent frontal P3. The lack of a novelty response in young 

adults in this study is surprising.   It is possible that this absence arises from a slightly 

higher proportion of novel stimuli than in other studies; the impact of the probability of 

novel stimuli has not yet been investigated. However, the child data in this study provide 

a convincing dissociation between the anterior N2 and frontal P3a. 
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Czigler and Balázs (2005) likewise found a decline in the N2 novelty response 

with increasing age. Stimuli were four letters arrayed at the corners of an invisible 

square; on different runs, participants were instructed to respond to matching letters on 

one of the two diagonals of the square.  Stimulus probabilities were 65% for arrays with 

no matching letters, 15% with a match on the attended diagonal, 15% with a match on the 

unattended diagonal, and 5% trial-unique black and white line-drawings of familiar 

objects.   In young adults, but not in older adults, the novel stimuli elicited a very large 

N2, which was of maximal amplitude at the central midline (Cz), slightly smaller at the 

frontal midline (Fz), and barely visible at both the prefrontal and occipital midline sites 

(Fpz and Oz).  In this study, the N2 portion of the frontal novelty complex was very 

much larger than the P3a, which was only visible at Fpz.  There was little sign of a 

posterior N2 difference among any of the conditions, in contrast to some of the studies 

described above in which target stimuli elicit reliable posterior N2s as compared to 

nontarget stimuli.  

 
What makes a stimulus novel?  

It should be noted that the novel stimuli in Cziger and Balázs (2005) appear to be 

like Courchesne et al’s (1975) “simple novels”  -- interpretable rather than meaningless 

random shapes.  In the earlier study, the simple novels were relatively ineffective in 

producing a frontal novelty response.  Because Courchesne et al. (1975) presented simple 

novels intermixed with complex novels in the same blocks, the contrasting results may 

indicate that what counts as “novel” may depend on the overall composition of a stimulus 

list, rather than only the eliciting stimuli themselves. 
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Daffner and colleagues returned to the question raised by Courchesne et al.’s 

(1975) initial report of the visual novelty response: why did the meaningless “complex 

novel” stimuli elicit a larger frontal N2/P3a response than the interpretable “simple 

novel” stimuli?  Both were equally rare in the context of the experiment, but one could 

argue that the “complex novels” were more deviant from long-term memory 

representations.  Daffner et al. compared three variants of the three-stimulus oddball 

paradigm, in which stimuli consisted of a single frequent standard (70%), a single rare 

target (15%), and rare nontargets (15%) that were unique on each trial (Daffner, 

Mesulam, Scinto, Calvo, Faust, & Holcomb, 2000).  Stimuli were simple geometric 

shapes, or “unusual” shapes – black and white line drawings of pseudo-objects that could 

not exist in three-dimensional space, and complex scribble-like shapes.   In the all-simple 

block standards, targets and nontargets were all simple geometric shapes, and no N2 

differences among conditions were observed.  In the mixed block, standards and targets 

were single complex shapes, and nontargets were multiple simple shapes.  The mixed 

block is of particular interest because it tests the hypothesis that the N2 is sensitive not to 

complexity or unfamiliarity per se, but to a salient difference in category between the 

standard and rare nontarget stimuli.  If only unfamiliarity drives the N2, one would 

expect the simple nontargets in the mixed block to elicit the same N2 amplitude as the 

stimuli in the all-simple condition.  If a contrast of category between deviants and 

standards partly drives the N2, one would expect the deviants in the mixed block to elicit 

a larger N2 than the all-simple stimuli.  In fact, influences of both the short-term 

experimental context and longer-term unfamiliarity were observed.  The frontocentral N2 
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for simple deviants in the mixed block  was larger than the N2s to target, standard, and 

deviants in the all-simple block, which did not differ from each other.  This pattern of 

results is consistent with a description of the N2 novelty effect as arising from deviation 

from a predominant stimulus category.  At the same time, there was also a clear and large 

effect of long-term unfamiliarity.  Unusual stimuli elicited larger anterior N2s than 

simple stimuli, whether they served as standards,  targets, or rare nontargets.  Across all 

of the blocks, the parietal P3b was largest for targets, of intermediate amplitude for rare 

nontargets, and smallest for standards. Frontal positivities were generally small in 

amplitude, but followed the same gradient in all three blocks, such that the results 

securely dissociate the P3a from an anterior N2 (consistent with our visual analysis of the 

results of Demiralp et al., 2001 and Polich & Comerchero, 2003).   

Overall, novelty oddball paradigms show that, to effectively drive the novelty N2, 

visual stimuli must be either highly unfamiliar and thus deviate from long term context, 

or deviate considerably from short term context.  Simple shapes that are merely 

infrequent appear to be insufficient to yield a substantial anterior N2, although they may 

elicit a frontal P3a and/or a posterior N2 (Alho, Woods, Algazi, & Näätänen, 1992; 

Maekawa, Goto, Kinukawa, Taniwaki, Kanba, & Tobimatsu, 2005).   

 

Dissociating the anterior novelty N2 from posterior target N2 

A study by Suwazono, Machado and Knight (2000) provides one of the clearest 

dissociations between an anterior N2 elicited by novelty and a posterior N2 sensitive to 

target status.  Stimuli were 70% frequent standards and 20% rare targets (upright and 
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inverted triangles), together with trial-unique color photos that served as rare novel 

nontargets on 10% of the trials.  All stimuli were presented unpredictably to the left or 

right visual field.  In a between-participant manipulation, novel stimuli predicted that the 

subsequent stimulus would be a target with 100% validity, 40% validity, or 20% (chance) 

validity. Target stimuli elicited a parietal P3b, preceded by a pronounced N2 at temporal 

and occipital scalp sites.  As in earlier reports (Woods, Alho, & Algazi, 1992; Heinze, 

Luck, Mangun, & Hillyard, 1990), the target N2 was larger over scalp sites contralateral 

to the field of stimulus presentation.  When targets were completely predictable from the 

preceding stimulus, the target P3 was substantially reduced in amplitude, and the 

posterior N2 essentially eliminated. When novel stimuli had no predictive value, they 

elicited an N2 largest over frontal and central scalp, with no bilateral asymmetry. When 

novel stimuli served as completely valid cues for upcoming targets, they additionally 

elicited a target-like posterior N2.  Increasing the predictive value of the novels also 

yielded an increase in amplitude of the N2 recorded at frontocentral sites; because this 

increase was more evident at central than frontal sites, it is difficult to determine if it 

reflects a modulation of the anterior N2 per se, or spillover from the more posterior N2. 

Novel stimuli also elicited a small frontal P3a in this study, which was reported as 

smaller when the perceptually novel items served as signals for upcoming targets.  This 

latter finding may also be subject to difficulty in isolating the P3a from an overlapping 

anterior N2, but it remains clear that the anterior N2, posterior N2, and positive 

components responded differently to the manipulations of target status, novelty, and 

target predictability in this study.   
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Suwazono et al. (2001)  concluded that the posterior N2 reflected the degree of 

attention required for processing stimuli in visual cortex whereas the novelty N2 reflected 

a “general alerting system” (p. 38) that was not modality specific.  While this 

interpretation emphasizes the orienting rather than mismatch detection aspect of the 

novelty N2, orienting and mismatch detection could be two sides of the same coin.  It is 

possible, for instance, that mismatch detection is amplified when mismatches cue a 

significant event.   

 

Dissociating the anterior novelty N2 from the posterior N2 in visual search paradigms 

Another dissociation between anterior and posterior N2 components comes from a 

series of experiments by Luck and Hillyard (1994a) in which participants fixated on a 

central point while presented with an array of simple bars spanning all four visual 

quadrants.  Participants responded to laterally located “pop-out” elements within these 

arrays that differed from the background elements in color, orientation, or size.  

Depending on the particular experiment, the target was sometimes any pop-out and 

sometimes a pop-out of a particular feature.  When compared to homogenous arrays, 

arrays with target pop-outs elicited a pattern very similar to the one elicited by relevant 

stimuli in the multidimensional target detection tasks described in the previous section: 

an early frontal positive difference, followed by a posterior negative enhancement from 

about 200-275 ms and a central negativity from about 250-325 ms.  At posterior 

electrodes, the negative enhancement was larger contralateral than ipsilateral to the target 

pop-out from 200-300 ms.  This lateralized negative difference was called the N2pc.  
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Across multiple experiments, it was further observed that the anterior N2 was elicited by 

both target and non-target pop-outs, while the N2pc was only elicited by targets.  Finally, 

neither the anterior N2 nor the N2pc was affected by the probability of target pop-outs, 

but lower probability targets did enhance the posterior N2 bilaterally.   This pattern 

suggested the presence of three separate N2 components: the N2pc, the anterior N2, and 

the a bilateral posterior N2 called the N2pb that was sensitive to target probability, 

similar to the P3b (Luck & Hillyard, 1994a).  Subsequent experiments have implicated 

the N2pc in the suppression of visual noise surrounding a target (e.g. Luck & Hillyard, 

1994b; Hopf, Boehler, Luck, Tsotsos, Heinze, & Schoenfeld, 2006), but no experiments 

to our knowledge have jointly investigated the anterior N2 and bilateral posterior N2 

(N2pb) identified by Luck and Hillyard (1994a).   

The lack of sensitivity of the anterior N2 to target probability tends to suggest a 

mismatch rather than control interpretation, the mismatch in this case being between the 

homogenous background elements and the pop-out elements used by Luck and Hillyard 

(1994a).  However, because more recent studies of visual search have focused on the 

N2pc, the particular sensitivities, replicability, and localization of the anterior N2 and 

N2pb in visual search paradigms remain to be fully understood.   

 

Summary of novelty manipulations 

Taken together, the results above are consistent with an N2 sensitive to the 

mismatch of a stimulus with a mental template, but suggest the extension of the concept 

of “template”.  Specifically, mental templates can be formed by long term or short term 
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experience and multiple templates may be active simultaneously.  They also suggest a 

dissociation between the anterior N2 and P3a, with the anterior N2 more sensitive to 

departures from predominant stimulus and stimulus category and the P3a more sensitive 

to distraction from mental set. 

Novelty N2 and response inhibition?  Although the amplitude of an anterior N2 is 

enhanced on No-go as compared to Go trials (introduced above under Two-stimulus 

oddball paradigms and reviewed in more detail under The No-go N2 and cognitive 

control, below), it is difficult to see a relationship between the anterior novelty N2 and 

inhibition of a prepotent response or response conflict.  In the three-condition oddball 

paradigms reviewed above, both frequent nontargets and novels are associated with no 

response, yet novels elicit larger anterior N2s.  Moreover, frequent nontargets are more 

perceptually similar to targets than are the novels, and should thus engender more conflict 

as to whether or not to respond, rather than less. There remains one sense in which a 

novelty response could be tied to a more general sort of motor inhibition, in that cessation 

of ongoing behavior has traditionally been considered a part of the orienting response to 

change in the environment, together with a host of autonomic responses (Sokolov, 1963; 

see Öhman, Hamm, & Hugdahl, 2000 for a review).  However, even this idea is 

somewhat difficult to apply to the experiment of Suwazono et al. (2001) in which novel 

stimuli were predictive of upcoming targets.  Even when targets occurred 200 ms after a 

novel – during the anterior N2 – reaction times were faster than when targets followed a 

frequent standard stimulus.  This finding seems inconsistent with the notion that the 

novelty N2 indexes a brief period of motor inhibition.   

 



 60

 

N2s in sequential matching tasks 

Above, we have suggested that the anterior N2 “novelty response” may reflect 

deviation from a perceptual template, based on both long-term experience with visual 

objects, and shorter-term exposure to recurring standards and targets in the novelty 

oddball paradigm.  An early hint at this idea comes from the finding that, in contrast to 

the standard oddball paradigm, the frontocentral N2 is enhanced when oddball targets are 

gaps (“missing stimuli”)  in a train of regular standard stimuli (Simson, Vaughan, & 

Ritter, 1976; Czigler, Winkler, Pato, Varnagy, Weisz, & Balázs, 2006).  Sequential 

matching tasks -- in which participants are asked to judge whether a second stimulus is 

the same or different from an initial stimulus – may tap a similar sort of “template 

matching” process.  This possibility is examined below.  

The Sternberg paradigm for studying short-term memory is one such paradigm: 

participants receive a small memory set of one to four items, followed by probe item that 

requires a positive or negative judgment depending on whether it appeared in the memory 

set.   Many studies have examined ERPs in the Sternberg paradigm, with a focus on the 

latency of the decision-related P3b and its relation to memory set size, but with little 

attention to other components (e.g. Marsh, 1975; Ford, Roth, Mohs, Hopkins, & Kopell, 

1979; Pelosi, Hayward, & Blumhardt, 1995; see Verleger, 1997 for a review).  In some 

studies, only positive probes (those in the memory set) are assigned to a response, and 

negative probes are No-go trials, so that the effect of memory-set/probe mismatch cannot 

be examined separately from the effect of response requirements.  However, at least two 
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studies with responses to both types of probes indicate that negative probes elicit a larger 

negative potential,  with peak latencies of 270 and 340 ms in the different reports 

(Kramer, Strayer, & Buckley, 1991; Kotchoubey, Jordan, Grözinger, Westphal, & 

Kornhuber, 1996).  In both reports, the probe-type effect was largest at frontal sites,  of 

intermediate size at central sites, and small to absent at parietal and more posterior sites. 

Kotchoubey et al. (1996) additionally reported that the mismatch effect was largest when 

the memory set consisted of only a single item, namely, trials in which the comparison 

and probe stimulus occurred in immediate succession.  The match/mismatch effect was 

still observed with memory sets of two and four items, but by chance, some of these trials 

would also have included matching memory set items and probes that occurred in 

immediate succession, so that it is not possible to derive a function of how the 

match/mismatch effect might decline across intervening stimuli.    

In a series of studies, Wang and colleagues have observed that N2 amplitude is 

enhanced when the second stimulus in a pair does not match the first. In a 2003 study, 

stimuli were geometric figures with four possible shapes, four possible colors, and a 

small gap in the outline that occur in one of four positions (Wang, Tian, Wang, Cui, 

Zhang, & Zhang, 2003).  The second stimulus of a sequential pair matched the first on all 

three features (33%), matched on none (33%), or was a partial match (33%, with all six 

varieties of partial match equally represented).  Data from only the two conditions of 

complete three-feature matches or complete mismatches were presented.  In one block of 

trials, participants judged colors alone as matching or mismatching, signaled by two 

different button presses (choice RT, 50/50 response probability). A negative potential 
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peaking at 270 ms was larger for mismatches than matches.  In other blocks of trials, 

participants judged stimuli as matching or mismatching on both color and shape, and pm 

all three features. In these tasks, partial matches on the task-relevant dimensions were 

No-go trials (and not analyzed).  Across blocks, the number of task-relevant dimensions 

were thus either one, two, or three.  The N2 mismatch effect did not vary across number 

of relevant dimensions: complete mismatches elicited equally large, and complete 

matches equally small N2s.  The N2 effect in this study appeared to be of nearly equal 

amplitude at frontal, central, and parietal sites, but much smaller occipitally.  Although 

clearly distinct from the posterior N2 target effect in other studies, this topography 

appears to extend somewhat more posterior than that of the novelty effects reviewed 

above (see also Cui, Wang, Wang, Tian, & Kong, 2000; Kong et al., 2000). 

A follow-up experiment by Wang et al. provides more information about the 

impact of mismatching features in task-irrelevant dimensions (Wang, Cui, Wang, Tian, & 

Zhang, 2004).  Stimuli possessed two features of shape and color, and participants 

performed three tasks: match on color alone (choice response, 50/50 response 

probability), match on shape alone (50/50 response probability), or match/mismatch on 

both (25% positive response, 25% negative response, 50% No-go for partial matches).   

For the single-dimension tasks, N2 amplitude followed a clear gradient: largest 

amplitudes when both features failed to match the comparison stimulus, intermediate 

amplitudes when the task-relevant feature matched but the irrelevant feature was a 

mismatch, and smallest when both features matched. As in the previous study, the 

mismatch effect had a fairly broad frontal-central-parietal scalp distribution.   When the 
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complete (two-feature) matches were contrasted with complete mismatches across the 

three tasks, the N2 difference was, surprisingly, slightly smaller in the two-dimension 

task than the one-dimension tasks, but was followed by a later negative difference 

peaking at ~400 ms.  In contrast to the one-dimension task, the two-dimensional task 

required analysis of a conjunction of features because the three cases of “both same”, 

“both different”, and “one same, one different” were assigned to three different responses 

(two buttons and No-go).  The late negative mismatch response may have reflected a 

second processing stage of comparing a conjunction of current attributes to a prior 

stimulus.  

Kimura et al. further explored the effect of change in irrelevant stimulus 

dimensions (Kimura, Katayama, & Murohashi, 2006).  Participants responded to rare 

changes in orientation between pairs of gratings. For the majority (80%) of paired stimuli 

with no orientation change,  half differed on the irrelevant dimension of spatial 

frequency.  These irrelevant-change trials elicited a larger fronto-central N270 

component than no-change trials, and the amplitude of the negative component tracked 

the magnitude of the task-irrelevant change, as did the false-alarm rate to the irrelevant 

changes.  An interesting contrast to both Wang et al. (2004) and Kimura et al. (2006) is 

provided by a third study that also investigated the effect of irrelevant change between 

paired stimuli (Fu, Fan, & Chen, 2003).  Rather than rare changes, participants detected 

rare target gratings (those with a particular spatial frequency), which could occur in 

either first or second position of the pair.  Of the frequent pairs in which neither position 

contained a target, the second stimulus either matched or mismatched the first stimulus 
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on the irrelevant dimension of orientation.  Task-irrelevant mismatches/changes elicited 

no sign of an enhanced anterior N2 in this study, suggesting that active attention to 

change is necessary for the elicitation of this component. 

Yet another study by Wang and colleagues (Zhang, Wang, Li, & Wang, 2003) 

suggests modulation of N2 by both perceptual matching and response conflict.  In a 

modified Sternberg task, three simple shapes were presented as a memory set, followed 

by three probe items, each of which required a choice response of “match” or 

“mismatch”.  A probe item could: 1) match a memory set item in both shape and 

sequential position (i.e., a circle presented as the second probe would match a circle 

presented second in the memory set), 2) be a shape not included in the memory set 

(complete mismatch), or 3) have occurred in the memory set, but not in the same 

sequential position (partial match, calling for a negative response).  Conditions (2) and 

(3) both elicited more negative ERPs than the matching condition in the 200-300 ms 

latency range, but this match/mismatch effect is hard to interpret due to the presence of a 

large P3 for matching items, which were associated with a lower probability response 

(33% vs 67%).  Of greater interest is the observation of a larger N2 and longer RTs in the 

partial match than complete mismatch condition, although both called for the same 

response. The partial match condition is one that could be expected to elicit more 

response conflict.  This result appears to be discrepant with Wang et al. (2004) in which 

partial matches yielded an N2 that was intermediate between complete matches and 

complete mismatches, as one would expect from a template-matching process.  However, 

a critical difference between the experiments is whether or not a partial-match occurred 
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in a dimension that was irrelevant (Wang et al., 2004) or relevant (Zhang et al., 2003) to 

the assigned task.  The differing results may suggest that N2 amplitude can be driven 

more by template matching or more by response conflict, depending on how stimulus 

features are mapped onto decision or response requirements.   

A study by Gehring and colleagues that combined a flanker task with a precue 

was consistent with the conclusion that N2 amplitudes reflect both template mismatch 

and response conflict  (Gehring, Gratton, Coles, & Donchin, 1992).  In the flanker task 

(Eriksen & Eriksen, 1974), participants respond with a left or right button press to the 

central letter of a five-letter display; flanking letters can be the same as the central letter, 

or associated with the opposite response (e.g., if  a central H signals a left hand response 

and S a right hand response, then HHHHH is a compatible array and SSHSS an 

incompatible array for a left hand response).  Multiple ERP studies have used this 

paradigm, and are reviewed in more detail under The anterior N2 and cognitive control.  

Briefly, the standard result is that incompatible arrays elicit slower responses, a larger 

fronto-central N2, a delayed P3b, and signs of incorrect motor preparation as compared to 

compatible arrays.  Gehring et al. included an H or S letter cue prior to the array; in 

different blocks, the cue was the same as the central letter of the subsequent array on 80% 

of the trials, the opposite of the central letter on 80% of the trials,  or had no predictive 

value.  The authors employed a “vector filter” to analyze ERPs elicited by the arrays, 

which gave greater emphasis to either frontal or central scalp sites.  When frontal sites 

were more heavily weighted, the N2 was sensitive to the compatibility manipulation – 

larger for incompatible arrays that invoked a response conflict  -- and relatively 
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unaffected by the nature of the preceding cue.  When central sites were more heavily 

weighted,  N2 amplitude largely reflected the cue/array relationship.  In the “80% same” 

block, N2 showed an amplitude gradient that followed the degree of perceptual mismatch 

between cue and target array. That is, after a cue of H, N2 amplitudes followed a gradient 

of SSSSS > SSHSS > HHSHH > HHHHH.  This pattern of results provides a strong hint 

that although anterior N2s reflect both perceptual matching and response conflict, it may 

be possible to decompose what appears to be a unitary physiological response into 

frontally-maximum and centrally-maximum components with differing functional 

attributes.  Unfortunately, the apparent central maximum of the perceptual match effect in 

Gehring et al. (1992) is not in close agreement with the Sternberg paradigms indicating a 

frontal maximum for the component that differentiates positive and negative probe trials 

(Kramer et al., 1991; Kotchoubey et al., 1996).  

Further details of the Gehring et al. (1992) study are relevant for an understanding 

of what we propose as the “template mismatch” aspect of the anterior N2.  Comparison of 

the  “80% different” and “80% same” blocks may tease apart the predictive value of the 

cues from their pure perceptual overlap with the target arrays.  If passively-perceived 

mismatch were the sole determinant of frontal N2 amplitude, one would expect the “80% 

different” block to be identical to the “80% same” block: SSSSS preceded by H would 

elicited the largest N2, although participants were aware that H tended to predict S.   In 

contrast, if N2 amplitude were driven by internally-generated expectations, one would 

expect the results of the “80% different” block to be a perfect reversal of the “80% same” 

block.  The observed results showed a mild reversal, too weak to be statistically 
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significant, but clearly in the opposite direction of the “80% same” block.  This outcome 

indicates that although internally-generated expectations may not always be strong 

enough to override a simple perceptual matching process, the anterior N2 cannot be 

considered an index of a completely passive visual comparator either.   

Finally, we note some apparent exceptions to our suggestion that the anterior N2 

indexes deviation from an actively maintained visual template, coming from ERP studies 

of change blindness (Koivisto & Revonsuo, 2003; Eimer & Mazza, 2005).  In one study, 

Eimer and Mazza (2005) had participants view sequentially presented pairs of arrays 

separated by 500 ms.  Each array consisted of four black and white photographs of faces, 

arranged in a cross left, right, above and below fixation.  In the first experiment, 

participants indicated whether or not one of the faces on the left or right had changed.  

Relative to undetected change trials, detected change trials elicited a posterior N2 

enhancement contralateral to the detected change, but there was no sign of an anterior 

N2, seeming to contradict the results of Wang and colleagues discussed above.  We 

suspect that the key difference was the difficulty of this task in which the faces were 

highly confusable and presented off-fixation.  The fact that participants detected only 

71% of changes suggests that the task was challenging even though attention was limited 

to the left and right faces, in contrast to, for instance Wang et al. (2003) and Wang et al. 

(2004), in which accuracy exceeded 95%.  This study therefore suggests that there may 

be a threshold for degree of mismatch below which the anterior N2 is not triggered.   

A second study, conducted by Koivisto and Revonsuo (2003) is more difficult to 

integrate into our framework.  Participants viewed sequentially presented pairs of arrays 
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containing eight oriented lines arranged in a roughly circular pattern around fixation 

(eight item condition) in order to detect whether one of the elements changed orientation.  

As in the Eimer and Mazza (2005) study, participants detected only 71% of the changes 

in this condition, and detected-changes again elicited only a posterior N2 relative to no-

change and undetected-change trials.  More bothersome was a one-item control condition 

in which arrays contained only a single oriented line, also presented off fixation, and 

participants judged simply whether orientation changed between the first and second 

stimulus of the pair.  Predictably, accuracy was quite high in this condition (98%), but 

there was still no sign of an anterior N2 to detected changes.  This appears to be a fairly 

direct failure to replicate several of the sequential matching tasks discussed above.  

 

Conclusions from visual novelty and sequential matching paradigms 

Non-matching stimuli in sequential matching tasks and in cue-target sequences 

elicit larger frontocentral N2s as compared to matching stimuli, and this anterior N2 

appears similar to that elicited by complex unusual stimuli in visual novelty paradigms. 

Mere deviation from preceding stimuli appears to be insufficient to elicit an anterior 

visual N2 (or it would routinely appear for rare targets differing from more frequent 

standards). The novelty paradigms indicate that if deviant stimuli serve as nontargets and 

do not require participants to override a prepotent response, they must be very unusual 

(typically unique) as compared to both their experimental context and long-term 

experience to elicit a substantial anterior N2.  Large frontocentral N2s are elicited in two 

other sorts of circumstances.  One is when the second stimulus of a two-stimulus 
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sequence is discrepant from the initial stimulus, and the assigned task encourages or 

demands perceptual matching of the two, as in sequential matching tasks, Sternberg 

tasks, and the modified version of the Eriksen flanker task using an informative pre-cue.  

The second is when the eliciting stimuli are either targets or cues for an upcoming target, 

but comprise a perceptually variable set of items that must be individually identified and 

then classified as belonging to a larger set before their target status or signal value can be 

appreciated (Breton et al., 1988).    

The shared property of these diverse results appears to be actively attended 

mismatch between a stimulus and a mental template.  The most straightforward case is 

provided by the sequential matching paradigms, in which a) mismatch detection is central 

to the task and b) the N2 effect is eliminated when mismatch becomes task irrelevant.  

Also reasonably intuitive is the novelty effect, which suggests that mismatch between a 

stimulus and long term memory can “grab” attention as long as the magnitude of 

mismatch is considerable.  This leaves Breton et al’s (1988) observation that diverse (but 

simple) targets elicit larger anterior N2s than equally rare but homogeneous targets.  We 

suspect that the key factor is in the strategy encouraged by the two types of oddball.  

When the relevant oddball is a single simple stimulus, the most natural strategy is to hold 

the target in mind and search for matches.  When the relevant oddball category has too 

many exemplars to hold in working memory but the standard is a single stimulus, the 

most natural strategy is to hold the standard in mind and search for mismatches, which 

will drive an anterior N2.   
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Despite its sensitivity to the perceptual discrepancy between the eliciting stimulus 

and other stimuli, the anterior visual N2 differs from the auditory Mismatch Negativity in 

several functional properties.  First, there has been no suggestion that anterior N2 

responses to visual stimuli appear in the absence of focal attention to the eliciting stimuli, 

whereas the MMN can be elicited by acoustic deviants as participants read a book and 

ignore auditory events.  Second, as described above, the sensitivity of the visual N2 to 

perceptual mismatch is modulated by the task-relevance of perceptual changes across 

sequential stimuli.  The dissociation between the anterior visual N2 and pre-attentive 

change detection is evidenced by studies of unattended visual deviance aimed at eliciting 

the visual analogue of the Mismatch Negativity (vMMN).  These studies typically require 

participants a) to perform a demanding visual task at fixation while irrelevant visual 

oddball events are presented in the near periphery or b) to detect auditory oddballs while 

irrelevant visual oddballs are presented at fixation.  Unattended visual deviants elicit 

early and posterior negative effects that often end at or before 200 ms, prior to the N2 

epoch.  Some have argued that this effect might be closely related to the visual N180 

component, and reflects a “release from refractoriness” when a visual stimulus with new 

physical properties stimulates a new pool of visual neurons as compared to repetitive 

identical stimuli (Kenemans, Jong, & Verbaten, 2003; but see Czigler et al., 2006; see 

Pazo-Alvarez, Cadaveira, & Amenedo, 2003 for a review).  In any case, it is clear that, 

when preconditions for the MMN are replicated in the visual modality, an anterior N2 is 

never the result. 
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We have argued in this section that the anterior N2 is driven by attended 

mismatch from a visual template and that this effect is not an epiphenomenon of 

cognitive control processes.  Equally clear, however, is the sensitivity of an anterior N2 

to cognitive control.  We review the evidence for this claim below, arguing that the 

control N2 constitutes a separate component. 

 

An anterior N2 is sensitive to cognitive control 

We argued above that an anterior N2 component was modulated by attended 

mismatch between a stimulus and a mental template, and that the majority of observed 

template-mismatch effects could not be described in terms of response inhibition, 

detection of response conflict, or strategic performance monitoring – a collection of 

processes broadly termed “cognitive control”.   In this section, we describe conditions 

explicitly designed to vary in their requirements for cognitive control, which also result in 

modulation of an anterior N2, and discuss their relationship (or mostly, lack of 

relationship) to perceptual template matching.   

Experimental paradigms commonly used in the study of response inhibition 

and/or response conflict include go/No-go tasks, the Eriksen flanker task, and the stop-

signal paradigm, each reviewed below. These are contrasted to a paradigm which appears 

to include similar cognitive elements (“negative patterning”) but which leads to little if 

any modulation of an anterior N2.  Paradigms designed to evaluate response-monitoring 

and/or the adjustment of strategies are those in which participants are expected to make 

errors and to notice them, or those which include feedback about performance.  After 
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review of error and feedback studies, we discuss the relationship among the variety of 

N2-like responses elicited in paradigms that tax cognitive control and N2 responses that 

appear to be triggered by mismatch to a perceptual template.    

 

The No-go N2 and cognitive control 

Several findings from go/No-go studies support the hypothesis that the No-go N2 

is driven by inhibition of a planned response.  First, even though larger N2s are elicited 

by No-go than Go trials in silent counting tasks, it tends to be somewhat larger in tasks 

for which an overt response must be withheld (Bruin & Wijers, 2002; Pfefferbaum et al., 

1985).  Second, the No-go N2 is increased by pressure to respond quickly (Jodo & 

Kayama, 1992).  This sensitivity to speed instructions may bear on the difference 

between tasks with overt motor responses and covert responses like silent counting as it is 

more difficult to mandate speed for a covert response.  Third, the No-go N2 is larger in 

participants with low than high false alarm rates, suggesting an association between 

amplitude and successful response inhibition (Falkenstein, Hoormann, & Hohnsbein, 

1999).   

Finally, there is some evidence that the No-go N2 is larger when No-go stimuli 

share features with target stimuli and thus trigger preparation of an incorrect response 

that must be suppressed.  Azizian and colleagues compared ERPs elicited by a rare target 

stimulus (10%), a frequent non-target standard with a very different shape (60%),  a rare 

non-target with a similar shape (10%) and two other non-targets with intermediate 

similarity (10% each).  The similar non-target elicited a much larger fronto-central N2 
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than the any of the other non-target conditions (Azizian, Freitas, Parvaz, & Squires, 

2006).  Other studies that include attentional manipulations have also observed centrally 

and sometimes fronto-centrally distributed N2 enhancements to non-targets that share 

features with rare targets, sometimes locating dipole sources in medial frontal cortex, 

consistent with source localization of the No-go N2 in more standard paradigms (Lange 

et al., 1998; Kenemans et al., 2002; Nieuwenhuis et al., 2003). These observations of 

larger N2s for nontargets that resemble targets are the opposite of what might be expected 

for a component sensitive to perceptual mismatch alone, and thus provide strong 

evidence that the N2 also indexes cognitive control.   

The evidence that difficult No-go trials (those in which the No-go stimuli 

resemble the Go stimuli) elicit larger N2s than easy No-go trials is, however, not 

perfectly uniform.  In a two stimulus go/no-go task (25% probability non-targets), 

Nieuwenhuis et al. presented either the visually distinct letters F and S, or the acoustically 

similar letters F and T in separate visual and auditory blocks (Nieuwenhuis, Yeung, & 

Cohen, 2004).  The fronto-central N2 to auditory No-go stimuli was larger during the 

difficult than easy discrimination, which did not elicit a significant No-go N2.  There 

was, however, no difference between easy and difficult visual discrimination, both of 

which elicited large No-go N2s. The authors’ interpretation was that even the easy visual 

stimuli posed sufficient discrimination difficulty that participants prepared a response on 

the No-go trials.  Another study used three colored circles, one light green, one dark 

green, and one red, each with a probability of 33%.  The dark green circle and one of the 

other circles were always No-go stimuli, and the third circle was the rare target.  The N2 
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to the dark green circle was measured when the light circle was the target (difficult 

discrimination) and when the red circle was the target (easy discrimination). While the 

N2 to the dark green circle was enhanced during difficult discrimination, the scalp 

distribution was clearly posterior rather than fronto-central, suggesting an attentional 

rather than control-related enhancement (Senkowski & Herrmann, 2002). 

Perhaps more consistently effective than manipulating the discriminability or 

presence of target features on No-go trials is the manipulation of the location of target 

features  This is the strategy employed in the Eriksen flanker task and its variants, which 

we now review. 

 

The Eriksen flanker task 

In addition to variants of the two-stimulus oddball task, several tasks have been 

designed specifically to investigate the influence of cognitive control.  One such task is 

the Eriksen task (Eriksen & Eriksen, 1974), in which participants perform a choice 

reaction time task on the central letter of a letter string.  Typically, the central letter is 

flanked on either side by either identical letters (e.g. HHHHH, congruent noise 

condition), or letters indicating the opposite response (e.g. SSHSS, incongruent noise 

condition).  Relative to congruent flankers, incongruent flankers elicit delayed reaction 

times, ERP correlates of initially incorrect motor preparation (lateralized readiness 

potentials, or LRPs) that resolve before the actual response, an enhanced fronto-central 

N2, and a delayed parietal P3 (Heil, Osman, Wiegelmann, Rolke, & Hennighausen, 2000; 

Gratton, Coles, Sirevaag, Eriksen, & Donchin, 1988; Coles, Gratton, Bashore, Eriksen, & 
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Donchin, 1985; Gehring et al., 1992; Kopp, Rist et al., 1996; Yeung et al., 2004; 

Bartholow, Pearson, Dickter, Sher, Fabiani, & Gratton, 2005).   

Several findings demonstrate that the N2 effects in the flanker task are not elicited 

by template mismatch but instead by the need to control incorrect response preparation.  

First, the probability of the response categories and of the congruent and incongruent 

flankers is usually 50%, eliminating the possibility that the frontal N2 is driven by 

mismatch with a template developed for frequent stimuli.  Two studies have investigated 

the interaction between expectation and flanker compatibility.  A study by Gehring et al., 

already described above, crossed congruent and incongruent flankers with pre-cues that 

validly or invalidly predicted the correct response.  While the N2 at central electrodes 

was sensitive to the extent of mismatch between the cue and the overall array, the N2 at 

frontal electrodes was sensitive to noise congruity and relatively insensitive to cue 

validity (Gehring et al., 1992).  More difficult to interpret is a study by Bartholow et al. 

that manipulated not probability of response category but the probability of incongruent 

flankers.  The scalp distribution of the N2 to incongruent flankers was more frontal when 

incongruency was common relative to uncommon, perhaps suggesting that cognitive 

control was elicited more readily when it was more frequently necessary (Bartholow et 

al., 2005).  In any case the N2 at Cz was significant in both expectation conditions, 

showing that it was not contingent on the predictability of congruent trials.  One might 

argue that the N2 in the flanker paradigm is driven by mismatch between the relevant 

central element and the incongruent flankers, but this  explanation is eliminated by 

studies manipulating the response values of mismatching flanker elements.  These show 
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that the N2 is larger when mismatching flankers are associated with the opposite response 

to the central element rather than with the same response or with a No-go response (Heil 

et al., 2000; van Veen & Carter, 2002). 

Finally, a recent computational model of conflict monitoring simulated changes in 

timing and amplitude of the N2 in the flanker task based on the predicted timecourse of 

response conflict (Yeung et al., 2004).  The model predicted that the N2 would peak prior 

to the response on correct trials, after the response on incorrect trials, and be larger to 

incongruent than congruent trials.  Response-locked ERPs confirmed these predictions 

and further supported hypothesis that the control N2 is timelocked to the response rather 

than the stimulus (Nieuwenhuis et al., 2003) by showing that the peak latency of the N2 

positively correlated with reaction time.  Also predicted by the model was the observation 

that the amplitude of the N2 was positively correlated with reaction time, consistent with 

the intuitive idea that trials with more conflict elicit longer reaction times.  In fact, much 

but not all of the N2 amplitude difference between congruent and incongruent trials was 

accounted for by the fact that congruent trials are associated with faster RTs than 

incongruent trials.  Finally, dipole sources for both the N2 to correct and incorrect 

responses (error related negativity, see below) were localized to medial frontal cortex 

(see also van Veen & Carter, 2002).  Much as for the No-go N2, hemodynamic imaging 

studies demonstrate a role for midline frontal cortical areas in mediating response conflict 

in incompatible flanker trials  (see Ridderinkhof, Ullsperger, Crone, & Nieuwenhuis, 

2004 for a review),  indicating that complete inhibition of a response and selection of an 

alternate response engage the same brain region (but see also Aron, Robbins, & Poldrack, 
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2004; Aron & Poldrack, 2006; Aron, Fletcher, Bullmore, Sahakian, & Robbins, 2003 for 

suggestions that a region of lateral frontal cortex - the inferior frontal gyrus - may also be 

involved in response inhibition). 

In summary, incompatible stimuli in the flanker task elicit a central or fronto-

central N2 that is relatively insensitive to probability and is difficult to account for within 

a mismatch-based theory. However, we will ultimately conclude that this “control N2” is 

frequently mixed with an N2 that is driven by perceptual mismatch.   

 

The stop signal paradigm 

In stop signal tasks, participants perform a visual choice reaction time task to an 

initial stimulus (S1) which is sometimes followed by a “stop” stimulus that signals the 

need to withhold the response (e.g. Logan, Cowan, & Davis, 1984; De Jong, Coles, 

Logan, & Gratton, 1990).  Fronto-central N2s are elicited by stop-signals, and like the N2 

for incongruent trials in the flanker paradigm, are larger when instructions emphasize the 

importance of fast responses on Go trials than when instructions request a balance 

between speed and accuracy (Band, Ridderinkhof, & van der Molen, 2003).  

Stop signal are presented with variable delays after the initial stimulus, resulting 

in more successful stops at short delays and more incorrect responses when the delays are 

longer and the prepared response can no longer be inhibited.  It is thus possible to 

combine the distribution of reaction times to trials with no stop-signal and the distribution 

of latencies of stop signals eliciting unsuccessful stops  to calculate the stop signal 

reaction time, or the amount of time it takes to inhibit a response. There is some evidence 
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that the N2 elicited by the stop signal is larger in participants with fast stop-signal RT 

(i.e. efficient inhibitors) than those with slow stop-signal RT (van Boxtel, van der Molen, 

Jennings, & Brunia, 2001).  Another study reported that the stop-signal N2 was reduced 

over right inferior frontal electrodes in children with attention-deficit-hyperactivity 

disorder (ADHD) relative to normal controls.  This was true for both successful and 

unsuccessful stop trials.  Over these same electrodes, N2 amplitude was correlated with 

percentage of successful inhibitions in both normal and ADHD children.  N2 amplitude 

was also correlated with degree to which short-delay stop-signals improved inhibition 

success, a measure related to stop-signal RT (Pliszka, Liotti, & Woldorff, 2000; see also 

Schmajuk, Liotti, Busse, & Woldorff, 2006). 

Two further facts are revealed by direct comparison between successful and 

unsuccessful stop trials.  First, the latency of the N2 is longer in unsuccessful than 

successful trials (Kok, Ramautar, De Ruiter, Band, & Ridderinkhof, 2004; Ramautar, 

Kok, & Ridderinkhof, 2004, 2006).  Second, N2 amplitude is consistently larger for trials 

with unsuccessful than successful inhibition (van Boxtel et al., 2001) and this difference 

has usually been observed to have a centro-parietal or posterior scalp distribution (Kok et 

al., 2004; Ramautar et al., 2004; Pliszka et al., 2000; but see Ramautar et al., 2006).  This 

last result has lead some to suggest that the stop-signal N2 does not reflect response 

inhibition, but instead evaluation of the stop-signal (Ramautar et al., 2004, 2006).  More 

specifically, it was hypothesized that, on unsuccessful trials, participants are already 

aware at the time of the stop signal that it will be ineffective, increasing the 

“meaningfulness” of the stimulus and amplitude of the N2.  In our framework, one might 
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think of the stop-signal on these trials as taking on characteristics of a target, signal value 

perhaps, resulting in increased attention and a posterior N2.   

Overall, the stop-signal N2 may contain multiple subcomponents, one anterior 

and related to inhibition or control and one posterior related to evaluation of the stop-

signal.  Future studies should attempt to separately manipulate these subcomponents. 

 

The Stroop task 

The Stroop task is very commonly used in the study of cognitive control and the 

prefrontal cortex.  Briefly, participants view color words printed in ink of the same color 

as that referred to by the word (congruent condition) or a different color (incongruent 

condition), and speak the color of the ink. Reaction times are slower in the incongruent 

condition than in the congruent condition and patients with damage to the frontal lobes 

make an increased number of errors to congruent Stroop stimuli, frequently producing the 

written word rather than the ink color (Lezak, 1995).   

In the most typical adaptation of the Stroop task to ERP recording, participants 

use four buttons to indicate the color of letters on a computer screen, ignoring as usual 

the actual color word spelled by the letters.  Compared to congruent stimuli, incongruent 

stimuli often elicit a negative deflection peaking at around 450 ms and overlapping a 

centrally distributed slow negative potential.  In some cases, N450 manifests as a 

negative peak, clearly distinct from and later than the central N2, maximal at fronto-

central electrodes, but extending to parietal electrodes where it appears as a negative 

deflection of the P3 (Liotti, Woldorff, Perez, & Mayberg, 2000; West & Alain, 2000b).  
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In other studies, the incongruity effect appears as an extension of the central N2 in time 

and is more difficult to distinguish from the central negative slow wave (West & Alain, 

1999, 2000b).  Two other studies failed to observe anything resembling an N450, but 

these studies were primarily interested in the P3 component and applied conservative 

filters ideal for studying the P300 (Duncan-Johnson & Kopell, 1981; Ilan & Polich, 

1999).  We note, however, these were the only two Stroop studies that did not use a 

reference computed over all scalp sites, as compared to the majority of N2 studies 

covered here using mastoid, earlobe, or nosetip references.   .   

One study replicated the N450 in three different task conditions: overt vocal color 

naming, covert vocal color naming, and the usual manual response version (Liotti et al., 

2000).  The N450 effect was largest and most frontal in the overt naming task, somewhat 

smaller in the covert naming task, and smallest and most posterior in the manual task, 

possibly accounting for the somewhat inconsistent scalp distribution across manual 

studies.  This study also localized a dipole source for the N450 in the anterior cingluate, 

consistent with results from neuroimaging studies (e.g. Cabeza & Nyberg, 2000; Leung, 

Skudlarski, Gatenby, Peterson, & Gore, 2000; Milham et al., 2001; van Veen & Carter, 

2005).  

Also of note was a study that examined the impact of the proportion of 

incongruent trials on the N450 incongruity effect (West & Alain, 2000b).  When 

incongruent trials were rare, the effect was larger than when they were frequent,  but only 

for trials with fast reaction times.  Note that this is somewhat inconsistent with the 
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findings of Bartholow et al. (2005), who found that incongruent flankers enhanced the N2 

at Fz only when trials were mostly incongruent.   

While the N450 has a later onset and peak than the N2, it has a similar central 

scalp distribution and is similarly sensitive to manipulations of cognitive control.  On the 

other hand, the current data suggest that increasing the proportion of incongruent trials 

increases the N2 to incongruent flankers but decreases the N450 to incongruent Stroop 

stimuli.  Because the effects in both of these studies were subtle, being only significant at 

Fz in the Bartholow et al. (2005) and significant only for fast trials in West et al. (2000), 

this puzzling inconsistency should be treated with caution pending replication.   

 

Negative patterning: a limiting case for the control N2? 

We have reviewed several control related N2 and N2-like results related to action 

monitoring and apparently generated by similar sources in medial frontal cortex.  We 

now note a study where stimuli with apparently conflicting information did not elicit an 

enhanced N2, suggesting a limit on the generality of this phenomenon.  

Fox and colleagues employed a negative patterning paradigm (Spence, 1952) to 

study the effect of configural and elemental No-go stimuli on the No-go N2 (Fox et al., 

2000).  In this paradigm, participants respond to two stimuli, labeled “A+” and “B+”, but 

must not respond to a combination of those two stimuli, labeled “AB-“ or, in this case, 

configural No-go.  Given the studies reviewed so far, one might consider the configural 

No-go stimulus ideal for eliciting a fronto-central N2.  Not only is it a No-go stimulus, 

but it is composed of elements that individually indicate a Go response, introducing 
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conflicting information.  Furthermore, the No-go trials were rare (25%) in Fox et al’s 

experiment, and we have seen that low-probability No-go trials are particularly potent in 

eliciting anterior N2s (Bruin & Wijers, 2002; Nieuwenhuis et al., 2003). 

The details of the study were as follows.  The A+ and B+ were not in this case 

individual stimuli, but rather stimulus features, A+ being the color blue and B+ being the 

letter O.  A+ stimuli were the letters N, J, and W, all colored blue and the B+ stimuli 

were the letter O colored either green, red, or yellow.  The AB- (configural No-go) 

stimulus was a blue O. The design further included a CD-, or elemental No-go stimulus 

that had a unique color and letter, in this case a pink E.  Each individual stimulus 

constituted 12.5% of the trials, so that, together, the two types of No-go stimuli 

(elemental and configural) constituted 25% of the trials. Contrary to prediction, the N2 to 

configural No-go stimuli was only slightly larger than the N2 to Go stimuli and did not 

reach the authors’ criterion of significance.  The elemental No-go stimulus, on the other 

hand, elicited a robust N2 which, interestingly, peaked later than the configural No-go 

N2.  This even though accuracy to the configural No-go stimuli was slightly (but not 

significantly) worse than the accuracy to the elemental No-go stimuli. 

Why was the configural No-go N2 so small?  One possibility is that it represents 

the effect of cognitive control in direct opposition to the effect of perceptual mismatch.  

Even though all individual stimuli in this experiment were equally probable, the stimulus 

features were not.  In fact, 50% of the stimuli were blue and 50% were the letter O, 

making blue and O the most frequent features.  Because the configural No-go stimulus 

was unique but similar to most of the other stimuli, the most intuitive strategy would be 
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to hold the blue O in mind and search for a match.  The features of the elemental No-go 

stimulus, on the other hand, were unique and very rare (12.5% each), possibly resulting in 

a mismatch effect summating with the effect of cognitive control.  

The results of Fox et al’s study emphasize the importance of considering the 

influence of mismatch on the anterior N2 when designing experiments to investigate 

cognitive control, and further suggest that the presence of conflicting information is not 

always effective in eliciting this component, particularly during complex categorization 

rules.   

Data from our own lab are generally consistent with this latter point.  In one early 

study, we did observe an enhanced anterior N2-like component to stimuli in conflicting 

information in a complex categorization task.  Briefly, participants use a disjunctive 3-

out-of-5 rule to categorize artificial stimuli with five relevant dimensions.  Near 

Boundary stimuli had three features belonging to one category and two features 

belonging to another category while Far Boundary stimuli had four features belonging to 

one category and only one feature belonging to the opposite category.  Near Boundary 

stimuli, which had more conflicting information than Far Boundary stimuli elicited an 

enhanced anterior N2 (Folstein & Van Petten, 2004).  Our subsequent experiments, 

however, have failed to elicit any N2 enhancement to stimuli sharing features with 

multiple categories, while novel features have been highly effective in eliciting the 

anterior N2.  In one experiment, a conjunction of two features indicated category A, a 

conjunction of two different features indicated category B, and anything else indicated 

category C.  Category C included stimuli with one category A feature and one category B 
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feature (Conflicting condition) as well as stimuli with unfamiliar features not associated 

with either category A or B (Novel condition).  The Conflicting category C stimuli 

elicited an N2 with the same amplitude as the familiar category A and B stimuli while the 

Novel category C stimuli elicited a large enhanced anterior N2 (Folstein, Van Petten, & 

Rose, 2004; Folstein, Van Petten, & Wong, in preparation).  In a second experiment, 

participants categorized stimuli using a two-out-of-three rule very similar to the three-

out-of-five rule employed in the initial experiment.  Again, Near Boundary stimuli did 

not elicit a larger anterior N2 than Far Boundary stimuli, but a third category in which the 

stimuli had novel features did elicit an enhanced anterior N2, again emphasizing the 

effectiveness of novelty in driving the anterior N2 (Folstein, Van Petten, & Wong, 2007; 

Folstein et al., in preparation). 

 

Anterior negative ERPs elicited by errors and negative feedback 

 

The Error-Related Negativity and the Feedback-Related Negativity 

Anterior negative components are also elicited by participant’s errors and by 

negative feedback about task performance.  These components have been variously called 

the Error Related Negativity (ERN), the Feedback ERN, the Feedback Related Negativity 

(FRN), and the Medial Frontal Negativity.  For clarity, we will use the term ERN for the 

response-locked component, and FRN for the component timelocked to a feedback 

stimulus. 
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  The response-locked ERN is a fronto-central negative wave peaking around 50-

60 ms post response that is larger for errors than correct responses (Falkenstein, 

Hohnsbein, Hoormann, & Blanke, 1991; Gehring, Goss, Coles, & Meyer, 1993).  Some 

studies suggest that the ERN reflects adjustment of both short and long term response 

strategies after a mistake. High ERN amplitude predicts a higher probability of a 

compensatory second response,  and a slower response on the subsequent trial, linking 

this component with short-term strategic monitoring (Gehring et al., 1993).  Frank et al. 

showed that participants that made use of negative feedback to associate symbols with 

probabilistic rewards had larger ERNs than participants that made more use of positive 

feedback, linking the ERN with longer-term strategic processes as well (Frank, Woroch, 

& Curran, 2005).  ERN amplitude increases with the significance of errors, as when 

accuracy is emphasized over speed (Gehring et al., 1993), participants believe that their 

performance is being evaluated by an observer, and when correct trials have high 

monetary value (Hajcak, Moser, Yeung, & Simons, 2005).  These results suggest that the 

ERN is specifically related to the detection of errors rather than to the detection of a rare 

event.   

The FRN is a fronto-central negative wave peaking around 250 ms post-stimulus 

onset that is larger to negative than positive feedback, regardless of sensory modality of 

the feedback signal (Miltner, Braun, & Coles, 1997; Badgaiyan & Posner, 1998; Holroyd 

& Coles, 2002), and also  larger to negative than positive outcomes in gambling tasks 

(Gehring & Willoughby, 2004; Hajcak, Holroyd, Moser, & Simons, 2005; Gehring & 

Willoughby, 2002; Yeung & Sanfey, 2004; Yeung, Holroyd, & Cohen, 2005). In 
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gambling tasks, the FRN does not appear to be sensitive to the magnitude of monetary 

loss, but only to whether an outcome is positive or negative (Yeung & Sanfey, 2004; 

Gehring & Willoughby, 2004; Hajcak, Moser, Holroyd, & Simons, 2006; Holroyd, 

Hajcak, & Larsen, 2006).  An interesting aspect of monetary feedback stimuli is that a 

given reward magnitude can indicate an erroneous or correct choice, depending on the 

alternative outcome (e.g. a decision resulting in a loss of 25¢ could be correct if the 

alternative was losing 50¢).  A recent study showed that the FRN is selectively sensitive 

to negative monetary outcomes or performance errors, depending on which is emphasized 

by the feedback stimulus (Nieuwenhuis, Yeung, Holroyd, Schurger, & Cohen, 2004). 

 

Response conflict, error detection, poor outcomes, and the medial frontal cortex   

The evidence generally suggests that both ERN and FRN are generated in medial 

frontal cortex, although the data are stronger for the ERN than for the FRN.  One meta-

analysis of functional magnetic imaging studies, including thirteen studies of response 

error and five studies of negative feedback found that all reported activation in medial 

prefrontal cortex, including Brodmann’s areas 24 and 32 of the anterior cingulate (ACC), 

but also activations in motor areas 6 and 8 (Ridderinkhof, Ullsperger et al., 2004; see also 

Gehring & Willoughby, 2004; Taylor et al., 2006).  Patients with Obsessive Compulsive 

Disorder, who are thought to have overactive anterior cingulates, have larger ERNs than 

normal controls (Gehring, Himle, & Nisenson, 2000; Fitzgerald et al., 2005; see also 

Hajcak & Simons, 2002; but see Nieuwenhuis, Nielen, Mol, Hajcak, & Veltman, 2005). 

Conversely, patients with damage to medial prefrontal cortex, including a patient with a 
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focal ACC lesion have been observed to have attenuated ERNs (Swick & Turken, 2002; 

Stemmer, Segalowitz, Witzke, & Schönle, 2004; see also Gehring & Knight, 2000; 

Ullsperger, von Cramon, & Müller, 2002; Ullsperger & von Cramon, 2006).  Source 

localization methods applied to both ERP and MEG data have shown that dipole sources 

in medial frontal cortex adequately account for both ERN and FRN (Miltner et al., 1997; 

Gehring et al., 2000; Gehring & Willoughby, 2002; van Veen & Carter, 2002; Ruchsow, 

Grothe, Spitzer, & Kiefer, 2002; Nieuwenhuis et al., 2003; Luu, Tucker, Derryberry, 

Reed, & Poulsen, 2003; Miltner, Lemke, Weiss, Holroyd, Scheffers, & Coles, 2003; 

Yeung et al., 2004).  However, considerable doubt has recently been cast on the anterior 

cingulate source for negative feedback in the time estimation task used by Miltner et al. 

(1997; van Veen, Holroyd, Cohen, Stenger, & Carter, 2004; Nieuwenhuis, Slagter, von 

Geusau, Heslenfeld, & Holroyd, 2005) and Gehring and colleagues have argued that the 

FRN to monetary losses has contributing sources that are more anterior than the ERN 

elicited by errors in the flanker task (Gehring & Willoughby, 2004; see also Taylor et al., 

2006).  Therefore the exact relationship between the ERN, FRN, and particular regions of 

medial frontal cortex remains an active area of study.   

Also active is the question of whether the ERN (van Veen et al., 2004) indexes 

the detection of errors/negative outcomes or the detection of response conflict, as 

proposed for the anterior N2.  One model of conflict monitoring, for instance, was able to 

account for the timing of the N2 and ERN effects elicited by incongruent flanker stimuli 

by assuming that both had a medial frontal dipole source (Yeung et al., 2004).  Also, the 

ERN is larger when the error response is motorically similar to the correct response as 
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compared to dissimilar errors, further supporting a conflict interpretation (Gehring & 

Fencsik, 2001).  Another study, however, found that a patient with an anterior cingulate 

lesion had a reduced ERN but an enhanced N450 effect to incongruent stimuli in a 

Stroop-like task, supporting a dissociation between error and conflict detection (Swick & 

Turken, 2002).   

A particularly influential alternative to the conflict hypothesis was proposed by 

Holroyd and Coles (2002), who hypothesized that the both the ERN and FRN are 

generated by a dopaminergic signal to the anterior cingulate that a given outcome was 

worse than expected.  They predicted that the relative amplitudes of the ERN and the 

FRN would change depending on the validity of feedback stimuli.  Specifically, when 

negative feedback is valid,  there should be a large ERN following an erroneous response 

because realization of one’s own mistake is a disappointment, but the subsequent FRN 

elicited by the feedback stimulus should be small because that information is consistent 

with expectation.  When feedback is invalid,  the FRN should be larger than the ERN, 

since error feedback would be less expected.  This is exactly what Holroyd and Coles 

observed in an experiment that compared blocks of completely valid feedback to blocks 

with inconsistently-valid feedback (50% accurate feedback, 50% inaccurate) mappings 

between stimulus and response (Holroyd & Coles, 2002).  Also as predicted, the ERN to 

errors increased in amplitude over the course of learning as errors became less expected.  

Also as predicted, the feedback ERN in the 50% validity condition remained constant 

throughout the experiment.  The authors argued that the ERN and FRN were generated 
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by a single source in anterior cingulate cortex that is sensitive to worse-than-expected 

outcomes (see also Nieuwenhuis, Holroyd, Mol, & Coles, 2004 for further review).   

Holroyd and Coles’ unification theory of the ERN and FRN is, of course, a kind 

of mismatch detection hypothesis, except that that a) the mismatch is between an 

expectation and an event, rather than among external events alone, and b) the detected 

mismatch must be negatively valenced.   It may be possible to relate this hypothesis to 

our description of the N2 as indexing attended mismatch with a perceptual template if we 

assume that participants have a bias toward expecting good outcomes in paradigms in 

which stimuli carry a valence.  Although speculative, this idea is suggested by studies in 

which participants predict gambling outcomes from trial to trial and are shown to be 

biased towards expecting positive outcomes (see Krizan & Windschitl, 2007 for a 

review).  Studies exploring the relationship between the mismatch/novelty N2 and either 

the ERN or FRN are very few in number, but below we describe two sources of extant 

data: first, ERP experiments that manipulate both outcome valence and perceptual 

mismatch, and then hemodynamic imaging experiments that may shed light on whether 

or not perceptual novelty effects and “cognitive control” effects share a common neural 

source.   

 

Impact of outcome probability and perceptual mismatch on the Feedback-Related 

Negativity 

A handful of recent studies have examined the relationships among outcome 

valence, outcome probability, and stimulus mismatch as determinants of FRN amplitude.  
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In reviewing these studies, our primary goal is not to evaluate the relative merits of the 

conflict and outcome detection hypotheses, but to consider the relationship between the 

FRN and template-mismatch N2. 

In two studies with overlapping authors, an array with four elements appeared on 

the screen and participants chose one of the elements, resulting either in a monetary 

reward or a lack of reward,  as signaled by subsequent feedback stimulus.  Holroyd et al. 

found that the difference between positive and negative feedback was larger for low 

probability (25%) outcomes than high probability (75%) outcomes (Holroyd, 

Nieuwenhuis, Yeung, & Cohen, 2003).  However, in two experiments, Hajcak  and 

colleagues found the standard valence effect (larger FRN for negative than positive 

feedback), but no interaction between valence and probability (Hajcak, Holroyd et al., 

2005).  Although these experiments present mixed results, the evidence leans towards 

insensitivity of the FRN to standard probability manipulations.  This is consistent with a 

bias to expect positive outcomes independent of the actual probability of those outcomes. 

Very few experiments have combined the valence manipulations that are popular 

in the feedback-related-negativity literature with manipulations that we might expect to 

influence the anterior N2 that is sensitive to perceptual mismatch.  Two that appear to do 

so used a “slot machine task” in which an array of three elements appears on the screen 

one element at a time at a rate of about one element per second (Donkers, Nieuwenhuis, 

& van Boxtel, 2005).  In both studies, an XXX array signaled a monetary gain or loss in 

different blocks, while XXY and XYZ signaled no change in the participant’s “account”.   

This design includes no response selection by the participants, eliminating any 
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adjustments of strategy from consideration of the results (see also Yeung et al., 2005 for 

evidence that negative monetary outcomes elicit FRNs even when participants make no 

choices).  The comparison of most interest is between the ERP elicited by the third 

element of the XXX and XXY arrays.  Note that in the Gain-block, XXY indicates a 

relative loss (given that gain was possible), while in the Loss-block the same stimulus 

indicates a relative gain (given that loss was possible).  In  contrast to the results 

reviewed so far, ERPs were completely unaffected by outcome valence in the initial study  

(Donkers et al., 2005).  However there was a clear and large effect of mismatch in that 

the final element of XXY arrays elicited a larger negative peak (250 ms post-stimulus) 

than the final element of XXX arrays, regardless of relative loss or gain.  The authors 

referred to the negative peak as a “mediofrontal negativity”, but the more appropriate 

label is surely N2.  

 In a second experiment, the authors attempted to eliminate the N2 contribution by 

crossing the XXX and XXY outcomes with three levels of probability: 37.5%, 25%, and 

12.5% (Donkers & van Boxtel, 2005).  The largest effect by far was again mismatch, 

with XXY eliciting a larger anterior negativity than XXX in both the loss and gain 

conditions.  This basic effect of mismatch was modulated by the gain/loss manipulation, 

with larger amplitudes in the Gain block, and an effect of outcome probability only in this 

block.   Because XXY specified a relative loss in the Gain condition, the authors 

concluded that outcome valence was the driving factor for the frontal negativity.  

However, the overall results clearly differ from the standard FRN result of larger 

amplitudes for losses, as the stimuli signaling absolute losses (XXX in the Loss block) 
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did not elicit a larger negativity than those signaling absolute gains (XXX in the Gain 

block), and indeed there was a slight trend in the opposite direction (not evaluated 

statistically, but likely to be insignificant).   We suggest an alternate account of these 

data, namely that participants were strongly and actively expecting stimulus completions 

that signaled some absolute financial outcome (e.g., XXX, as compared to XXY which 

signaled no change in a participant’s account), consistent with the much larger 

Contingent Negative Variation observed after XX trial onsets than an XY trial onsets in 

both the Gain and Loss blocks.   In this paradigm, the stimuli signaling an absolute 

outcome were also ones with three perceptually identical stimulus elements, so that our 

emphasis on the anterior N2’s sensitivity to attended perceptual mismatch would predict 

much larger frontal negativities for XXY trials.  It would be of some interest to try to 

dissociate the impact of perceptual match/mismatch from the motivational factor of 

anticipating a financial gain/loss by, for instance, having perceptually dissimilar trials 

(AAB) signal account changes and perceptually similar trials (AAA) signal no-change.  

 It is clear that Donkers and van Boxtel (2005) also observed a modulation of a 

frontocentral negative component as a result of global context – larger negativities in the 

face of potential gain than potential loss – so that pure perceptual mismatch may be 

insufficient to fully account for the results.   We have already noted that frontocentral 

N2s in the Eriksen flanker task are determined by both perceptual stimulus 

match/mismatch (larger N2 for “HHHHH” following a cue of “S”) and by participants’ 

predictions (smaller mismatch effect when participants know that “HHHHH” frequently 

follows a cue of “S”, Gehring et al., 1992).  Donkers and van Boxtel’s results may 
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indicate that the motivational status of detecting a match or mismatch has a similar 

modulatory influence.  

 

Anterior negativities, cognitive control, and mismatch: conclusions 

Anterior negativities in the N2 latency range are elicited by several tasks related 

to response and strategic monitoring.  Several results reviewed above demonstrate a 

genuine influence of cognitive control independent of mismatch detection.  In the case of 

the No-go N2, the strongest evidence is provided by its sensitivity to speed pressure and 

the inverse relationship between N2 amplitude and false alarms.  Also, the observation of 

a larger response-locked than stimulus-locked oddball N2 further supports a link between 

the N2 and response related processes.  In the flanker task, the influence of response 

monitoring is demonstrated by the greater N2 to response-incompatible flankers than 

flankers that are only perceptual mismatches.  Finally, the sensitivity of the ERN to the 

significance of errors, and tendency to be larger when errors are more similar to correct 

responses suggest influences other than mismatch detection. 

Although there is good evidence suggesting independence between the fronto-

central N2 elicited by a variety of manipulations that tax cognitive control and the fronto-

central N2 elicited by perceptual mismatch, we have also argued that the effect of 

mismatch has occasionally influenced the results of studies designed to evaluate 

cognitive control (as in Donkers & van Boxtel 2005; Donkers et al., 2005).  In the case of 

negative patterning (Fox et al., 2000), the difference between configural and elemental 

No-go stimuli could be accounted for in terms of differences between match and 
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mismatch strategies rather than the extent to which they elicited a No-go N2.  We have 

also suggested that the modulation of the feedback-related negativity by outcome-valence 

could be attributed to a “hopeful bias” during gambling tasks, such that poor outcomes 

represent mismatches between the feedback presented and that expected.  Because others 

have also suggested a parallel between the control N2 and the anterior novelty/mismatch 

N2, we now turn to a discussion of this issue, including the sensitivity of the anterior 

cingulate to novelty and mismatch. 

 

Neural relationship between the fronto-central negativities elicited by cognitive control 

and by novelty/mismatch 

In the sections above, we have argued for three functional sources of variance for 

“N2” ERP components that are maximal over frontal or central scalp sites.  One 

contribution arises from the auditory mismatch negativity, which indexes the automatic 

detection of mismatch with a passively established neural modal.  The MMN is well 

characterized and reviewed elsewhere (Sokolov, Spinks, Näätänen, & Lyytinen, 2002).  

Second,  experiments employing either unique novel stimuli or match-to-sample tasks 

have revealed an N2 componet related to mismatch detection and deviance.  Finally, 

there is a family of control related N2 components that, with the possible exception of the 

feedback related negativity, are independent of mismatch detection.   

Recently, some have suggested that the concept of “conflict” should extend 

beyond conflict between competing responses to include conflict between competing 

semantic representations or between the stimulus and an expectation (van Veen et al., 
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2004).  A related proposal has been that the “oddball N2”, elicited by rare targets 

intermixed with frequent nontargets, is the same component as the feedback negativity 

(Holroyd, 2004).  Though we have argued here that the visual oddball N2 has a 

predominantly posterior scalp distribution and so disagree with this precise formulation, 

it is clearly of interest to compare the relative sources of the mismatch and control N2 

components. There is substantial agreement that at least some portion of the “cognitive 

control N2”, Error-Related Negativity, and Feedback-Related Negativity are generated in 

the anterior cingulate gyrus, so that an obvious question is whether the visual 

novelty/mismatch N2 has a shared neural source.   The two paradigms that are most 

informative in eliciting the mismatch N2 are novelty oddball paradigms and S1-S2 

matching paradigms in which match and mismatch trials are equated for probability and 

response requirements.  We could find no fMRI adaptations nor source localization 

studies of the matching tasks employed by Wang and colleagues (Cui et al., 2000; Wang 

et al., 2003, 2004; Zhang et al., 2003), nor could we find successful dipole localizations 

for the novelty N2 in electromagnetic recordings.   We therefore turn to fMRI studies of 

the novelty oddball paradigm.  

Yamaguchi et al. used a three-stimulus novelty paradigm with visual stimuli very 

similar to those used by Suwazono et al. (2000), a paradigm in which novel nontargets 

elicited robust electrical N2s (Yamaguchi, Hale, D'Esposito, & Knight, 2004).  One 

modification was that participants were asked to attend to only one hemifield so that 

attended and unattended novels could be compared.  Relative to standards, attended and 

unattended novels activated only posterior cingulate areas while attended targets 
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activated the anterior cingulate.  However, no area in the cingulate differed when novels 

and targets were compared directly, suggesting that novels did modulate the ACC to 

some extent.  Two other studies have investigated BOLD activation in visual novelty 

oddball paradigms known to elicit robust novelty N2 components.  Kiehl and colleagues 

found no anterior cingulate activation by novels relative to standards or targets, but did 

find a novelty effect in a nearby region of medial frontal cortex estimated to lie within 

Brodmann’s area 6 (supplementary motor area - Kiehl, Laurens, Duty, Forster, & Liddle, 

2001).  Kirino and colleagues also observed very little frontal activation of any kind in 

response to novel photographs even though the same stimuli elicited a robust novelty N2 

in electrical recordings (Kirino, Belger, Goldman-Rakic, & McCarthy, 2000).  The 

evidence regarding a source for the novelty N2 in the anterior cingulate is thus quite 

murky as of this date, but is clearly not as supportive as that arguing for a “cognitive 

control N2” origin in this brain region.      

The evidence to date is, however, also fairly sparse, and further research is needed 

to identify the source of the mismatch N2 and its relationship to medial frontal cortex.  

This research should include 1) source localization and imaging studies of the N270 

identified by Wang and colleagues in S1-S2 matching tasks, and 2) source localization 

and imaging studies of the novelty N2 using stimuli well proven to elicit the novelty N2.  

In particular, we suggest the complex meaningless stimuli used by Daffner et al. (2000) 

or by Polich and Comerchero (2003).  Ideally these studies should include conditions 

predicted to elicit the control-related N2 so that the two components can be prepared 

directly.   
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In conclusion, the frontally distributed N2 subcomponents should be further 

divided into the auditory mismatch negativity, deviance-related or novelty N2 (for which 

we advocate the name “N2b”), and the control-related N2, which likely subsumes the 

ERN, No-go N2, conflict N2, Stroop N450, and FRN and also contributes to the rare 

target N2 and stop signal N2.  Whether these control-related N2 components reflect 

different subfunctions of the anterior cingulate or even different mixtures of signals from 

ACC and other frontal and parietal regions remains to be seen.  The fact that, even in 

visual studies, the fronto-central N2 has multiple functional correlates suggests that it can 

never be interpreted in isolation.  Special care must be taken to separate effects of 

deviance and expectation from effects related to overriding a pre-potent response.  

Finally, while the two-stimulus oddball task played a pioneering role in the gross 

delineation of ERP components, it is likely of little further use in the identification of 

specific brain function (or dysfunction) when used in isolation. 
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CHAPTER 3 

 

NOVELTY AND CONFLICT IN THE CATEGORIZATION OF COMPLEX STIMULI 
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Introduction 

The study of perceptual categorization has long been concerned with the effects of 

typicality, selective attention to an object’s features, and the need to suppress the 

influence of features suggesting the incorrect category (Allen & Brooks, 1991; Nosofsky, 

1986; Regehr & Brooks, 1993; Rosch & Mervis, 1975; Smith et al., 1998).  The current 

study focuses on the influences of typicality and conflicting information during visual 

categorization, and explores the degree to which ERP measures will reflect and perhaps 

help tease apart  these two factors. 

 For natural categories, typical exemplars (e.g., SPARROW as a type of bird) elicit 

faster verification responses than atypical exemplars (e.g., CHICKEN).  Typicality can be 

thought of as the extent to which an item overlaps with the central tendency of a 

category. Category verification times are also influenced by the presence of conflicting 

information.  For natural categories, this is most easily seen in prolonged RTs to reject 

items that share features with a target category, but are not in fact members (as in 

rejecting BAT as a type of bird McCloskey & Glucksberg, 1979; Heinze, Münte, & 

Kutas, 1998).   

Despite these examples, it is fairly difficult to tease apart the influences of 

typicality and conflicting information, particularly for trials that receive the same 

response.  For instance,  as compared to sparrows, chickens may be poor birds because 

they lack some common bird attributes like the ability to fly (placing them far from the 

central tendency), but their use as a food animal may also create links with alternate 

categories whose members are primarily mammals (e.g., cows and pigs).  When well-
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known exemplars are used as stimuli, it is also likely that participants draw on a variety 

of different sorts of information to make category judgments, some more perceptual in 

nature, some more closely related to function (e.g., use for food), and some that are 

difficult to classify (e.g., typical geographical location).  Categorization researchers have 

frequently turned to the use of artificial stimuli, for which categories are learned de novo 

in the laboratory,  judgments can be more closely tied to perceptual features of the 

stimuli, and which may allow a cleaner distinction between typicality and conflicting 

information.  

 Allen and Brooks (1991) used artificial stimuli to demonstrate that atypical and/or 

conflicting exemplars resulted in more errors and slowed category decisions, even when 

participants were instructed in a rule that would yield perfect classification (see also 

Patalano et al., 2001 for a partial replication).  During initial training, participants learned 

to categorize cartoon animals as “diggers” or “builders” based on a two-out-of-three rule 

– that an animal belonged to a given category if it possessed at least two of three 

diagnostic features (e.g., long/short neck, angular/rounded body, spots/no-spots).  The 

animals possessed two other features that were nondiagnostic because they occurred 

equally often in diggers and builders (e.g., number and length of legs).  Although the 

latter two features were nondiagnostic and irrelevant to the assigned rule, the existence of 

five distinct dimensions of variation allowed each stimulus in the trained set to be a 

unique and memorable combination of features.  During the transfer phase, participants 

viewed the trained exemplars, and new instances of both categories.  Critically, some of 

the new exemplars matched a trained item in four of five features, but this match was to a 

 



 101

trained item in the opposite category because one rule-relevant dimension had switched 

polarity — negative matches.  Positive matches were also identical to a trained exemplar 

in four of five features, but belonged to the same category according to the rule.  

Negative matches elicited more categorization errors, and longer RTs even when they 

were correctly classified.   

 Allen and Brooks (1991) conclusively demonstrated that behavioral measures can 

show interference between rule application and rule-irrelevant similarity between 

exemplars during categorization.  However, the difference between positive- and 

negative-match stimuli could be attributed to differential typicality,  or to the presence of 

misleading features leading to decision conflict.   Positive-match items differed from 

trained exemplars of their category in only a single rule-relevant feature, whereas 

negative-match items differed from trained exemplars of their own category in two 

features, albeit nondiagnostic features that should have been irrelevant to rule 

application.1   

 In the current experiments, we introduce new features during the transfer phases 

in order to disentangle the influences of typicality and conflicting information.   Figure 

3.1 illustrates the design of the first experiment.  Participants were instructed to 

categorize artificial humanoids according to one dimension, the type of arms.  During 

training with feedback on this categorization rule,  the two varieties of arms were 

correlated with other features of the stimuli (body shape, head shape, etc) so that 

members of one category shared a family resemblance with other members of that 

category, although this inter-category similarity was irrelevant to the rule.  During the 
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transfer phase without feedback, these now Typical exemplars were intermixed with two 

other conditions.  Conflicting exemplars were composed of familiar features and feature 

combinations, but resembled members of the opposite category.  Novel  exemplars 

contained the same rule-relevant features (arms) as all the others, but the irrelevant 

features were newly introduced during the transfer phase and were individually less 

common than the features of the Typical and Conflicting stimuli. Both the Conflicting 

and Novel exemplars are thus atypical of their categories, but only the Conflicting items 

contain information that has been associated with a different categorization decision and 

an incorrect response. We expected both of these conditions to elicit slower behavioral 

responses than Typical exemplars.  Event-related potentials (ERPs) were recorded to shed 

additional light on whether perceptual typicality and decision conflict elicit similar or 

different brain activity during categorization.  Below, we briefly review functional 

aspects of the P300 and N2 components that make them potentially useful tools for this 

endeavor. 

Since they were first observed by Sutton and colleagues (Sutton, Braren, Zubin, & 

John, 1965), variation in the amplitude and/or latency of the P300 and N2 components of 

the event-related potential have been observed in a wide variety of tasks. When 

participants must classify stimuli into a small number of categories (typically only two), 

stimuli that exemplify a less-probable category elicit larger P300s than those in a more-

probable category.  In the current experiments, response probability is equated across 

conditions of interest, so that variations in P300 amplitude are of somewhat less interest 

than variations in latency.   
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Figure 3.1.  Examples of the Typical, Novel, and Conflicting stimulus types in 
Experiments 1 and 2.  For each experiment, stimuli are arranged by category with Mogs 
on the left and Nibs on the right. 
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Multiple studies offer strong support for the conclusion that P300 latency tracks the time 

required for evaluation of a stimulus with regard to the instructed classification principle 

(see Verleger, 1997 for a review).  Presenting multiple, physically distinct examples of 

two categories as compared to only a single repeated exemplar of each category prolongs 

P300 latency (Kutas et al., 1977), as does embedding a stimulus in perceptual noise as 

compared to clear presentation (Donchin, 1981).  We predicted that the Novel condition 

of Exp. 1 would elicit later P300 latencies than the Typicals, because the perceptual 

variability of the irrelevant features would slow stimulus evaluation.  Predictions for the 

Conflicting condition are less obvious, because the component features of these items are 

familiar, but it remains possible that the conflicting information would elicit prolonged 

stimulus evaluation. 

 The label “N2” encompasses what are clearly multiple negative-going voltage 

deflections peaking 200 to 400 ms after stimulus presentation (Pritchard et al., 1991).  In 

the visual modality, an N2 largest at posterior temporal and occipital scalp sites has been 

associated with the detection of a target, or a stimulus resembling a target, and suggested 

to reflect the orienting of visual attention toward a potential target and/or the suppression 

of irrelevant information in the vicinity of a potential target (Luck & Hillyard, 1994a, 

1994b; Suwazono et al., 2000; Woodman & Luck, 1999, 2003). The amplitude of a 

distinct anterior N2 (or perhaps multiple components with overlapping frontocentral 

distributions) is modulated by two rather different sorts of experimental manipulations, 

both of which are very relevant for the current experiments.  On the one hand, large 

anterior N2s are elicited by visual stimuli that are very distinct from other stimuli in an 
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experiment (novel, typically stimuli that are unique on each trial) regardless of their target 

status (Courchesne et al., 1975; Czigler & Balázs, 2005; Daffner et al., 2000; Suwazono 

et al., 2000; Thomas & Nelson, 1996).   On the other hand, anterior N2s are also larger in 

conditions that require inhibition of a prepared response (No-go trials), and/or contain 

elements suggesting two conflicting responses, as compared to conditions without 

response inhibition or response conflict (Gehring et al., 1992; Pfefferbaum et al., 1985; 

Nieuwenhuis et al., 2003).  The most commonly used paradigm for eliciting response 

conflict has been the Eriksen flanker task, in which participants make a choice response 

to a central letter that is “flanked” on both sides by letters associated with the same 

response or the opposite response (Gehring et al., 1992; Heil et al., 2000; Kopp, Rist et 

al., 1996).  

  Manipulations of perceptual novelty and what has come to be called “cognitive 

control” (response inhibition, detection of conflict, monitoring or regulation of strategy) 

have largely taken place in different studies with relatively little crosstalk (but see 

Holroyd, 2004; Nieuwenhuis et al., 2003).  In a more extensive review, we have 

suggested that the influences of stimulus novelty and response conflict on frontocentral 

negative peaks are sufficiently dissociable as to suggest that the anterior N2 consists of 

two different components (Folstein & Van Petten, submitted).  However, both should be 

useful in the study of perceptual categorization.  At minimum, typical exemplars that are 

both familiar from the training phase and contain information consistent with one 

response should elicit smaller anterior N2s than stimuli that are perceptually novel and/or 

elicit a response conflict due to the presence of features associated with different 

 



 106

responses.  If both categorical atypicality and conflict can be shown to influence N2 

amplitudes in the same experiment, it will be of some interest to compare the 

topographies and latencies of the two effects.   

 To date, studies showing novelty N2 effects have employed simple target 

detection tasks, while studies of cognitive control have used paradigms with very simple 

categorization rules and familiar stimuli such as the Eriksen flanker task.  In the General 

Discussion, we take up a handful of recent studies with more complex rules and/or 

stimuli (Azizian, Freitas, Parvaz et al., 2006; Azizian, Freitas, Watson, & Squires, 2006; 

Fox et al., 2000).  Our own initial study explored the ERP correlates of rule- and 

similarity-based categorization of complex multi-featured cartoon animals (Folstein & 

Van Petten, 2004). We observed a frontal negative peak from 200 to 600 ms that was 

larger to exemplars close to a category boundary relative to stimuli far from the 

boundary.  Due to its frontal distribution and insensitivity to feature frequency, the 

boundary effect was interpreted as sensitive to the processing of conflicting information, 

linking it with the family of cognitive control N2 components.  It is also possible, 

however, that the effect was elicited by the near-boundary stimuli because they were 

atypical of their category, linking it instead with the novelty N2.     

 To distinguish between these two possibilities, and to further explore ERP 

correlates of rule-based perceptual categorization, we performed three experiments 

comparing the influence of conflicting category information with that of novel stimulus 

features.  In the first two experiments, participants categorized cartoon animals using a 

single stimulus dimension.  Like the studies of Brooks and colleagues, categories were 
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also associated with rule-irrelevant stimulus features during a training phase.  At test, the 

rule-relevant features were presented either with the same rule-irrelevant features as 

training, the rule irrelevant features associated with the opposite category during training, 

or a set of novel rule irrelevant features not seen during training.  In the third experiment, 

the conflicting features were relevant to the categorization rule.   

 

Experiment 1 

 

Methods 

 

Participants 

 Eighteen healthy young adults (ten men, eight women, mean age of 25 years) 

were paid for their participation after providing informed consent.  All were free of 

neurological or psychiatric disorders by self-report, and also reported no medications 

likely to affect the central nervous system.  They had a mean of 16 years of formal 

education.  Sixteen participants were right-handed, two were left-handed.  An additional 

ten individuals participated, but generated unusable data: five due to an excessive (greater 

than 50%) number of trials contaminated by eyeblink or movement artifact, four due to 

equipment or experimenter error, and one because of failure to follow experimental 

instructions.    
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Materials 

 Stimulus examples are shown on the left side of Figure 3.1.  Participants viewed 

alien humanoids spanning 3.7 x 3.0 degrees of visual angle on average.  To convey a 

sense of individuality, colors of humanoids also varied across eight values, but as all 

conditions contained the same colors, this dimension will not be discussed further.   

Participants learned to divide aliens into two equiprobable categories, “Mogs” and 

“Nibs”, which occurred in each of three experimental conditions, Typical, Conflicting, 

and Novel.  Category membership was determined by an alien’s arms so that all Mogs 

shared one kind of arm and all Nibs shared a second kind of arm.   

 Rule-irrelevant features (antenna, head, body, and legs) of Typical aliens in each 

category conformed to a family resemblance structure.  Within each category, each 

irrelevant feature had two possible values, one of which was common and one of which 

was uncommon.  Each Typical alien had three common irrelevant feature values and one 

uncommon, resulting in a total of four unique feature combinations in each category.  

Each combination was shown in each of the eight colors, resulting in a total of 32 

individual aliens in each category (truth tables specifying the feature combinations in 

detail for all three experiments are available on request).  Irrelevant features of Typical 

stimuli in each category were therefore highly correlated with the arms of that category.  

Negative Match aliens had an identical structure except that Mog arms were combined 

with Typical Nib body/head/leg/antenna features,  and Nib arms were combined with 

Typical Mog body/head/leg/antenna features.  Finally, irrelevant features of Novel Mogs 

and Nibs could have any of eight possible values and each value was equally likely to 
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occur in either category.  Rule-irrelevant features of Novel aliens were completely 

different from the features shared by Typicals and Conflictings so that they were equally 

associated with the arms of both categories (see Figure 3.1).  Table 3.1 summarizes the 

frequencies of relevant and irrelevant features of stimuli in each condition. 

 In summary, Mogs and Nibs in the Typical condition had strong internal family 

resemblance structures and Mogs shared no features with Nibs.  Mogs in the Conflicting 

condition shared all irrelevant features with the Nibs in the Typical condition and vice 

versa.  Mogs were distinguished from Nibs in the Novel condition by their defining arms, 

but shared a larger set of novel irrelevant features. Across participants, all irrelevant 

features were used equally often in all conditions and twelve types of arms (six Mog/Nib 

pairs) were used. 

 

Procedure 

 The experiment was conducted in a single session lasting about three hours.  

Following electrode application, participants sat in a reclining chair ~100 cm from a 20” 

(50.8 cm) video monitor under the control of a PC computer.  Participants’ hands rested 

on nine-button keypads; index fingers of the right and left hands were used to signal 

decisions. The mapping between response hand and decision was counterbalanced across 

participants.   

 The experimental session was divided into three phases: pre-exposure to Typical 

stimuli while performing a feature verification task, training on the categorization rule, 

and finally a transfer phase which generated accuracy, reaction time, and ERP data.    
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 The purpose of the initial feature verification task was induce participants to 

attend to the rule-irrelevant features of the stimuli, and to associate them with the rule-

relevant arms of their categories. Participants viewed a Typical alien (duration 2 sec) 

followed by a 3 sec retention interval, then one of the five features presented in isolation 

(duration 1 sec).  Participants then indicated whether or not the part was included in the 

sample alien and received accuracy feedback.  Participants performed feature verification 

on each Typical alien twice for a total of 128 trials.  The five stimulus dimensions (body, 

arms, legs, head, antennae) were presented with approximately equal frequency (25 or 26 

times) on verification trials.    

 After the feature verification task, participants were informed that the aliens could 

be divided into two categories, called “Mogs” and “Nibs”, based on the shape of their 

arms.  Participants then performed a categorization task on 64 aliens (32 Mogs and 32 

Nibs, divided into 3 blocks of trials).  Stimulus duration was 600 ms, and each alien was 

followed by the correct category name three seconds later.  Participants were instructed to 

take their time, but to respond before the feedback appeared on the screen.  The training 

task was extremely easy and participants always learned the difference between Mog 

arms and Nib arms within the first few trials. Accuracy and reaction time were recorded 

during training but are not reported, as accuracy during the transfer phase was at ceiling. 

 After training, participants were reminded that they should categorize the aliens 

using only their arms.  During the transfer phase, participants categorized a total of 256 

aliens without feedback: 128 Typical, 64 Novel, and 64 Conflicting.  Stimulus duration 

was 600 ms and inter-stimulus interval was 4 sec.  The larger number of Typical aliens 
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was to insure that the associations between irrelevant features and their categories formed 

in training were maintained to some extent during test. 

 

Electrophysiological methods 

 The electroencephalogram (EEG) was recorded from tin electrodes in an elastic 

cap (Electrocap International, Eaton, OH).  Seven electrodes spanned the midline of the 

scalp from prefrontal to occipital (Fpz, Fz, Fcz, Cz, Cpz, Pz, Oz). Seven dorsal lateral 

pairs were used (Fp1/2, F3/4, Fc3/4, C3’/4’ (placed 4 cm lateral to Cz), Cp3/4, P3/4, and 

O1/2), and four ventral lateral pairs spanned inferior frontal and temporal sites (F7/8, 

Ft7/8, Tp7/8, T5/6).  The vertical electrooculogram (EOG) was recorded from an 

electrode below the right eye. Scalp and vertical EOG electrodes were referenced to the 

left mastoid during the recording, and digitally re-referenced to the mean of the right and 

left mastoids offline. Electrodes lateral to the external canthi of the two eyes were used to 

record the horizontal EOG. The EEG was amplified by a Grass Model 12 polygraph 

(Grass, West Warwick, RI) with half-amplitude cutoffs of 0.01 and 100 Hz, digitized 

online at a sampling rate of 250 hz, and stored on CD along with stimulus codes for 

subsequent averaging. Trials contaminated by eye movements and blinks, amplifier 

saturation, or movement artifact were rejected prior to averaging. Stimulus-locked ERP 

were averaged in 700 ms epochs with respect to a 200 ms pre-stimulus baseline.  

Response-locked ERPs were averaged in 800 ms epochs from 700 ms prior to the key 

press to 100 ms post-response,  with baseline defined as –700 to –500 ms. 
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Data Analysis 

 For all dependent measures, the difference between the Typical and Novel 

(novelty effect) and Typical and Conflicting (conflict effect) conditions were evaluated in 

separate ANOVAs.  N2 was defined as the mean amplitude from 190 to 370 ms post-

stimulus onset at twelve prefrontal, frontal and central scalp sites: Fp1, Fpz, Fp2, F3, Fz, 

F4, Fc3, Fcz, Fc4, C3’, Cz,  and C4’.  Data were analyzed via ANOVAs with factors of 

Condition (2 levels), anterior-to-posterior scalp location (4 levels), and left vs. midline vs. 

right location (3 levels).  Because one recent report includes N2 effects that are larger in 

averages timelocked to the behavioral responses rather than the stimuli (Nieuwenhuis et 

al., 2003), we also measured the response-locked N2, which was defined as the mean 

amplitude from –300 to –200 ms pre-response at the same array of frontocentral scalp 

sites. 

P300 peak amplitude was defined as the most positive amplitude between 300 and 

700 ms at centroparietal and parietal scalp sites Cp3, Cpz, Cp4, P3, Pz, and P4, after 

applying a 10 Hz low-pass filter, and latency was defined as the time of the largest 

positive peak in each participant.   We chose to quantify the P300 using peak rather than 

mean amplitude measures due to differing latencies across conditions (described in 

Results).  P300 measures were analyzed via ANOVAs as above, but with two levels of 

the anterior-to-posterior spatial factor.   
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Table 3.1  Feature frequency. 

Transfer feature frequency Total feature frequency 
Condition Relevant Irrelevant Relevant Irrelevant 

 
Exp. 1  Typical .50  .23  .50  .26 
  Conflicting .50  .23  .50  .26 
  Novel  .50  .03  .50  .02 
 
Exp. 2  Typical .50  .23  .50  .27 
  Conflicting .50  .23  .50  .27 
  Novel  .50  .03  .50  .02 
 
Exp. 3  Typical .42  .05  .42  .06 
  Similar  .42  .05  .42  .05 
  Conflicting .42  .05  .42  .06 
  Novel  .17  .02  .42  .02 
 
Note. Total frequency of a feature (e.g., a particular head) is the percentage of total trials 
(training plus transfer phase) in which that feature occurs.  Transfer phase frequency is 
the same metric calculated across the transfer phase alone. 
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Table 3.2  Accuracy. 

    percent 
          correct  s.e. 
 
Exp. 1  Typical 97.4  0.5 
  Conflicting 96.7  0.6 
  Novel  95.5  0.6 
    
Exp. 2  Typical 99.2  0.2 
  Conflicting 96.9  0.5 
  Novel  97.6  0.6 
    
Exp. 3  Typical 98.7  0.4 
  Similar  99.2  0.4 
  Conflicting 92.6  1.2 

Novel  99.9  0.1 
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Figure 3.2. Reaction time, P300 latency, and N2 amplitude in Experiments 1, 2, and 3.  
Error bars represent standard errors. 
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Results 

Accuracy and reaction time 

 Table 3.2 shows accuracies for all experiments; Figure 3.2 shows RTs.  Overall 

accuracy was quite high (mean 97%), with accuracy in the Conflicting condition slightly 

lower than accuracy in the Typical condition (F(2,34) = 3.55, p < .05).  No other 

differences in accuracy level were significant.  Reaction time to Typical aliens was 

slightly but reliably faster than reaction time to Novel and Conflicting aliens (Fs(1, 17) > 

5.80, ps < .05),  which did not differ from each other.   

 

N2   

As see in Figure 3.3, there were no differences between the conditions in 

stimulus-locked N2 amplitude (Fs(1,17) < 1) and condition did not interact with 

electrode. Figure 3.4 (top) shows response-locked ERPs at scalp site FCz.  A small 

response-locked N2 was observed, peaking around 250 ms prior to the response.  This 

peak was larger to the Conflicting stimuli than to the Typical stimuli (F(1,17) = 6.08, p < 

.05).  The Typical and Novel stimuli did not differ (F(1,17) < 1). 
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Figure 3.3.  Grand average event-related potentials from midline scalp electrodes for 
Experiments 1 and 2.  Electrode sites are arranged from anterior (top) to posterior 
(bottom).  Time zero marks stimulus onset. 
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Figure 3.4.  Grand average response-locked event-related potentials from frontocentral 
electrode FCz for Experiments 1, 2, and 3.  Time zero marks response onset. 
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P300    

While P300 amplitude did not differ between Typical and Novel, or between 

Typical and Conflicting conditions, significant condition by anterior-to-posterior 

interactions were observed in both analyses.  Follow-up ANOVAs on centroparietal 

(Cp3, Cpz, Cp4) and parietal (P3, Pz, P4) electrode chains revealed no significant effects 

of condition on either chain (Fs(1,17) < 2.10).   

Figure 3.2 shows P300 latency for the Typical, Novel, and Conflicting conditions.  

P300 latency in the Typical condition was shorter than both the Novel (F(1,17) = 13.3, p 

< .005) and the Conflicting condition (F(1,17) = 5.60, p < .05).  For the Typical versus 

Novel comparison, there was an additional condition by anterior-to-posterior interaction 

(F(1,17) = 8.79, p < .01), reflecting a larger latency difference at centroparietal than 

parietal channels. 

 

Discussion 

 In Experiment 1, we observed longer reaction times and P300 latencies for Novel 

and Conflicting stimuli than for Typical stimuli, but no differences in stimulus-locked 

frontal N2 amplitude.  We did, however, observe a slightly smaller N2 for the Conflicting 

condition in the response-locked averages.    

Although the results contain some hints of hypothesized outcomes, they suggest 

that the manipulations of novelty and categorization conflict were too weak to lead to 

strong conclusions.  The RT effect was quite small, as was the N2 effect in the response-

locked ERPs.  The absence of any N2 effect in the stimulus-locked ERPs casts some 

 



 120

doubt on the interpretation of the response-locked effect, given that the influence of 

response conflict in the Eriksen flanker task is typically robust in stimulus-locked 

averages  (Gehring et al., 1992; Bartholow et al., 2005; van Veen & Carter, 2002; Yeung 

et al., 2004).  

We therefore increased the strength of the manipulation by making the conflicting 

information more salient. In Experiment 2, Typical Mogs and Nibs differ in global body 

shape instead of merely consisting of different parts arranged into globally similar bodies.  

The inspiration for this particular modification comes from the observation of Regehr and 

Brooks (1993), who showed that the “negative match” effect (Allen & Brooks, 1991) is  

larger when exemplars are highly distinct in global shape than when they are composed 

of interchangeable parts that render global shape relatively constant across exemplars.   

 

Experiment 2 

 

Methods 

 

Participants 

 Eighteen healthy young adults (nine men, nine women, mean age of 25 years) 

were paid for their participation after providing informed consent.  All were free of 

neurological or psychiatric disorders by self-report, and also reported no medications 

likely to affect the central nervous system.  They had a mean of 17 years of formal 

education.  Sixteen participants were right-handed, two were left-handed.  An additional 
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five individuals participated, but generated unusable data: three due to an excessive 

(greater than 50%) number of trials contaminated by eyeblink or movement artifact, one 

who was found to have participated in a previous experiment with similar stimuli, and 

one whose accuracy on all conditions was close to zero.  

 

Materials and Procedure 

 The right side of Figure 3.1 shows that, in addition to humanoids, stimuli included 

“alien horses” and “alien fish”.  Category membership was determined by body markings 

(spots vs. stripes) which, unlike the shape of any particular body part, could easily be 

shared by these very dissimilar body configurations.   

 The conditions of Experiment 2 were the same as those of Experiment 1 except 

that, instead of combinations of similar features, category membership was strongly 

correlated with global body shape: humanoid, horse-like, or fish-like.  Typical Mogs 

were always one “species” (e.g. humanoids) and Typical Nibs were always another 

species (e.g. “horses”).  Conflicting Mogs were the same species as Typical Nibs,  and 

Conflicting Nibs were the same species as Typical Mogs.  Novel Mogs and Nibs both 

belonged to the third species (for the examples shown in Figure 3.1, fish).  As Figure 3.1 

implies, every Negative Match stimulus corresponded to a Typical stimulus that was 

identical in every way except for body markings.  Across participants, all species 

appeared in all conditions with equal probability. 

The arrangement of parts used to create individual exemplars within a species 

followed the same structure as in Experiment 1.  Typical Mogs and Nibs were each 
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constructed in family resemblance groups with each dimension having one common 

value and one uncommon value.  Novel Mogs and Nibs had eight values per dimension, 

making their parts much less common.   

 Procedures were identical with those of Experiment 1 except that participants 

were instructed to categorize the aliens into Mogs and Nibs using body markings rather 

than arms.  Electrophysiological methods were identical to Experiment 1. 

 

Results 

 
Accuracy and reaction time 

 Accuracies are shown in Table 3.2, and RTs in Figure  3.2.  While overall 

accuracy was quite high, participants were slightly more accurate in categorizing Typical 

stimuli than Novel and Conflicting stimuli (Fs(1,17) > 8.00, ps < .05).  Accuracy to 

Novel and Conflicting stimuli did not differ (F(1,17) = 1.15).  As in Experiment 1, 

responses were faster to Typical  than to Novel and Conflicting stimuli, though this time 

the effect was much larger (Fs(1,17) > 20.0, ps < .0005).  Reaction times to Novel and 

Conflicting stimuli did not differ (F < 1). 

 

N2 

As in Experiment 1, there was no sign of any difference in stimulus-locked N2 

amplitude between the conditions (Fs < 1), as seen on the right side of Figure 3.3.  Unlike 

Experiment 1, no differences were observed in response-locked N2 amplitude between 
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the Typical and Conflicting conditions,  or between the Typical and Novel conditions (Fs 

< 1). 

 

P300    

As in Experiment 1, P300 amplitude did not differ between conditions (Fs(1,17) < 

2.0).  There was, however a significant condition by anterior/posterior interaction in the 

comparison between the Typical and Conflicting conditions (F(1,17) = 8.20, p < .05).  

However, followup ANOVAs on the centroparietal and parietal electrode chains revealed 

no main effects of condition (Fs(1,17) < 2.0).   Figure 3.2 shows P300 latencies.   As in 

Experiment 1, P300 latency was significantly shorter to Typical stimuli than to Novel or 

Conflicting stimuli (Fs(1,17) > 9.61, ps < .01), which did not differ from each other (F < 

1). 

 

Discussion 

 During the transfer phase, categorization decisions were some 38 ms slower for 

stimulus classes that had not been encountered during the training phase.  This was 

equally true of Novel stimuli whose global body shape was newly introduced during the 

transfer phase, and of Conflicting stimuli that were comprised of familiar body shapes but 

a rule-relevant feature that specified the opposite category than that of the training phase.  

P300 latencies paralleled the RT results in showing a latency delay for stimuli other than 

the Typical exemplars repeated from the training phase.  Both the RT and P300 latency 

differences across conditions were larger than those of Experiment 1, and indicate that 
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participants did note the rule-irrelevant perceptual features of the stimuli.  However, the 

pattern of results suggests only a beneficial impact of familiarity – speeded responses in 

the presence of a frequent combination of frequent features in the Typical condition.  

There was no suggestion that the reversed-from-usual combination of rule-relevant and 

rule-irrelevant features in the Conflicting condition led to a unique delay in assigning a 

category.  This pattern of results suggests that although they may have encoded the 

correlation between global body shape (species) and body markings, participants did not 

associate that correlation with a category label. 

  Much as in Experiment 1, the ERP results still contained no hint that the stimulus-

locked N2 was modulated by either response conflict or perceptual novelty as 

implemented here.   The frontocentral negative peak evident in the response-locked 

averages was similarly insensitive to both manipulations, suggesting that the small N2 

modulation observed in Experiment 1 may have been spurious.    

 We had hypothesized that, by associating rule-irrelevant features with one 

category assignment, and using a feature verification task to call attention to these 

associations, irrelevant features in the Conflicting condition would cue the retrieval of 

exemplars or prototypes from the incorrect category, prompting incorrect response 

preparation and triggering an anterior N2 when the opposing response was selected.   

However, as described in the General Discussion, some prior studies show that 

categorization performance can be insensitive to rule-irrelevant dimensions when perfect 

performance can be achieved via attention to a single dimension.  While the prolonged 

RTs and P300 latencies for both the Novel and Conflicting conditions indicate that rule-
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irrelevant features were attended to some degree in Exp. 2,  the lack of a larger N2 in the 

Conflicting condition suggests that correlations between rule-relevant and irrelevant 

features did not result in response conflict when the two features might have suggested 

opposing responses.     

 The novelty manipulation implemented in Experiment 2 was also somewhat 

different than those of previous ERP studies showing enhanced N2s.   Those prior studies 

can be roughly divided into two sorts of paradigms.  In one type of paradigm, the novel 

stimuli that elicited large frontocentral N2s were nontargets that demanded no response 

from the participants, but were unique in the context of the experiment (Courchesne et 

al., 1975; Czigler & Balázs, 2005; Daffner et al., 2000).   In a second type of paradigm, 

the stimuli eliciting larger N2s mismatched an immediately prior stimulus in one or more 

visual features, and participants were asked to make same/different judgments about the 

sequentially presented pairs of stimuli (e.g. Wang et al., 2003; Wang et al., 2004; see 

Folstein & Van Petten, submitted for a review).  In contrast to both of these general sorts 

of paradigms, the Novel stimuli of Experiment 2 contained task-relevant features that 

were not unusual or unfamiliar, namely the body markings that determined category 

membership.  The results suggest that, when a unitary task-relevant feature is present, 

unusual but task-irrelevant features have little impact on the N2. 

 The design of Experiment 3 includes conflicting information regarding category 

assignment, and a manipulation of perceptual novelty, but both are implemented within 

perceptual dimensions that are relevant to the assigned categorization task.  Participants 

were instructed on a two-dimensional rule that mandated attention to both global body 
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shape and body markings.  Conflicting trials are those in which the two features 

occupying these dimensions are diagnostic of different categories, and participants must 

resolve the tie by responding “Other”.  Novel trials are those in which the two features 

occupying the rule-relevant dimensions are only rarely encountered, and also require a 

response of “Other”.   We predicted that both response conflict and low feature-

probability in stimulus dimensions that were relevant to the assigned categorization task 

would have more potent effects on reaction time and brain activity than the variations in 

irrelevant features used in Experiments 1 and 2.      

 

Experiment 3 

 

Methods 

Participants 

 Eighteen healthy young adults (eight men, ten women, mean age of 27 years) 

were paid for their participation after providing informed consent.  All were free of 

neurological or psychiatric disorders by self-report, and also reported no medications 

likely to affect the central nervous system.  They had a mean of 17 years of formal 

education.  Seventeen participants were right-handed, one was left-handed.  An additional 

five individuals participated, but generated unusable data: four due to an excessive 

(greater than 50%) number of trials contaminated by eyeblink or movement artifact, and 

one due to computer failure.   
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Materials 

 Stimulus examples are shown in Figure 3.5.  Global body shapes, or “species”, 

were humanoid or horse-like or fish-like, and were filled with spots or stripes or a brick 

pattern.   Category membership was determined by a conjunction of species and body 

markings, such that for the examples in the figure, spotted horses are Mogs, striped 

humanoids are Nibs, and anything else is an Other.  Stimuli were rotated across 

participants, such that Mogs were equally likely to be humanoid, horse-like, or fish-like 

across the full participant group.  As described in greater detail below, “Others” formed a 

perceptually heterogenous group of stimuli, but a single response category, such that 

completely accurate responding in the transfer phase would yield one-third “Mog” 

responses, one-third “Nib” responses, and one-third “Other” responses.   

1) Typical Mogs and Typical Nibs contained the two features diagnostic of their category.  

It should be noted, however, that there were multiple variants of each feature type:  eight 

different “horse” heads, eight different humanoid arms, etc., for each of the body 

components assembled to create a single exemplar.  An additional rule-irrelevant 

dimension present in all exemplars was color (eight values).  Combinations of different 

heads, legs, colors, etc were used to create 32 individually unique Mogs and 32 

individually unique Nibs.   Typical Mogs and Nibs are exemplars that were repeated in 

identical form from the training phase to the test phase.     

2) Similar Mogs and Similar Nibs (32 individual exemplars in each category) also 

contained the two features diagnostic of their category, but differed by two rule-irrelevant 

features (e.g. head and tail) from the most similar Typical stimulus encountered during 
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the training phase.  These were included as a perceptual control condition for the 

Conflicting Others, which differed from the most similar Typical stimulus by one feature.  

3) Conflicting Others were identical to the Typical Mogs and Nibs,  except that their 

body markings were switched across category.  Thus, Conflicting stimuli always had one 

Mog feature and one Nib feature, precluding them from membership in either category.   

4) Novel Others had global body shape (species) and body-markings that were 

unassociated with either the Mog or Nib categories (see Figure 3.5).  As a consequence, 

Novel species and markings were presented less frequently than those of Mogs and Nibs 

(see Table 3.1).     

5) Training Others had one Mog or Nib property (either markings or species with equal 

probability) and one that belonged to neither category.  The purpose of the Training 

Others was to motivate participants to attend to both relevant dimensions.  If a participant 

attended to only one dimension during training, his or her responses would be correct for 

all the Mogs and Nibs, but incorrect for half of the Training Others.  An alternative way 

to achieve the same goal would have been to include Conflicting Others in the training 

phase.  This was not done to avoid diluting the association of Mog/Nib features with 

Mog/Nib responses. 

Stimuli were counterbalanced across participants such that all species (including 

part combinations), body markings, and species-marking conjunctions appeared in all 

categories and conditions with equal probability.  
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Figure 3.5.  Examples of the Typical, Similar, Novel, and Conflicting stimulus types in 
Experiment 3.  
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Procedure 

 Because both the conflict and novelty manipulations were implemented within the 

rule-relevant dimensions of global body shape and body-markings, the preliminary 

feature verification task was no longer necessary to induce attention to these features.  

Participants were immediately instructed how to categorize the aliens into Mogs, Nibs, 

and Others using the two dimensional conjunctive rule described above.  They were 

shown eight members of each category in random order for a duration of 5 sec each, 

followed by the appearance of the word “Mog”, “Nib”, or “Neither”, corresponding to the 

alien’s category.  The experimenter initially pointed out the critical features (e.g. horse, 

and spots), the alien’s category, and the rule that linked the features with the category.  

For the remaining aliens, the participant was asked to verbally list each alien’s critical 

features and its category before the appearance of the feedback word.After this initial 

training, participants pressed keys to categorize 64 Mogs, 64 Nibs, and 64 Training 

Others, receiving feedback on their accuracy after each trial.  In order to maximize 

response conflict in the later Conflicting condition, the Mog and Nib keys were always 

on the same hand while the Other button was always on the index finger of opposite 

hand.    

 During the transfer phase, participants categorized 128 Typical aliens, 64 Similar 

aliens, 48 Conflicting Others, and 48 Novel Others for a total of 288 stimuli divided into 

eight trial blocks.  This list composition ensured that aliens requiring “Mog”, “Nib”, and 

“Other” responses occurred with equal probability (96 each). Participants received no 

feedback during the test phase. 
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 Electrophysiological recording and analysis methods were the same as in Exps. 1 

and 2, except that ERPs were averaged in 900 ms epochs with respect to a 100 ms pre-

stimulus baseline. 

 

Results 

 

Accuracy and reaction time 

 Accuracies are shown in Table 3.2, and RTs in Figure 3.2.  Neither measure 

differed between the Typical and Similar conditions  (ts(17) < 1.6), which were collapsed 

into a single Categorical condition for subsequent analyses.  Accuracy in the Conflicting 

condition was six to seven percent lower (ts(17) > 4.5, ps < .0005), and RTs more than 

200 ms slower than either the Categorical or Novel conditions (ts(17) > 8.0, ps < .0005).   

Novel stimuli received slightly more accurate (t(17) = 2.8, p < .05), and slightly faster 

responses than Categorical (t(17) = 2.4, p < .05)    

 Figure 3.6 shows ERPs in the four conditions at all electrode sites.  The Typical 

and Similar conditions elicited indistinguishable waveforms, so that these were collapsed 

into a single condition of Categorical in statistical analyses.   

 

N2    

As in the first two experiments, stimulus-locked N2 amplitudes did not differ 

between the Conflicting and Categorical conditions (F < 1).  Unlike the previous two 

experiments,  Novel stimuli elicited a larger N2 than either Categoricals or Conflictings 
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(Novel vs. Categorical: F(1,17) = 8.65, p < .01; Novel vs. Conflicting: F(1,17) = 5.92, p 

< .05).  The novelty effect interacted with the left vs. midline vs. right location of scalp 

sites in both comparisons (Novel vs. Categorical: (F(2,34) = 3.56, p < ..05, ε2 = .75;  

Novel vs. Conflicting: (F(2,34) = 3.80, p < .05, ε = .78).  A followup analysis excluding 

the midline scalp sites showed that the novelty effect was slightly larger over the right 

than the left (Novel vs. Categorical: F(1,17) = 4.10, p = .06; Novel vs. Conflicting: 

F(1,17) = 4.28, p = .05).   

 

P300 

P300 amplitude to Novel stimuli was larger than both the Categorical (F(1,17) = 

19.3, p < .0005) and Conflicting conditions (F(1,17) = 4.47, p < .05), which did not differ 

from each other (Fs < 1).  Interactions between novelty and left/midline/right scalp site 

were also significant.   Followup analyses excluding the midline sites confirmed that the 

impact of novelty on the P300 was larger over the left than the right (Novel vs. 

Categorical: (F(1,17) = 7.52, p < .05;  Novel vs. Conflicting: (F(1,17) = 4.01, p = .06).   

The P300 in the Conflicting condition was distributed more frontally than the 

Categorical and Novel conditions and this resulted in significant conflict by 

centroparietal/parietal interactions (Fs(1,17) > 4.80, ps < .05).  The frontal distribution of 

the Conflicting P300 is analyzed in more detail below.  
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Figure 3.6.  Grand average event-related potentials from all scalp sites.  Electrode sites 
are arranged from anterior (top row) to posterior (bottom row) and from left to right, 
roughly corresponding to head location. 
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Consistent with the prolonged RT in the Conflicting condition, P300 latency was 

also delayed relative to the Categorical condition (F(1,17) = 10.2, p < .01)3.  Although 

Figure 3.6 suggests that the peak of the P300 in the Conflicting condition was also later 

than the Novel condition,  this difference did not reach significance (F(1,17) = 1.85).   As 

compared to the Categorical condition, Novel stimuli also elicited a later P300 (F(1,17) = 

7.31, p < .05), despite the fact that Novel stimuli elicited faster RTs.   

In comparisons between the Categorical condition and the other two conditions, 

the three way interaction between condition, centroparietal/parietal, and left/midline/right 

electrode site was also significant.  Follow-up analyses excluding the midline electrodes 

showed that the interaction was driven by somewhat later latencies in the Novel and 

Conflicting conditions at left centroparietal electrode CP3 (Fs(1,17) > 4.90, ps < .05). 

 

Positivities over prefrontal and frontal scalp    

Figure 3.6 shows that the Conflicting condition not only elicited a later P300 at 

the parietal scalp sites where this component is most prominent, but also late positive 

waves at prefrontal and frontal scalp sites where a pronounced positive peak is small to 

absent in the other conditions.   This visual impression was evaluated by measuring peak 

amplitudes at the midline and dorsal lateral sites spanning the anterior-posterior extent of 

the electrode array from prefrontal to occipital sites, normalizing these to eliminate 

amplitude differences between conditions (McCarthy & Wood, 1985), and entering the 

values into ANOVAs with factors of condition (2 levels), anterior-to-posterior location 

(AP, 7 levels), and laterality (left/midline/right).  Significant interactions between 
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condition and the AP factor confirmed that the Conflicting condition elicited more 

frontally-distributed positive potentials than either the Categorical  (F(6,102) = 7.06, p < 

.005, ε = .37) or Novel (F(6,102) = 4.92, p < .005, ε = .45) condition. 

Our previous work has suggested that prefrontal ERPs are particularly sensitive to 

categorization strategy (Folstein & Van Petten, 2004), and inspection of Figure 3.6 

suggests that the larger prefrontal positivity in the Conflicting condition is not simply the 

anterior residue of the P300. The condition difference at prefrontal sites begins earlier 

than at frontal sites, and does not come to a peak and resolve to baseline as it does 

posterior to the prefrontal sites  We thus conducted additional analyses of the prefrontal 

sites (Fp1, Fpz, Fp2) alone: mean amplitudes in latency windows of 400 to 650,  and 650 

to 900 ms.  For the earlier window, ERPs to the Conflicting stimuli were more positive 

than both Categorical and Novel conditions (Fs(1,17) > 7.30, ps < .05).  For the later 

epoch, the Conflicting condition was significantly more positive than the Categorical  

condition (F(1,17) = 6.82, p < .05), but only marginally more positive than the Novel 

condition (F(1,17) = 3.69, p = .07).  The Categorical and Novel conditions did not differ 

from each other during either epoch.  

 

Discussion 

 As in Experiments 1 and 2, P300 latencies to Novel stimuli were delayed relative 

to Categoricals (both Typical and Similar). Unlike the previous experiments, however, 

reaction times were faster for Novel stimuli than to Categorical stimuli, yielding a 

dissociation between the ordering of RTs and P300 latencies across conditions that is 
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rarely observed (Kutas et al., 1977).  We suggest that responses to Categorical stimuli 

were slower than responses to Novels because Categorical stimuli were evaluated as 

candidates to be Conflicting stimuli and therefore treated with more caution.  This 

interpretation suggests that participants processed both relevant features of the 

Categorical stimuli before selecting a response,  but were able to initiate a response to the 

Novels after processing only global body shape.  In contrast, P300 latency may reflect 

more complete evaluation of the Novels that lagged behind response selection.4   

 The N2 results of Exp. 3, and their relationship to this hypothesis about 

participant strategies, are taken up in the General Discussion.    

  

General discussion 

 

Conflicting information during unidimensional versus multidimensional rule use 

 Experiment 3 used a two-dimensional categorization rule to examine the effects 

of conflicting information and perceptual novelty when both conflicting and novel 

features were relevant to the categorization rule.  In contrast to Exps. 1 and 2, conflicting 

information led to a dramatic delay in categorization decisions (Figure 3.2).  The conflict 

effect on reaction times cannot be attributed to the selection of a low-probability 

response, as Novel stimuli that shared the same assigned keypress elicited much faster 

responses.  The prolonged RTs in the Conflicting condition also cannot be attributed to 

the mere presentation of unfamiliar stimuli,  as the features of the Novel stimuli were rare 

in both the training and transfer phases. Instead, the substantial conflict effect in Exp. 3 as 
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compared to Exps. 1 and 2 must be attributed to the use of a multidimensional rather than 

unidimensional rule.   

 Other studies have examined the impact of rule-irrelevant features when a single 

dimension perfectly predicts category membership, as in Exps. 1 and 2.  These indicate 

that correlations between rule-irrelevant features and the single relevant dimension 

influence categorization behavior in only limited circumstances.  Garner and Felfoldy 

(1970) instructed participants to sort circles by size or by the orientation of a radial line.  

In addition to a baseline set of stimuli with no variation in the irrelevant dimension, 

participants categorized sets in which the irrelevant dimension was perfectly correlated 

with the relevant dimension, or variable but uncorrelated.  As compared to the baseline 

condition, no benefit from the correlation of rule-relevant and rule-irrelevant features was 

observed, and very little cost of irrelevant variability.  In a study inspired by the 

phenomenon of blocking in classical conditioning, Williams and colleagues have 

similarly shown that when participants are instructed that a single element can cause an 

outcome, and have experience in this condition, they assign little predictive value to a 

subsequently correlated element (Williams, Sagness, & McPhee, 1994).   In a single-

phase categorization task, Nosofsky (1991) asked participants to categorize lines of 

various lengths as long or short, but varied the probability that short lines had a particular 

(rule-irrelevant) orientation.  The probability manipulation had no significant effect on 

categorization speed or accuracy, or on subsequent judgments of categorical typicality 

when stimuli were judged in isolation.  There is, however, one prominent exception to the 

general finding that correlations between rule-relevant and rule-irrelevant features do not 
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influence categorization when a unidimensional rule is in place.  In the same card-sorting 

task described above, Garner and Felfoldy (1970) found a speed benefit when the 

brightness and saturation of color patches were correlated, although only one dimension 

was rule-relevant.  This benefit disappeared when brightness and saturation were co-

varied, but in spatially-separated color patches appearing on the same card.   More 

generally, it has been suggested that a significant influence of correlated features during 

unidimensional rule use constitutes evidence that the two dimensions in question are 

perceptually integral, whereas null effects indicate that the dimensions are separable (e.g. 

Nosofsky & Palmeri, 1997). 

 In Exps. 1 and 2, participants using a unidimensional rule were not entirely 

insensitive to the frequency of features and their combinations, as they showed lower 

accuracies, slower RTs, and longer P300 latencies when exemplars were comprised of 

rare combinations of familiar features (Conflictings) and when they were comprised of 

rare features (Novels), as compared to familiar combinations of familiar features 

(Typicals).  However, the lack of difference between the Conflicting and Novel 

conditions suggests that, although unfamiliarity slows stimulus evaluation, features that 

were irrelevant to a unidimensional rule were not associated with a category despite their 

objective correlation with that category.  In Garner’s (1970) terms, the global body shape 

and body markings used in Exp. 2 proved to be separable dimensions, although they 

occupied the same spatial locations (Figure 3.5).     

 In the current designs, the dimensionality of the assigned rule, and the presence of  

conflicting information in rule-relevant versus rule-irrelevant dimensions were 

 



 139

deliberately confounded.   When participants followed a one-dimensional rule in Exps. 1 

and 2,  the features associated with the opposite category were necessarily rule-irrelevant.  

In Exp. 3, features associated with two different categories occurred in dimensions that 

had to be analyzed in order to follow the two-dimensional rule.  There are thus two 

possible accounts for the significant conflict effect in Exp. 3 as compared to the earlier 

experiments: 1) that only relationships between rule-relevant features are learned, or 2) 

that following a multidimensional rule necessarily leads to a broader focus of attention 

such that all feature correlations are spontaneously encoded and can lead to subsequent 

interference when the correlation structure is altered.  Some prior results favor the latter 

account.  As described in the Introduction, Allen and Brooks (1991) observed poorer 

performance when exemplars resembled the wrong category due to the presence of 

correlated, but rule-irrelevant features. However, the conflict effects observed in that 

study hinged by design on memorization of the individual exemplars and the combination 

of the relevant and irrelevant features to form a distinctive Gestalt (Regehr & Brooks, 

1993).  This design is difficult to reconcile with the use of ERPs because the relatively 

few negative matches made possible by the study set would require multiple 

presentations to produce an adequate ERP, causing them to become associated with both 

categories and thus reducing conflict.  The current experiments were designed to produce 

robust conflict effects that remained over large numbers of trials by associating particular 

features with particular categories.  This allowed the investigation of cross-category 

feature sharing in an ERP study.  It would be possible, and of some interest, to 

incorporate design elements of Experiments 1, 2, and 3 so that rule-irrelevant rather than 
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rule-relevant features were correlated with category membership in the context of a 

multidimensional rule.  While this manipulation might produce a large conflict effect on 

reaction time, we can be confident based on the results of Experiment 3 that this effect 

would not extend to the N2. 

 

The anterior N2, perceptual novelty, and conflict 

 As described in the Introduction, substantial prior literatures link a frontocentral 

N2 with both cognitive control and perceptual novelty, but these have rarely been 

manipulated within a single study (see Folstein & Van Petten, submitted for more 

extensive review).  In the current experiments, novel features embedded within multi-

feature stimuli did not influence the N2 when participants used other features to classify 

the stimuli (Exps. 1 and 2), but resulted in large N2s when the novel features were 

relevant to the assigned categorization rule (Exp. 3).  At first blush, the lack of N2 

modulation in Exps. 1 and 2 might appear inconsistent with experiments showing that 

unique, perceptually novel stimuli elicit large N2s when they serve as nontargets 

requiring no overt response (Courchesne et al., 1975; Czigler & Balázs, 2005; Daffner et 

al., 2000; Suwazono et al., 2000; Thomas & Nelson, 1996).  However, this inconsistency 

is only apparent, as the novel stimuli in those prior studies needed to be attended and 

compared to the mental template of a target in order to determine that they warranted no 

response (a type of categorization decision). Via the use of multidimensional stimuli, the 

current series of experiments show that it is necessary for the novel dimension to be task-

relevant in order to obtain substantial enhancements of the frontocentral N2.  This 
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conclusion is consistent with that of Wang and colleagues, who have observed larger N2s 

when an eliciting stimulus differs from a prior stimulus than when it is the same, but also 

that this “mismatch effect” is larger when it occurs in a dimension that governs a 

same/different judgment than when it occurs in a task-irrelevant dimension (Wang et al., 

2003; Wang et al., 2004).  

 Despite the substantial impact of conflicting information on RTs and P300 

latencies in Exp.3, no increase in N2 amplitude was observed relative to a condition in 

which two stimulus features suggested the same decision (Typicals).  This result places 

limits on the generality of the N2’s sensitivity to conflicting information during decision 

making.   Below, we describe some prior studies that have observed modulation of N2 

amplitude when participants discriminated perceptually similar stimuli calling for 

different responses, as well as some studies that have not. We then suggest that the 

former paradigms are likely those that encouraged early response preparation based on 

preliminary stimulus processing, whereas paradigms that encourage a more cautious 

strategy of complete stimulus analysis prior to response preparation are less likely to 

elicit N2 effects.    

 Two recent studies show that cross-category similarity can enhance the N2.  

Nieuwenhuis and colleagues manipulated auditory perceptual overlap between frequent 

Go and rare No-go stimuli. Typically, No-go trials elicit larger N2s than Go trials 

(Pfefferbaum et al., 1985).  When participants discriminated similar-sounding letters “F” 

and “S”, this No-go N2 effect was larger than when they discriminated the dissimilar 

letters “F” and “T” (Nieuwenhuis, Yeung, & Cohen, 2004).  A second study employed a 
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more complex design in which participants performed a choice RT task on complex 

geometric shapes (Azizian, Freitas, Parvaz et al., 2006).  One of the shapes was in a rare 

“target” category (probability 10%) while the frequent “non-target” category (90%) 

included four stimulus types: rare (10%) “target-similar” stimuli that were very similar to 

the target, two rare (10%) “target-dissimilar” stimulus types with very different shapes 

from the target, and a frequent (60%) stimulus that was also visually distinct from the 

target.  The target-similar stimuli elicited slower reaction times and a larger N2 than the 

rare target-dissimilar stimuli despite identical stimulus and response probabilities.   These 

results indicate that stimuli that are near-matches to other items demanding a different 

response can drive N2 amplitude.  

 Two other studies that shared many design elements with the ones above failed to 

observe a conflict N2 effect.  In a different study, Azizian et al. had participants perform 

a counting task on schematic cartoon faces with eight possible features: two eyes, two 

eyebrows, two ears, a nose, and a mouth (Azizian, Freitas, Watson et al., 2006).  In the 

first experiment, the counted target had all eight features and the non-targets had 

anywhere from one to all eight of features deleted such that the most similar non-targets 

shared all but one feature while the least similar non-target was an empty circle.  The 

second experiment was the mirror image: the target was an empty circle while the non-

targets had one to eight features added.  In both experiments, as non-targets became 

increasingly similar to the target, they elicited larger and larger P300s but not larger N2s.   

A salient aspect of this design is the very gradual similarity gradient between the target 

and non-target categories (seven gradations of similarity between target and the most 
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dissimilar non-target).  We suspect that something about this gradient encouraged a 

strategy in which participants were unlikely to prepare a response before completion of 

stimulus evaluation.  Previous studies have shown that encouraging a cautious strategy – 

for instance, instructions to favor accuracy over speed -- also reduce the amplitude of the 

No-go N2  (Jodo & Kayama, 1992).   In Azizian et al.’s experiment, the category 

structure itself might have pushed participants towards a cautious strategy. 

 A similar explanation is likely for a second failure to observe an N2 enhancement 

in the face of conflicting information about a category assignment.  Fox et al. (2000) 

presented equiprobable colored letters requiring an overt response (Go) or not (No-go).  

The letters in the Go category were  “N”, “J”, or “W” in blue, and “O” in red, green, or 

yellow; No-go stimuli were pink “E”s or blue “O”s.  The pink “E” was called an 

elemental No-go stimulus because it was comprised of two features never associated with 

a Go response.  This elemental No-go condition elicited a large and significant 

frontocentral N2 relative to Go trials, as predicted.   The blue “O” was called a configural 

no-go stimulus because it was comprised of features from the Go category. A priori, the 

configural No-go condition would have seemed perfectly situated to elicit a large N2, 

given the addition of conflicting information to a No-go response requirement, but 

yielded no significant difference from the Go condition.   A possible reason for the lack 

of a conflict effect in this experiment is that participants used a cautious response strategy 

due to the complex response rule necessary to perform this task correctly.  The rule for 

the Go category has the logical form of exclusive or : “go if (blue or O) and not (blue and 

O)”.  Use of the this rule might have encouraged serial processing of the individual 
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features, and/or double-checking before responding, thus discouraging fast response 

preparation.  

 We suspect that enhancements of the N2 due to conflicting information occur 

when participants begin to prepare a motor response before evaluation of a stimulus is 

complete, and not when they adopt a more deliberate strategy of postponing response 

preparation until evaluation is complete.  This hypothesis suggests that the “conflict” in 

the “conflict N2” is response conflict, rather than a more general perception that a 

stimulus might be compatible with more than one decision option.  Under this hypothesis, 

the participants in the current Exp. 3 adopted a strategy of evaluating both rule-relevant 

features and their fit with the instructed rule instead of beginning to prepare a response 

that might prove incorrect.    

 Although lacking an enhanced N2, the Conflicting condition of Exp. 3 did elicit 

different ERPs than the Typical or Novel conditions.  In addition to a delayed, more 

frontally distributed P300, the Conflicting stimuli yielded a prolonged prefrontal 

positivity that appeared distinct from the frontal aspect of the P3.  We previously 

observed a similar wave that was larger in participants who used multiple features as 

opposed to single features in their categorization strategy (Folstein & Van Petten, 2004).  

All of the stimuli in that study contained some conflicting information – distinct features 

suggestive of different category assignments.  We therefore suspect that conflicting 

information in complex categorization tasks recruits additional executive processing 

resources and that these resources are reflected in prefrontal positivities that occur later in 

time than the latency range of the N2.   
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 In summary, conflicting and novel irrelevant information slowed stimulus 

evaluation time but did not engage cognitive control processes in a manner similar to the 

Eriksen flanker task, or tasks that seem to demand explicit response inhibition such as 

those with No-go trials intermixed with Go trials.  The fact that novelty and not conflict 

drove the N2 in Experiment 3 suggests that the N2-like potential observed in our previous 

study of categorization (Folstein & Van Petten,  2004) may have been driven by stimulus 

atypicality rather than response inhibition as originally hypothesized.  Future studies 

should further investigate the effect of category structure on the processing of conflicting 

information, focusing on the effects of rule complexity and gradations in typicality. 
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Notes 

1.  If we use capital letters to denote rule-relevant features of Diggers (A) and Builders 

(B), and numerals to denote nondiagnostic features, then a positive match might be an 

AAA22, differing in one diagnostic feature from the closest trained exemplar of a Digger, 

ABA22.  In addition to its similarity to a trained Digger, the positive match also falls 

under the rule-based definition of having at least two Digger features.  In contrast, a 

negative match could have a feature list of AAB12, when the closest trained Digger was 

AAB21 (and the closest trained Builder was ABB12).   The negative match case is thus 

two features away from the closest trained member of its category, in addition to its 

misleading similarity with the opposite category. This association between categorical 

atypicality and presence of misleading information cannot be avoided when all features 

are equally familiar from initial categorization training. 

 

2.  Huhyn-Feldt correction for non-sphericity of variance.  Reported are the original 

degrees of freedom, the correct probability level, and the epsilon correction factor. 

 

3.  Figure 3.6 shows that the P300 in the Conflicting condition of Exp. 3 also had a 

somewhat flatter peak than the other two conditions, suggestive of greater latency 

variability across trials.  Because the standard error of the mean RT is also largest in the 

Conflicting condition, we examined P300 latency as a function of RT.    Single trials for 

each condition were divided into reaction time quartiles,  and ERPs computed for each 

quartile in every participant.  Because this resulted in a small number of trials in each 
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average, electrodes Cp3, Cpz, Cp4, P3, Pz, and P4 were then averaged together in order 

to minimize noise.  The ERPs to the Conflicting condition were passed through a 10 hz 

low pass filter and their peak latencies calculated for each reaction time quartile.  The 

peak latencies were then analyzed in an ANOVA with a single four-level factor of RT 

quartile. This revealed no significant main effect of RT quartile on P300 latency (F < 1), 

nor was there any significant linear trend for an increase in P3 latency across quartiles (F 

< 1).  These null outcomes hint that, if the flat morphology of the Conflicting P3 wave 

was due to latency variability, that variability was unrelated to variability in reaction 

time.  

 

4.  The dissociation of P300 latency and RT during the application of multidimensional 

rules has been replicated in two recently-completed experiments in our lab (Folstein et 

al., 2007, in preparation). 
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CHAPTER 4 

 

AFTER THE P300: AN ERP INDEX OF LATE EXECUTIVE PROCESSES IN 

STIMULUS CATEGORIZATION 
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Introduction 

Most cognitive theories of categorization posit multiple systems for learning 

object categories and categorizing objects.  One example of this is the implicit/explicit 

distinction, in which the implicit system acquires category knowledge automatically 

through incidental experience, while the explicit system works through explicit feedback  

(Reber, Stark, & Squire, 1998b; Reber et al., 1998a; Reber, Gitelman, Parrish, & 

Mesulam, 2003; Knowlton & Squire, 1993; Aizenstein et al., 2000; Bozoki, Grossman, & 

Smith, 2006).  Another distinction contrasts memory-based hippocampal-dependent 

learning with habit-based, caudate-dependent learning (Knowlton, Squire, & Gluck, 

1994; Knowlton et al., 1996; Poldrack et al., 2001; Poldrack et al., 1999; Poldrack & 

Rodriguez, 2004).  A third theory contrasts rule learning to “information integration”.  

The former employs hypothesis testing about a small number of stimulus dimensions 

(usually one) that are within the current focus of attention, while the latter is akin to 

“habit-based” learning in linking multiple perceptual dimensions to responses (Ashby et 

al., 1998; Ashby & Waldron, 2000; Ashby & Ell, 2001; Ashby, Noble, Filoteo, Waldron, 

& Ell, 2003; Filoteo et al., 2001).  Most relevant for current purposes is the distinction 

between categorization based on logical rules and categorization based on similarity to 

prototypes or exemplars (Erickson & Kruschke, 1998, 2002; Allen & Brooks, 1991; 

Johansen & Palmeri, 2002; Koenig et al., 2005; Smith et al., 1998; Grossman et al., 2002; 

Grossman, Smith, Koenig, Glosser, Rhee, & Dennis, 2003; Nosofsky & Palmeri, 1998; 

Nosofsky et al., 1994; Patalano et al., 2001).   
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According to one theory, similarity and rule strategies differ in four key 

characteristics (Smith et al., 1998).  First, similarity strategies rely on holistic perception 

in which even separable stimulus dimensions are treated as integral while rule strategies 

rely on analytic perception.  Second, similarity strategies rely on comparisons of feature 

overlap between a current stimulus and exemplars retrieved from long term memory, 

while rule strategies require comparison of each feature and feature combination to a 

logical rule in working memory.  Third, if exemplars are sufficiently distinct and familiar, 

similarity-based categorization is automatic and mandatory while rule-based 

categorization is optional.  Finally, similarity-based categorization is faster than rule-

based categorization.  These predicted differences between the two systems capture 

several lines of behavioral evidence, including differences between speeded and self 

paced perceptual similarity judgments, interference effects between abstract and concrete 

perceptual features, and mapping of rich versus sparse verbal descriptions onto semantic 

categories (Allen & Brooks, 1991; Brooks, Norman, & Allen, 1991; Smith & Kemler 

Nelson, 1984; Smith & Sloman, 1994; Regehr & Brooks, 1993; Ward, 1983; Ward, 

Foley, & Cole, 1986).  In addition to proposing separate cognitive component processes 

for rules and similarity, Smith et al. (1998) also proposed separate neural correlates.  

Because rule-based categorization should rely more heavily on working memory and 

selective attention than similarity-based categorization, it was predicted that rule 

strategies should more strongly recruit frontal and parietal cortex.  Support for these 

hypotheses has been obtained in studies comparing rule and similarity-based 

categorization strategies (Koenig et al., 2005; Grossman et al., 2002; Patalano et al., 
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2001).  While imaging studies offer excellent insight into anatomical correlates of 

categorization strategies, event-related potentials (ERPs) can offer complementary 

insights into the temporal characteristics of neural activity.  

One ERP component that has been proposed as an index of stimulus  

categorization is the P300 (Johnson & Donchin, 1980; Dien et al., 2004).  The amplitude 

of the P300 is larger when a stimulus is rare, significant, or somehow informative and the 

peak latency of the P300 increases with the amount of time required to categorize the 

stimulus as significant (Donchin, 1981; Kutas et al., 1977). If multiple systems of 

categorization exist, it is possible that the P300 is driven by one but not the other. Several 

studies suggest that the amplitude of the P300 is modulated by a central characteristic of 

similarity-based categorization, namely amount of feature overlap between an eliciting 

stimulus and a target.  In studies of feature processing participants identify rare targets 

defined by multiple features, some more salient than others.  Non-targets with salient 

target features often elicit larger P300s than non-targets with less salient or fewer target 

features (Kenemans et al., 1993; Smid et al., 1999; see also the waveforms of Smid et al., 

1996; Smid & Heinze, 1997).  Other studies, testing hierarchical effects of feature 

analysis have instructed participants to respond to stimuli with some target feature (e.g. a 

target letter), but only when combined with some other features, like a color or 

conjunction of size and color, cuing that the stimulus is “relevant”.  Non-targets with 

relevant features generally elicit larger P300s than non-targets without relevant features 

(e.g. Anllo-Vento & Hillyard, 1996; Wijers, Mulder, Okita, & Mulder, 1989). The 

clearest example, however, is a recent study by Azizian et al. in which participants 
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counted occurrences of a rare schematic face with eight target features (eyes, nose, ears, 

etc).  Non-targets where created by eliminating features so that non-targets varied in 

similarity to the target, the least similar non-target being an empty circle.  In another 

condition, the empty circle was the target and the full face was the least similar non-

target.  In both conditions, the amplitude of the P300 increased in a graded fashion with 

the number of features shared with the target (Azizian, Freitas, Watson et al., 2006).  In 

the same study, Azizian et al. also found an effect of P300 latency.  When the target was 

a complex face, P300 latency was delayed in non-targets with several target features 

relative to non-targets with fewer target features and was the longest in targets.   

This finding adds to the well established result that the latency of the P300 is 

delayed when target and non-target are similar. For instance, P300 latency is delayed if 

the target and non-targets have similar shapes or colors as compared to when these are 

distinctive (Senkowski & Herrmann, 2002; McCarthy & Donchin, 1981; e.g. Duncan-

Johnson & Kopell, 1981; see Verleger, 1997 for a review).  A recent study showed that 

the P300 is delayed by similarity between categories even when the features shared 

across categories are irrelevant to the categorization rule.  In two experiments, 

participants identified members of two equiprobable categories based on a single 

diagnostic stimulus feature (Folstein, Van Petten, & Rose, submitted; Folstein et al., 

2004).  The irrelevant features were frequently associated with the same category as the 

relevant feature (Typical condition), frequently associated with the opposite category 

from the relevant feature (Conflicting condition), or were novel and equally associated 

with both categories (Novel condition).  Across both experiments, both the Negative 
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match and Novel stimuli elicited slower reaction times and P300 latencies than the 

Typical stimuli.  A third experiment in the same series investigated the effect of cross 

category similarity when the shared features were both rule relevant.  Stimuli were 

divided into three categories, two of which were defined by conjunctions of two features 

(category 1: AB, category 2: CD).  Stimuli with any other feature or feature conjunction 

belonged to a third “Other” category.  Members of categories 1 and 2 (Typical condition) 

were compared to members of the Other category that either shared features with 

categories 1 and 2 (feature conjunctions AD or BC; Conflicting condition) or were 

composed of novel features (conjunction EF; Novel condition).  While the P300 to the 

Novel condition was slightly but significantly delayed relative to the Typical condition, 

reaction time and the P300 to the Conflicting stimuli were delayed much more.   

Stimuli that share features with multiple categories should delay similarity-based 

categorization by extending the duration of exemplar retrieval.  When a stimulus is 

similar to both categories, the probability of initially retrieving exemplars from the wrong 

category is increased relative to when the stimulus is much more similar to one category 

than another (Nosofsky & Palmeri, 1997).  We do not wish to make a strong claim, 

however, that P300 latency is modulated only by the duration of similarity-based 

categorization.  Indeed many aspects of Experiment 3 of Folstein et al. (submitted) 

discussed above suggest that the RT delays observed in the Conflicting condition were 

due to extension of rule-based processes.  First, the participants were explicitly instructed 

to follow a two dimensional categorization rule and the conflict was between features that 

were relevant to the rule rather than irrelevant.  Second, the delay in reaction time was 
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much larger than the delay due to typicality.  Third, the conflicting stimuli elicited a 

prefrontal late positive wave that was previously associated with executive function.  

This positivity is discussed in more detail below.  An important part of Smith’s similarity 

theory, however, is that similarity-based processes can continue to operate during a rule-

based strategy.  It is therefore possible that the P300 delay was accounted for by 

similarity-based processing while reaction time and the late prefrontal positivity was 

driven by delays in rule-based categorization.  Even if the P300 latency is affected by 

delays in rule-based processing, there could be a threshold of complexity after which the 

P300 no longer indexes categorization time.  If this threshold could be identified, it would 

provide an important clue as to the existence and nature of qualitatively different 

categorization systems.   

This clue would come in the form of long delays in reaction time in the absence of 

P300 delays.  However, because the P300 is understood in the ERP literature as an index 

of stimulus evaluation time, such dissociations are often interpreted as caused by delays 

in assigning the appropriate response to a stimulus that has been fully evaluated (Ilan & 

Polich, 1999; Duncan-Johnson & Kopell, 1981; Dien et al., 2004).  This interpretation is 

often correct.  In the Stroop task, it is bolstered by evidence of increased conflict 

monitoring indexed by the frontal N450 component, which is larger to incongruent 

stimuli and has been localized to the anterior cingulate (Liotti et al., 2000; West & Alain, 

2000a; West & Alain, 1999).  In other tasks where dissociations between reaction time 

and P300 latency are observed, delays in motor preparation are indicated by incorrect 

squeezing behavior in the slower condition, or motor potentials indicative of incorrect 
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response preparation (e.g. Masaki, Takasawa, & Yamazaki, 2000; Fournier, Scheffers, 

Coles, Adamson, & Abad, 2000).  There are, however, notable examples of dissociations 

between reaction time and P300 latency in which differences in response preparation are 

unlikely to account for the RT delays.  The first example is mental rotation in which 

participants must judge whether alpha-numeric characters rotated to varying degrees from 

upright have been mirror reversed.  In another variant of the task, participants view a 

sample shape followed by a probe shape, rotated to various degrees from upright, and 

must decide whether the probe shape has been mirror reversed.  Reaction time increases 

monotonically with angle of rotation.  While few ERP studies of mental rotation have 

reported P300 latency (Wijers, Otten, Feenstra, Mulder, & Mulder, 1989), the lack of a 

latency effect is apparent in the waveforms of many studies (e.g. Nunez-Pena, Aznar, 

Linares, Corral, & Escera, 2005; Bajric, Rösler, Heil, & Hennighausen, 1999; Heil, 2002; 

Heil & Rolke, 2002; Milivojevic, Johnson, Hamm, & Corballis, 2003; Yoshino, Inoue, & 

Suzuki, 2000; Peronnet & Farah, 1989).  The fact that no response incompatibility is 

incorporated into mental rotation designs make it implausible that RT delays in mental 

rotation are due to delays in response preparation.  Furthermore ERP measures of motor 

preparation have shown that, in some tasks, little response preparation occurs until mental 

rotation is complete (Band & Kok, 2000; Band & Miller, 1997). The second example is 

mental arithmetic.  Typical tasks include comparisons between serial addition of numbers 

to counting number stimuli and viewing easy and difficult problems followed by 

true/false choices (Jost, Beinhoff, Hennighausen, & Rösler, 2004; Jost, Hennighausen, & 

Rösler, 2004; Iguchi & Hashimoto, 2000; Ruchkin, Johnson, Canoune, & Ritter, 1991).  
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In one case, participants indicated whether the solutions to addition problems were 

greater or less than 100 (El Yagoubi, Lemaire, & Besson, 2003).  Problems were 

compared in which the answer was close to 100 or very different from 100.  While these 

difficulty manipulations elicited significant, and often large, reaction time effects, 

inspection of the waveforms suggests that there was no P300 latency effect in any of 

these studies.  Two other studies reported small latency effects of problem difficulty, but 

only at frontal and frontocentral electrode sites, never at parietal sites where P300 latency 

effects are expected (Kong, Wang, Shang, Yang, & Zhuang, 1999; Szucs & Csepe, 

2005). 

Overall, it appears that, when stimulus evaluation involves simple matching of 

features or conjunctions of features with a mental template, delays in stimulus evaluation 

correspond to delays in P300 latency.  However, data from mental arithmetic and mental 

rotation tasks clearly shows that there are cases where stimulus evaluation extends 

beyond the P300.  These seem to be cases in which evaluation requires extensive 

recruitment of working memory.  It is inviting, therefore, to map the majority of target 

detection tasks employed in the ERP literature onto similarity-based categorization and 

mental arithmetic and mental rotation onto qualitatively different processes that are 

analogous to rule application in their demands on working memory.  Mental arithmetic 

and rotation differ in important ways from standard categorization tasks, however.  

Mental arithmetic requires frank symbolic manipulation, which may not be the case in the 

categorization of objects even using complicated rules.  Mental rotation tasks hinge on 

the requirement to manipulate a representation within working memory in order to gain 
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access to the rule relevant perceptual feature (i.e. mirror reversal of the symbol or 

character), whereas complex rule-based categorization need not.  Finally, studies of 

working memory load suggest that the slow wave associated with working memory 

maintenance have scalp distributions dependent on the information being maintained.  It 

is possible, therefore, that the indices of working memory operations observed in these 

studies (as opposed to the lack of a P300 latency effect) do not generalize to rule-based 

object categorization.   

One recent study suggests that, given a sufficiently complex categorization rule, 

large reaction time effects can be observed in the absence of P300 latency effects 

(Folstein & Van Petten, 2004).  Participants categorized artificial animal stimuli 

according to a complex disjunctive rule requiring attention to five relevant features.  The 

categories had a graded structure such that some members of each category shared three 

out of five relevant features with that category’s prototype while other members shared 

four out five features with the prototype.  One way to describe the difference between 

these stimuli is in terms of distance from the category boundary.  Members that shared 

three features with their prototype were close to the category boundary (Near Boundary 

condition) while members that shared four features with their prototype were further from 

the category boundary (Far Boundary condition).  One group of participants (the Rule 

Group) was trained to recognize the prototypical features of each category and to apply 

the “three out of five” categorization rule.  Far Boundary stimuli elicited much faster 

reaction times than Near Boundary stimuli while, although P300 latency was not 

analyzed in that study, it is clear from the waveforms that the conditions did not differ.  
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Because the Near Boundary stimuli contained more information suggestive of the 

incorrect response than Far Boundary stimuli, it is possible the difference in reaction time 

was accounted for by delayed response preparation or response conflict.  Elevated 

response conflict is typically accompanied by increases in frontal N2 amplitude and the 

Near Boundary stimuli did elicit a larger negative peak at ~350 ms over prefrontal cortex.  

However, the frontal N2 is also enhanced by infrequent or novel visual stimuli.  Because 

the Near Boundary stimuli shared fewer features with their prototype than the Far 

Boundary stimuli, the Near Boundary stimuli could be considered the more atypical of 

the two conditions and atypicality is a kind of novelty.  Also, the difference in reaction 

time was extremely large – much larger than effects typically observed in Stroop and 

flanker tasks – suggesting to us that response conflict alone was unlikely to account for 

the difference.  The obvious alternative is that the reaction time effect was due to 

extended processing in working memory.   

In the same study, a component was observed that might index the hypothesized 

executive processes.  A different group of participants was not instructed on the 

categorization rule or on which features signaled membership in each category, but 

instead learned to categorize the stimuli using feedback alone.  This group split into two 

subgroups, one adopting a strategy in which they attended predominantly to a single 

feature (Single feature group), another adopting a multi-feature strategy (Distributed 

profile group).  The Distributed profile group placed stimuli in a given category with a 

probability that was linearly proportional to the number of features the stimulus shared 

with the category’s prototype, suggesting that the group was using a true similarity-based 
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strategy.  The Distributed profile group had a late prefrontal positive component that was 

larger in amplitude than that observed in the Single feature group but equal to the Rule 

group.  In addition to suggesting similarities between rule and similarity-based 

categorization that were not previously suspected, the sensitivity of this late positive 

component to the number of features employed in one’s categorization strategy suggested 

that it might index executive processes.  Lending further credence to this hypothesis is 

the similarity of this component to the late positive wave observed in source memory 

paradigms.  In these paradigms, participants must remember not only if an item is old or 

new, but whether is was presented in conjunction with some other, piece of information.  

For instance, during a test phase, participants must remember whether an auditory word 

was studied in a male of female voice or whether a picture was originally presented in the 

same or different location on the screen.  The late positive component is larger when 

participants must make a source memory judgment than when they must make an 

old/new judgment alone (Senkfor & Van Petten, 1998; Van Petten, Senkfor, & Newberg, 

2000).  

 Importantly, however, there was no difference in the prefrontal positive effect 

between the Near Boundary and Far Boundary conditions in the study of Folstein and 

Van Petten (2004).  If the difference in reaction time between Near and Far Boundary 

stimuli was wholly or partly due to differences in working memory recruitment and the 

late prefrontal positive wave was an index of executive working memory function, the 

Near Boundary condition should have elicited more positivity than the Far Boundary 

condition.  One possible reason for this inconsistency might have been that reaction times 
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to both Near and Far Boundary stimuli were longer than our 1300 ms recording epoch in 

that study, making it impossible to see an earlier offset for the Far Boundary condition.  

Alternatively or additionally, both the Near and Far Boundary stimuli contained 

conflicting information (recall that the Far Boundary condition contained one feature of 

the opposite category).  This in combination with the very fast stimulus duration used in 

that study (350 ms) make it likely that both conditions placed very high demands on 

working memory, rendering differences between the conditions more difficult to detect.   

The major goal of the present study was to test the hypothesis that the use of 

complex categorization rules recruits a qualitatively different system than the simple 

target detection tasks that modulate P300 latency.  We predicted that changes in difficulty 

within this system would not modulate P300 latency, but instead modulate the prefrontal 

positive slow wave we observed in our 2004 study.  To manipulate difficulty, we 

manipulated boundary distance in a way very similar to Folstein et al. (2004) with the 

exception that our Far Boundary stimuli contained no features of the opposite category.  

Also, the categorization rule was easier, requiring attention to three stimulus dimensions 

rather than five.  We also included manipulations designed to explore the issue, raised 

above, that Near Boundary stimuli were less typical than Far Boundary stimuli.  A third 

“Other” category contained stimuli that were frequently presented – and thus typical of 

their response category – or much less frequent.  This manipulation allowed comparison 

of effects associated with typicality/novelty to those associated with boundary distance.  

In addition to testing our working memory hypothesis, we also performed 

analyses to test an alternative explanation to dissociations between P300 latency and 
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reaction time.  This hypothesis is that the P300 contains two subcomponents: one 

stimulus related and one response related (Falkenstein, Hohnsbein, & Hoormann, 1994; 

Verleger, 1997; Verleger, Jaœkowski, & Wascher, 2005).  Verleger and colleagues 

recently argued that, if the P300 is related only to stimulus evaluation then its amplitude 

should be reduced in response-locked averages relative to the stimulus-locked averages.  

If, on the other hand, the P300 is related to an intermediate stage between stimulus 

evaluation and response selection, amplitude in response-locked and stimulus-locked 

averages should be the same.  The latter prediction was confirmed for both compatible 

and incompatible stimuli in a Simon task (Verleger et al., 2005).  Based on these and 

other data, Verleger argued that the P300was at least partly driven by cells mediating 

between stimulus and response.  To test whether this was a plausible explanation of our 

data, we performed several analyses comparing the response-locked P300 to the stimulus 

locked P300 as well as comparing the response-locked P300 across the Near and Far 

Boundary conditions.   

 
Experiment 4 

In Experiment 4, we manipulated boundary distance and two kinds of novelty: 

novelty of constituent features and stimulus dimensions that are relevant to the 

categorization rule.  Participants categorized artificial creatures with three relevant 

features: color, markings, and body configuration (horse-like, fish-like, humanoid, or 

plant-like).  Figure 4.1 shows examples of the stimuli used in Experiments 4 and 5 and 

illustrates the categorization rule common to both experiments.  Two categories, Mogs 

and Nibs, included prototypes with three defining features.  Participants were instructed 
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to follow a categorization rule in which stimuli with at least two features in common with 

the Mog or Nib prototypes were Mogs or Nibs, respectively.  Stimuli sharing all three 

features with a prototype were Far Boundary and stimuli sharing only two features with a 

prototype were Near Boundary.  While Far and Near Boundary stimuli differed in the 

number of features shared with a prototype, they were matched in terms of the frequency 

of the features that were combined to produce the body configuration (e.g. fish were 

composed of eyes, body, dorsal fin, and tail fin).  A separate Novel Part condition 

consisted of Mogs and Nibs that shared all three features with the prototype but whose 

constituent parts were much more varied.  Finally, a third Other category consisted of 

stimuli that shared no features with the Mog or Nib prototypes.  The Other category was 

comprised of Common Others, which were presented during a training phase and a 

transfer phase and Novel Others, which were not presented during the training phase, but 

were presented with roughly the same frequency as the Common Others during the 

transfer phase1.   

If our categorization rule recruits a rule-based categorization system that is 

qualitatively different from the system indexed by the P300, we expected Boundary 

distance to modulate reaction time and the late prefrontal positive wave observed in 

Folstein et al. (2004) but not to modulate P300 latency.  If the two conditions elicited the 
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Figure 4.1.  Examples of the Far Boundary, Near Boundary, Common Other and Novel 
Other stimulus types in Experiments 4 and 5.  Stimuli are arranged by category and 
distance from the category boundary. 
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same P300 latency due to response selection processes rather than working memory 

processes, we expected the Near Boundary condition to elicit an enhanced frontal N2 

component and incorrect LRPs.  We expected novel stimuli to elicit a frontal novelty-

related N2. 

 

Methods 

 

Participants 

Sixteen healthy young adults (ten men, six women, mean age of 25 years) were 

paid for their participation after providing informed consent.  All were free of 

neurological or psychiatric disorders by self-report, and also reported no medications 

likely to affect the central nervous system.  They had a mean of 17 years of formal 

education.  All participants were right-handed.  An additional five individuals 

participated, but generated unusable data: one due to colorblindness (see below), two due 

to an excessive (greater than 50%) number of trials contaminated by eyeblink or 

movement artifact, and two whose accuracies in the Near Boundary condition (63% and 

50%), in addition to being more than two standard deviations below the final mean, 

suggested the use of a suboptimal categorization rule different from the instructed rule.   
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Table 4.1  Feature Frequency 
 

 Transfer feature frequency Total feature frequency 
condition  relevant irrelevant relevant irrelevant 

 
Exp. 4 Far Boundary  .33  .12  .29  .14 
 Near Boundary .33  .12  .29  .14 
 Novel Part  .33  .02  .29  .01 
 Common Other .18  .09  .24  .12 
 Novel Other  .15  .03  .10  .02 
 
Exp. 5 Far Boundary  .23  .11  .28  .14 
 Near Boundary .23  .11  .28  .14 
 Common Other .40  .20  .34  .14 
  Novel Other  .14  .07  .11  .05 
 
 
Note. The total frequency of a feature (e.g., a particular head) is the percentage 
of total trials (training plus test phase) in which that feature occurs while the transfer 
frequency is the total percentage of transfer trials in which that feature occurs. 
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Materials 

 Stimuli were artificial animals and plants composed of three relevant dimensions, 

color, body type, and markings, each of which could take on four possible values.   Body 

type values were horse, fish, humanoid, or plant; markings were spots, stripes, brick 

pattern, or a star; and colors were purple, red, green, and blue.  Category membership in 

both experiments was governed by a three dimensional disjunctive rule with color, body 

type, and markings as the relevant dimensions.  Table 4.1 shows the frequency of the 

relevant and irrelevant stimulus features in each condition.  Far Boundary Mogs and Nibs 

had three values indicating the same category.  Mogs, for instance, had Mog body type, 

Mog color, and Mog markings.  Near Boundary Mogs and Nibs had two values 

indicating one category and one value indicating the opposite category.  Common Others 

had no Mog or Nib values and were presented frequently during training.  Novel Others 

had yet a fourth kind of body type, markings, and color, none of which were shared with 

Mogs, Nibs, or Common Others.  Novel Others were not presented at all during training 

and presented slightly less frequently than the Common Others during the test phase.  Not 

shown in Figure 4.1 are the Novel Part Mogs and Nibs.  Like Far Boundary stimuli, the 

body type, markings, and color of Novel Part stimuli all belonged to the same category.  

Their body parts (e.g. head, body, tail, legs), however, were novel and highly diverse.  

Each part was presented only six times during the course of the transfer phase in 

combination with randomly determined sets of other parts.  In contrast, parts in the Near 

and Far Boundary conditions were presented 40 times each. 
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 Across participants, all body types, markings, and colors occurred equally often in 

all conditions.  Additionally, each body was paired with each color and marking with 

equal probability.  Combinations of color and markings were not strictly controlled 

however because all markings appeared to show up on all colors equally well.  Finally 

each color, body, and marking value was contrasted with two other values across the 

Mog/Nib category boundary with equal probability. 

 

Procedure 

Both experiments were conducted in a single 2 to 3.25 hour session consisting of 

an instruction phase, followed by a training phase followed by a transfer phase.  

Following electrode application, participants sat in a reclining chair ~100 cm from a 20” 

(50.8 cm) video monitor under the control of a PC computer.   

 Instructions were extremely detailed to ensure that the participants learned the 

rule.  First the experimenter described that the participant would be viewing imaginary 

animals called “aliens” and learning to divide the stimuli into three categories: “Mogs”, 

“Nibs”, and aliens that were neither Mogs nor Nibs.  The experimenter then said (for 

example) that, to be a Mog, an alien had to have at least two of the following three 

properties: “is an stimulus horse”, “has stripes”, and “is red”.  To be a Nib, the alien had 

to have at least two of the properties: “is an stimulus fish”, “has spots”, and “is blue”.  

Anything else was neither a Mog nor a Nib.  Participants then viewed a Far Boundary 

Mog and a Far Boundary Nib for ten seconds each.  While each prototype was on the 

screen, the experimenter said the category of the stimulus, pointed out that the stimulus 
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had all three characteristics associated with that category, and named its body type, 

markings, and color.  This was followed by the presentation of each of the three possible 

Near Boundary Mog and Nib cases (see Figure 4.1), also for ten seconds each.  For each 

stimulus, the experimenter said its category, listed its three properties and their categories 

(“It’s a horse, so that’s a Mog feature.  It’s red, so that’s a Nib feature.” etc.), and 

explained how the rule associated the stimulus with its category (“It has two Mog 

features and one Nib feature, so it’s a Mog”).  After the second or third Near Boundary 

case in each category, the participant was asked to list the features, their categories, and 

the stimulus’s category herself, receiving feedback from the experimenter.  This was 

followed by the presentation of six Common Others, four for ten seconds, one for five 

seconds, and one for two seconds.  The experimenter pointed out their characteristics and 

that they had no Mog or Nib features and were therefore neither.  Next, two Novel Others 

were presented and their features and category described. Finally, the participant was 

asked to list from memory the Mog properties, the Nib properties, and the categorization 

rule.  The participant was quizzed in this way immediately after the instruction block and 

twice more during the course of training to ensure that all of the properties and the 

categorization rule were well remembered.   

 After the instructions, participants categorized 60 Far boundary stimuli, 60 Near 

Boundary stimuli, and 60 Common Others, receiving feedback on their accuracy after 

each trial.  Training trials were divided into ten blocks.  Stimulus duration was one 

second for the first block and 600 milliseconds for all subsequent blocks.  
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 Training was followed by a transfer phase of categorization without feedback.  

Over ten blocks of trials, participants categorized 100 Far Boundary stimuli, 60 Novel 

Part stimuli, 60 Near Boundary stimuli, 60 Common Others, and 50 Novel Others.  

Stimulus duration was 600 ms and interstimulus interval was 5000 ms.  Trials requiring 

Mog, Nib, and Other button presses occurred with equal probability.  To maximize 

response conflict associated with Near Boundary stimuli, the Mog and Nib buttons were 

always on the index or middle fingers of opposite hands.  Across participants, the Other 

button was equally likely to be on either hand and finger. 

  

Electrophysiological Methods 

 The electroencephalogram (EEG) was recorded from tin electrodes in an elastic 

cap (Electrocap International, Eaton, OH).  Seven electrodes spanned the midline of the 

scalp from prefrontal to occipital (Fpz, Fz, Fcz, Cz, Cpz, Pz, Oz). Seven dorsal lateral 

pairs were used (Fp1/2, F3/4, Fc3/4, C3/4 – placed 4 cm lateral to Cz, Cp3/4, P3/4, and 

O1/2), and four more lateral pairs spanned inferior frontal and temporal sites (ventral: 

F7/8, Ft7/8, Tp7/8, T5/6).  The vertical electrooculogram (EOG) was recorded from an 

electrode below the right eye. Scalp and vertical EOG electrodes were referenced to the 

left mastoid during the recording, and digitally rereferenced to the mean of the right and 

left mastoids offline. Electrodes lateral to the external canthi of the two eyes were used to 

record the horizontal EOG. The EEG was amplified by a Grass Model 12 polygraph 

(Grass, West Warwick, RI) with half-amplitude cutoffs of 0.01 and 100 Hz, digitized 

online at a sampling rates of 250 Hz, and stored on CD along with stimulus codes for 
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subsequent averaging. Trials contaminated by eye movements and blinks (EOG artifact), 

amplifier saturation, or movement artifact were rejected prior to averaging. Due to wide 

variation in reaction time, averaging epochs varied across experiments.  Event related 

potentials were averaged in 900 and 1100 ms epochs with respect to a 200 ms pre-

stimulus baseline.  To maximize signal to noise ratio, analyses on components preceding 

the late positive slow wave were performed on 900 ms epochs.  

 

Data Analysis 

For all dependent measures, the difference between the Far Boundary and Novel 

Part (irrelevant novelty effect); Common Other and Novel Other (relevant novelty 

effect); and Far Boundary and Near Boundary (conflict effect) conditions were evaluated 

in separate ANOVAs.  The N2 was defined as the mean amplitude from 190 to 370 ms at 

four frontal electrode chains spanning the prefrontal to central part of the scalp: Fp1, Fpz, 

Fp2, F3, Fz, F4, Fc3, Fcz, Fc4, C3’, Cz, C4’.  Amplitudes were entered into an ANOVA 

with factors of Condition (2 levels), anterior-to-posterior location (4 levels), and laterality 

(left/midline/right, 3 levels).   

P300 peak amplitude was defined for each participant as the most positive 

amplitude between 300 and 700 ms at centroparietal and parietal sites Cp3, Cpz, Cp4,  

P3, Pz, P4.  This measurement was performed using an automatic algorithm on data 

passed through a 10 Hz low pass filter.  P300 peak latency was defined in each 

participant as the latency of this peak.  Peak amplitude and latency were entered into 

ANOVAs with factors of Condition (2 levels), anterior-to-posterior location (2 levels), 
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and laterality (left/midline/posterior, 3 levels).  To investigate the relationship between 

P300 and response selection, we performed several analyses on the P300 apparent in the 

response-locked averages.  These analyses are described in detail in the results section. 

The late prefrontal positivity was initially analyzed at prefrontal electrodes Fp1, 

Fpz, and Fp2 in one 500 ms time window from 600-1100 ms.  Because we observed a 

much larger difference between conditions at the lower eye electrode, we also performed 

an ANOVA at that electrode.  However, the lower eye electrode was intended only to 

detect eye movement artifacts and there was no systematic procedure for placing it at the 

same location for all participants except that it was always below the right eye.  This 

analysis was therefore carried out only for continuity with Experiment 5, in which we 

placed electrodes below both the left and right eyes at systematically determined 

locations (see below). 

The explore the role of incorrect motor preparation in the effect of Boundary 

distance on reaction time, we also measured the lateralized readiness potential (LRP 

Gratton et al., 1988).  The following procedure was carried out for each participant on the 

stimulus locked averages for the Near and Far Boundary conditions separately.  For each 

response category (Mogs and Nibs), we subtracted the central electrode contralateral to 

the responding finger from the electrode ipsilateral to the responding finger (e.g. C3’ – 

C4’ if the category required a right finger response).  This resulted in a negative going 

wave for each response category.  These waves were then averaged together to form the 

final LRP.  To test for incorrect response preparation, we performed ANOVAs in 100 ms 
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time windows from zero to 1000 ms, testing whether the LRP in each condition became 

more positive than zero. 

Finally, in addition to the expected N2, P3, and prefrontal positive waves, we 

observed a negative wave peaking around 500 ms.  This wave was largest in the Near 

Boundary condition and completely absent in the Other conditions.  The wave was 

frontocentrally distributed but was also visible at parietal electrodes as a negative 

deflection on the negative going arm of the P3.  In latency and scalp distribution this 

wave resembled the negative component often observed to incongruent Stroop stimuli 

(N450).  Because we had no a priori hypotheses about this component, we took an 

exploratory approach to its analysis, focusing on the Near Boundary, Far Boundary, and 

Novel Part conditions.  Guided by the grand average, we measured the mean amplitude 

from 400 to 600 ms at all dorsal and midline electrodes and entered the results into an 

ANOVA with factors of condition (2 levels), anterior-to-posterior location (7 levels), and 

laterality (left/midline/right, 3 levels).  Follow up analyses are described in the results 

section. 

Only main effects of condition or interactions between condition and electrode are 

reported, as main effects of electrode and interactions between electrode factors are not 

informative. 
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Table 4.2  Accuracy 
 
          percent 
 condition  correct  s.e. 
 
Exp.4 Far Boundary  99.4  .24 
 Near Boundary 90.3  1.63 
 Novel Part  99.3  .30 
 Common Other 99.1  .32 
 Novel Other  99.4  .29 
  
Exp.5 Far Boundary  99.0  .31 
 Near Boundary 86.2  2.43 
 Common Other 99.4  .25 

Novel Other  99.7  .18   
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Figure 4.2.  Reaction time and P300 peak latency in Experiments 4 and 5.  Error bars 
represent standard errors. 
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Results 

 

Accuracy and reaction time  

Table 4.2 shows mean accuracy and Figure 4.2 shows reaction time in 

Experiments 1 and 2.  Accuracy was above 99% in all conditions except for the Near 

Boundary condition, for which accuracy was a significantly lower 90% (Near Boundary 

vs. all other conditions: ts(15) > 4.50, ps < .0005; ANOVA with all conditions except for 

Near Boundary: F(3,45) < 1, ε = 1.0).  Figure 4.2, top, shows reaction time for both 

experiments.  Reaction time to Near Boundary stimuli was also slower than the other 

conditions (ts(15) > 8.00, ps < .0005). 

An ANOVA performed on reaction times to all conditions other than Near 

Boundary still revealed a main effect of condition (F(3,45) = 7.23, p < .05, ε = .378).  

Follow-up paired samples t-tests revealed that RTs to both Other conditions were faster 

than both Far Boundary and Novel Part conditions (ts(15) > 2.00, ps < .05).  While RTs 

to the two Other conditions did not differ (t(15) = 1.46, p > .1), RTs to Novel Part stimuli 

were slightly slower than RTs to Far Boundary stimuli (t(15) = 2.63, p < .05). 

Figure 4.3 shows whole head ERPs elicited by the Near Boundary, Far Boundary, 

and Novel Part conditions at all scalp sites and Figure 4.4 shows ERPs elicited by the 

Common Other and Novel Other stimuli at all scalp sites.   
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Figure 4.3.  Grand average event-related potentials in Experiment 4 from all scalp sites. 
Electrode sites are arranged from anterior (top row) to posterior (bottom row) and from 
left to right, roughly corresponding to head location.  Time zero marks stimulus onset. 
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Figure 4.4.   Grand average event-related potentials from all scalp electrodes for 
Experiment 4. Time zero marks stimulus onset. 
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N2   

A very small but significant difference in N2 amplitude was observed between the 

Near and Far Boundary conditions with Near Boundary stimuli eliciting a larger N2 

(F(1,15) = 5.50, p < .05).  A significant three way interaction between condition (Near vs. 

Far Boundary), anterior/posterior, and laterality was observed (F(6,90) = 2.60, p < .05, ε 

= .683).  Follow-up analyses of the midline frontal electrodes alone and the dorsal frontal 

electrodes alone revealed no interactions between condition and electrode however, 

rendering this interaction difficult to interpret.  

 

Stimulus-locked P300 

In our analyses of P300 amplitude, no effects of condition were observed in the 

Near Boundary vs. Far Boundary (F < 1), Far Boundary vs. Novel Part (F < 1), or 

Common Other vs. Novel Other comparisons (F(1,15) = 1.83, p > .1). 

Mean P300 latencies for all conditions, averaged across centroparietal and parietal 

electrodes, are shown for both experiments in Figure 4.2, bottom. Novelty had little effect 

on P300 latency. No difference was observed in the Far Boundary vs. Novel part 

comparison (F(1,15) = 1.81, p > .1).  Novel Others had a slightly longer P300 than 

Common Others, but this effect only approached significance (F(1,15) = 3.35, p = .09). 

The remaining comparisons revealed two striking dissociations between P300 

latency and reaction time.  First, even though reaction times to Novel Others were faster 

than both Near Boundary and Far Boundary stimuli, P300 latency was significantly 

slower to Novel Others than either Near or Far Boundary stimuli (Fs(1,15) > 4.50, ps < 
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.05).  Second, Near Boundary stimuli elicited much slower RTs than Far Boundary 

stimuli, but the two conditions did not differ in P300 latency (F < 1).  

  

Response-locked P300 

If the Near Boundary P300 was truly unrelated to reaction time, the component 

should not be visible in the response-locked averages.  In addition, the apparent 

uncoupling of P300 from the response in the Near Boundary condition offered an 

opportunity to investigate the hypothesis advanced by Verleger and colleagues (Verleger, 

1997; Verleger et al., 2005) that the P300 contains both stimulus and response-locked 

subcomponents.  We therefore conducted a series of analyses on the P300 as observed in 

the response-locked averages.  

Figure 4.5 shows response-locked averages at electrode Pz for Experiments 4 and 

5.  While the amplitude of the response-locked P300 in the Far Boundary, Novel Part, 

and Other conditions is comparable to the stimulus locked P300, there was an almost 

total lack of a response-locked P300 in the Near Boundary condition, strongly supporting 

a dissociation between P300 and response.  To quantify this impression, we first 

compared the response-locked P300 across conditions, focusing on the Near Boundary 

and Far Boundary conditions.  The response-locked P300 peak was defined as the largest 

positive amplitude between –400 and 0 milliseconds prior to the response, measured with 

respect to a –1100 to –900 ms baseline.  This measure was performed on 10 hz low pass 

filtered ERPs, which were collapsed over the six posterior electrodes used in the standard 

P300 analysis.   
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Figure 4.5.  Grand average response-locked event-related potentials from parietal 
electrode Pz for Experiments 4 and 5.  Time zero marks response onset. 
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Predictably, Far Boundary peak amplitude was significantly greater than Near 

Boundary amplitude (F(1,15) = 38.2, p < .0001).  To quantify the relationship between 

the stimulus and response-locked P300, peak amplitude measures for the Near and Far 

Boundary conditions in both the stimulus- and response-locked averages were entered 

into a 2 x 2 ANOVA with factors of Condition and Locking (stimulus vs. response).  

Stimulus-locked P300 amplitude was defined as peak amplitude between 300 and 700 ms 

poststimulus onset.  Main effects of Condition (F(1,15) =  26.1, p < .0005) and Locking 

(F(1,15) = 48.7, p < .0001) were qualified by a significant Condition by Locking 

interaction (F(1,15) = 39.5, p < .0001).  This interaction reflected the fact that, though the 

stimulus-locked P300 was larger than the response-locked P300 in the Far Boundary 

condition (F(1,15) = 5.30, p < .05), the difference between the stimulus- and response-

locked P300 was much greater in the Near Boundary condition (F(1,15) = 52.0, p < 

.0001).   

While these analyses strongly support an uncoupling of the P300 from the 

response in the Near Boundary condition, some room for doubt remains due to the fact 

that the stimulus and response-locked measures were made with respect to different 

baselines – the former to a pre-stimulus baseline (-200 to 0 ms) and the later to a pre-

response baseline meant to approximate a pre-stimulus baseline (-1100 to –900 ms).  

Even in the comparison between the Near and Far Boundary response-locked P300s, the 

large difference in reaction time across the two conditions makes the use a common –

1100 to –900 ms baseline questionable.  We therefore measured the response-locked 
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ERPs with respect to the same –200 to 0 ms pre-stimulus baseline used for the stimulus 

locked ERPs (see Verleger et al., 2005 for a similar procedure).   

Figure 4.6 shows mean response-locked amplitude in 100 ms epochs from one 

second before the response up until the time of response.  Separate lines show 

measurements taken with respect to pre-stimulus baseline and standard response-locked 

baseline in the Near and Far Boundary conditions.  While, in the Far Boundary condition, 

pre-stimulus and response-locked baselines resulted in very similar measurements, 

baseline did have an effect in the Near Boundary condition, where pre-stimulus baseline 

caused a positive shift relative to the standard baseline that was apparent throughout the 

recording epoch.  This positive DC shift is likely caused by the temporal position of the 

response-locked baseline relative to the mean stimulus onset in the response-locked 

averages.  Mean reaction time in the Near Boundary condition was 1357 ms, placing our 

standard response-locked baseline (-1100 to –900 ms) 257 to 457 ms after mean stimulus 

onset.  Inspection of the stimulus locked plots reveals that, at the centroparietal and 

parietal electrodes, all ERPs in this epoch, and indeed all ERPs after about 100 ms are 

more positive than (pre-stimulus) baseline.  Including these positive ERPs in the 

response-locked baseline will result in a negative shift relative to ERPs measured against 

a pre-stimulus baseline.  In contrast to the Near Boundary condition, the mean reaction 

time to the Far Boundary stimuli is 679 ms, placing our standard –1100 to –900 ms 

baseline well before mean stimulus onset and accounting for the close correspondence 

between baselines in that condition. 
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Figure 4.6.  Mean response-locked event-related potential amplitudes in 100 ms time-
windows at electrode Pz. Amplitudes in the Near and Far Boundary conditions are plotted 
relative either a standard response-locked baseline or a prestimulus baseline (see text).  
Time zero marks response onset. 
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Analyses conducted on the response-locked ERPs using pre-stimulus baselines 

returned essentially identical results to those reported above.  In the response-locked 

averages, Far Boundary peak amplitude was significantly more positive than Near 

Boundary peak amplitude (F(1,15) = 18.2, p < .001).  As before, we also compared the 

stimulus locked P300 to the response-locked P300.  A 2 x 2 ANOVA with Condition 

(Near/Far Bound) and Locking (stimulus vs. response-locked) as factors again returned 

significant main effects of Condition and Locking qualified by an interaction between 

Condition and Locking (Fs(1,15) > 10.0, ps < .005).  Follow-up ANOVAs revealed a 

significant difference between stimulus and response-locked P300 amplitude in the Near 

Boundary condition (F(1,15) = 22.9, p < .0005) but, different from before, no significant 

difference between stimulus and response-locked P300 amplitude in the Far Boundary 

condition (F(1,15) = 2.30, p > .1). 

While these analyses show that the peak amplitude of the response-locked P300 

was comparable to the stimulus locked P300 in the Far Boundary condition but much 

lower in the Near Boundary condition, they fail to capture the observation that Far 

Boundary ERPs moved from baseline to a clear positive peak at the time of the response, 

while Near Boundary ERPs remained essentially flat.  This pattern creates the  strong 

intuition that there was no response-locked P300 in the Near Boundary condition.  To 

do this, we measured mean amplitude in the Near and Far Boundary conditions in seven 

100 ms time windows from –700 to 0 ms pre-response.  These measurements were again 

performed with respect to both pre-stimulus and standard baselines.  They were then 

submitted to a trend analysis with factors of Condition (Near vs. Far Boundary) and Time 
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(seven levels: -700 to 0 ms).  For both baselines, there was a significant linear trend for 

the main effect of Condition (F(1,15) = 28.9, p < .0005) and a significant linear trend for 

the main effect of Time (F(1,15) = 11.0, p < .01) with no other trends significant for 

either main effect2.  These effects were qualified by significant Condition by Time 

interactions for the linear, quadratic, and cubic polynomial components (linear: F(1,15) = 

20.6, p < .0005; quadratic: F(1,15) = 10.3, p < .01; cubic: F(1,15) = 11.4, p < .005).  The 

effect of Time was then analyzed separately in the Near and Far Boundary conditions.  

As predicted, the Far Boundary ERPs showed a significant linear trend across Time 

(F(1,15) = 16.5, p < .005) with no other orthogonal components significant except for the 

cubic component (F(1,15) = 8.51, p < .01).  For the Near Boundary condition, no trends 

were significant except for a marginally significant quadratic trend (F(1,15) = 4.43, p = 

.053), which did not replicate in Experiment 5.   

Overall, the linear trend across time in the Far but not Near Boundary condition 

confirmed our impression of a clear response-locked P300 peak in the Far but not Near 

Boundary condition.  Importantly, we are not arguing for a response-locked P300 

subcomponent in the Far Boundary condition so much as the lack of a response-locked 

P300 in the Near Boundary condition.  This is further elaborated in the discussion. 

 

Late prefrontal positivity 

As expected, the Near Boundary condition was more positive than the Far 

Boundary condition, but the difference did not reach significance (F(1,15) = 2.54, p > .1).  

However, a larger highly significant difference was observed at the lower eye electrode, 
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which was always placed below the right eye (Fs(1,15) = 22.9, p < .0005).  While the 

lower eye electrode was intended only for artifact rejection and was therefore not 

systematically located, we include the statistical analysis for comparison with Experiment 

5, in which we used two lower eye electrodes in the same, systematically determined 

location across participants.  The slow wave was also apparent at right lateral electrode 

sites F7 and FT7.  As an exploratory analysis, we entered lateral electrodes F7, F8, FT7, 

and FT8 into an ANOVA with condition (Near vs. Far Boundary), laterality, and anterior-

to-posterior as factors.  Only the interaction between condition and laterality was 

significant (F(1,15) = 21.6, p < .0005).  Follow-up ANOVAs revealed a significant main 

effect of condition at left electrodes F7/FT7 (F(1,15) = 5.22, p < .05), but not right 

electrodes F8/FT8 (F(1,15) < 1) 

 In addition to the Boundary effect, Novel Others were slightly more positive than 

Common others at the prefrontal electrodes especially at Fp2 (condition x laterality 

interaction: F(2,30) = 4.45, p < .05, ε = 1.00).  This marginal effect appeared to be the 

anterior aspect of a difference that was maximal at the frontocentral channels and will not 

be discussed further. 

 Finally, there was no difference between the Far Boundary and Novel Part 

conditions (Fs(1,15) < 1).   
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Figure 4.7.  Lateralized readiness potentials calculated from electrodes C3’ and C4’ in 
Experiment 4 and C3 and C4 in Experiment 5.  Time zero marks stimulus onset. 

 



 188

Lateralized readiness potentials 

LRPs in the Near vs. Far Boundary conditions are plotted in Figure 4.7.  The LRP 

for the Far Boundary condition is steeper than the Near Boundary condition due to a 

more consistent temporal relationship between stimulus and response in the Far 

Boundary condition and because more Far Boundary responses occurred earlier in the 

stimulus locked epoch than Near Boundary responses.  A positive dip in the LRP would 

indicate incorrect response preparation, but the LRP was never more positive than zero in 

either condition during the 0 to 1000 ms epoch (Fs(1,15) < 2, ps > .2). 

 

N450 

The amplitude of the N450 was compared separately between Far Boundary and 

Near Boundary, and between Far Boundary and Novel Part conditions across all midline 

and dorsal electrode sites (see Methods).  No effect of condition or interactions with 

condition were significant for the Far Boundary vs. Novel Part comparison (Fs < 1).  The 

comparison between the Near and Far Boundary conditions revealed a marginal main 

effect of condition (F(1,15) = 4.44, p < .06) and a significant condition by 

anterior/posterior interaction (F(6,90) = 5.05, p < .03, ε = .30).  To further explore these 

effects, separate ANOVAs were performed on three groups of six dorsal and midline 

electrodes: a prefrontal group (FP1, FPz, FP2, F3, Fz, F4), a frontocentral group (FC3, 

FCz, FC4, C3, Cz, C4), and a centroparietal group (CP3, CPz, CP4, P3, Pz, P4).  The 

main effect of condition for Near vs. Far Boundary was significant at the centroparietal 

group (F(1,15) = 6.22), p < .03), marginal at the frontocentral group (F(1,15) = 3.91, p < 
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.07), and not significant at the prefrontal group (F(1,15) < 1), suggesting that, though the 

maximum amplitude of the N450 peak was frontocentral, the Boundary effect was largest 

at centroparietal electrodes.  It is therefore possible that this effect was driven by 

differences in the P300 rather than a separate N450 component.  This hypothesis is 

further supported by the results of Experiment 5. 

 

Discussion 

 The main hypothesis tested in Experiment 4, that the distance from the category 

boundary would affect reaction time but not P300 latency, was confirmed.  Analyses of 

the response-locked P300 clearly showed that this dissociation was not due to changes in 

overlap between stimulus and response-locked P300 subcomponents elicited by the Near 

Boundary stimuli.  A second part of our hypothesis, that boundary distance would 

modulate the late prefrontal positive wave was only partly confirmed, however.  

Although Near Boundary stimuli elicited more positivity in the expected time window 

than Far Boundary stimuli, the difference did not reach significance.  It did reach 

significance at our lower eye electrode, however, suggesting that the effect was even 

more frontal than expected.  Because the lower eye electrode was not systematically 

placed, this conclusion was tentative.  In Experiment 5, we therefore included 

systematically placed lower eye electrodes at both lateral positions.  We also observed an 

enhancement of the late positive wave at right fronto-lateral electrodes.  

 While the Near Boundary condition elicited small N2 and N450 components, it 

did not elicit incorrect motor preparation as measured by lateralized readiness potentials.  
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This rendered the data somewhat equivocal with respect to the role of response 

preparation in delaying reaction time.  Because these effects did not replicate in 

Experiment 5, we suspect that, even if the Near Boundary stimuli did elicit some conflict 

monitoring in Experiment 4, the contribution of this variable to the very large RT delay 

was minor.  Interpretation of these components was further hindered by the lack of a 

novelty N2 in either the Novel Part or Novel Other condition.  We hypothesized that the 

novelty manipulation for the Novel Other condition was weakened by the fact that, 

although the Novel Others were never seen during training, their frequency during the 

transfer phase was similar to the Common Others.  We therefore strengthened this 

manipulation in Experiment 5 by increasing the difference in frequency between the 

Novel and Common Others during the transfer phase.  

 

Experiment 5 

 

Methods 

 

Participants 

 Sixteen healthy young adults participated in this experiment, seven female, 14 

right handed, mean age 24, mean years of education 15.  All provided informed consent 

and reported no history of neurological disorder or use medication that could affect the 

central nervous system.  Data from one additional participant were excluded due to 

excessive blink and movement artifact. 
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Materials 

 The category structure and relevant dimensions in Experiment 5 were identical to 

Experiment 4.  The experimental conditions were also the same except that the Novel 

Part condition was removed and a small number of Near Boundary Others (stimuli with 

one Mog or Nib property and two Other properties) were presented during training to 

encourage participants to attend to all Other features.  Counterbalancing was also 

improved so that, across participants, not just all features, but all exemplars appeared in 

the Near Boundary and Far Boundary conditions or in the Common Other and Novel 

Other conditions with equal probability.   

 

Procedure 

 Instructions were the same as in Experiment 4.  During training, participants 

categorized 60 Far Boundary stimuli, 60 Near Boundary stimuli, 30 Common Others, and 

12 Near Boundary Others over ten blocks of trials.  During the transfer phase, 

participants categorized 100 Far Boundary stimuli, 60 Near Boundary stimuli, 140 

Common Others, and 50 Novel Others.  During the transfer phase, Common Others were 

presented with a probability of 40.0% and the probability of Novel Others was 14.2%. 

 

Electrophysiological Methods 

 Seven midline electrodes (Fpz, Fz, Fcz, Cz, Cpz, Pz, Oz), seven dorsal lateral 

pairs (Fp1/2, F3/4, Fc3/4, C3/4, Cp3/4, P3/4, and O1/2) and three lateral pairs (ventral: 

F7/8, Ft7/8, T5/6). In addition, we recorded data from two electrodes placed below the 
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eyes, called Le3 and Le4.  These electrodes were placed 15% of the inter-aural distanced 

lateral to and 20% of the nasion-to-inion distance below FPz.  Other methods were the 

same as Experiment 4. 

 

Results 

 
Accuracy and reaction time 

Accuracy results were comparable with Experiment 4 (see Table 4.2).  Follow-up 

t-tests to an omnibus ANOVA (F(3,45) = 27.7, p < .0005, ε = .35) revealed that accuracy 

to Near Boundary stimuli (mean 86%) was lower than all other conditions (ts(15) > 5.05, 

ps < .001).  An ANOVA with Far Bound, Common Other, and Novel Other as levels of 

condition still revealed a significant effect of condition (F(2,30) = 4.15, p < .05, ε = 1.0) 

even though the Near Boundary condition was not included.  Follow-up t-tests revealed 

that Far Boundary stimuli were categorized slightly less accurately than Novel Other 

stimuli (t(15) = 2.81, p < .05).  No other comparisons were significant (ts(15) < 1.50, ps > 

.16). 

Reaction time was also similar to Experiment 4, with the most prominent effect 

being an extreme slowing of RTs to Near Boundary cases (see Figure 4.2, top).  Again, 

an omnibus ANOVA comparing all conditions revealed a significant main effect (F(3,45) 

> 70.9, p < .001, ε = .389).  Follow up t-tests confirmed that reaction times to Near 

Boundary stimuli were slower than all other conditions (ts(15) > 8.37, ps < .0005).  

Because an additional ANOVA without the Near Boundary condition was still significant 

(F(2,30) = 12.8, p < .01), follow-up t-tests were performed on the other conditions,  
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Figure 4.8.  Grand average event-related potentials in Experiment 5 from all scalp sites. 
Electrode sites are arranged from anterior (top row) to posterior (bottom row) and from 
left to right, roughly corresponding to head location.  Time zero marks stimulus onset. 
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revealing that Far Boundary stimuli elicited significantly slower reaction times than the 

Common Other and Novel Other conditions (ts(15) > 3.52, ps < .005), which did not 

differ from each other (t(15) = 1.66, p > .1). 

Figure 4.8 shows ERPs elicited by the Near Boundary and Far Boundary stimuli 

and Figure 4.9 shows ERPs elicited by the Common Other and Novel Other stimuli. 

 

N2  

Unlike Experiment 4, there was no difference in N2 amplitude between the Near 

and Far Boundary conditions.  A significant condition by anterior/posterior electrode 

interaction (F(3,45) = 4.88, p < .05, ε = .462) reflected slightly more positive potentials 

for the Near Boundary condition than Far Boundary (the opposite direction of any 

prediction for N2), only at the prefrontal electrodes.  An ANOVA on electrodes Fp1 Fpz, 

and Fp2 revealed a marginally significant effect of condition (F(1,15) = 4.31, p < .06), 

while there was no effect of condition at the frontal, frontocentral, or central electrode 

chains (Fs(1,15) < 3, ps > .1).  We attribute this prefrontal difference to the influence of 

the late prefrontal positivity that was larger in the Near Boundary than Far Boundary 

conditions. 

 Figure 4.9 shows that the Novel Other stimuli elicited a larger N2 than the 

Common Others.  Though the main effect of condition did not reach significance with 

our standard mean amplitude measure (F(1,15) = 2.06, p > .1), there were significant 

interactions between condition and anterior-to-posterior (F(3,45) = 5.61, p < .01, ε = .69) 

and between condition, anterior-to-posterior, and laterality (F(6,90) = 3.09, p < .05, ε = 
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.63).  Both interactions appeared to reflect a tendency for the N2 novelty effect to be 

larger at left and midline frontocentral and central electrodes.  As a follow-up, we first 

analyzed left dorsal, midline, and right dorsal locations in separate ANOVAs with factors 

of condition (two levels) and anterior-to-posterior location (four levels).  Significant 

interactions were observed between condition and anterior-to-posterior for the left dorsal 

and midline locations (left: F(3,45) = 9.77, p < .001, ε = .74; midline: F(3,45) = 6.28, p < 

.01, ε = .60).  As a second follow-up, we analyzed prefrontal, frontal, frontocentral, and 

central locations separately in ANOVAs with factors of condition (two levels) and 

laterality (three levels).  The main effect of condition approached significance only for 

the central three locations (C3, Cz, and C4; F(1,15) = 3.30, p = .09).   

While these analyses tended to confirm our interpretation of the original 

interaction, none revealed a main effect of condition.  A peak amplitude measure applied 

to the original twelve frontal locations did yield a significant main effect of condition 

(F(1,15) = 5.14, p < .05).  A significant interaction between condition, left/right, and 

anterior/posterior probably reflected the tendency explored above for a larger effect at 

midline and left frontocentral and central electrodes (F(6,90) = 3.38, p < .01, ε = .77). 
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Figure 4.9.  Grand average event-related potentials from all scalp electrodes for 
Experiment 5.  Time zero marks stimulus onset. 
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Stimulus-locked P300 

Near Boundary P300 amplitude was somewhat lower than Far Boundary P300 

amplitude (F(1,15) = 11.1, p < .005) and the effect was largest at parietal electrodes 

(condition by anterior/posterior interaction: F(1,15) = 7.35, p < .05).  The Common and 

Novel Other conditions did not differ in P300 amplitude (F(1,15) = 1.80, p > .1). 

As in Experiment 4, P300 latency did not differ between the Near and Far 

Boundary conditions (F(1,15) = 2.80, p > .1) or between the Common and Novel Other 

conditions (F < 1).   

 The paradoxical pattern observed in Experiment 4, in which slower P300 latencies 

were observed in the Other conditions compared to the Near and Far Boundary 

conditions despite the opposite relationship in reaction times, was observed even more 

strongly in Experiment 5 (see Figure 4.2).  The effect was most striking in the 

comparison between the Near Boundary condition and the Other conditions.  Despite far 

slower reaction time to Near Boundary stimuli than Other stimuli, Near Boundary P300 

latency was significantly faster than P300 latency to both Common and Novel Other 

conditions (Fs(1,15) > 7.30, ps < .05).  The same pattern was apparent in the comparison 

between Far Boundary and Other stimuli, although the effects of condition were marginal 

(Far Boundary vs. Common Other: F(1,15) = 3.75, p = .07; Far Boundary vs. Novel 

Other: F(1,15) = 4.22, p = .06).   Both main effects were qualified by interactions 

between condition and anterior/posterior location, reflecting larger latency effects at 

parietal electrodes (Fs(1,15) > 4.63, ps < .05). 
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Response-locked P300 

The response-locked ERPs in Experiment 5 showed an identical pattern to that of 

Experiment 4 (see Figure 4.6), with all conditions showing a clear response-locked P300 

wave except for the Near Boundary condition, in which ERPs were almost completely 

flat.  Our analyses again focused on the contrast between the Near and Far Boundary 

conditions and were conducted on measurements relative to both pre-stimulus and 

standard baselines (see Results section, Experiment 4). 

 Far Boundary positive peak amplitude between -400 and 0 ms was larger than 

Near Boundary peak amplitude (Fs(1,15) > 30.3, ps < .0005).  ANOVAs with Condition 

and Locking (Stimulus vs. Response-locked ERPs) as factors again returned a main effect 

of Condition, a main effect of Locking, and a Condition by Locking interaction, showing 

that the Near and Far Boundary conditions differed in the response-locked averages but 

were very similar in the stimulus locked averages (Fs(1,15) > 16.0, ps < .005).  

Somewhat different from Experiment 4, both the Near and Far Boundary conditions had 

consistently smaller response-locked than stimulus P300s (Fs(1,15) > 12.0, ps < .005). 

 The results of a trend analysis with factors of Condition (Near vs. Far Boundary) 

and Time (mean amplitude measurements in seven 100 ms time windows from -700 to 0 

ms pre-response) were also very similar to those of the same analysis conducted in 

Experiment 4.  The main effect of Condition showed a significant linear trend (F(1,15) = 

18.6, p < .001) and the main effect of Time showed a linear (F(1,15) = 21.4, p < .0005), 

as well as an order 6 trend (F(1,15) = 5.33, p < .05).  These effects were again qualified 

by significant linear and cubic Condition by Time interactions (Fs(1,15) > 11.7, ps < 
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.005).  Trend analyses of Time in the Far Boundary condition again showed significant 

linear and cubic trends across Time as well as a significant order 6 trend (linear: F(1,15) 

= 31.3, p < .0001; cubic: F(1,15) = 8.88, p < .01; order 6: F(1,15) = 7.64, p < .05).  No 

trends in Time were significant in the Near Boundary condition, reflecting the flat ERPs 

in that condition (Fs(1,15) < 2.08, ps > .17). 

 Overall, trend analysis of amplitude changes across time from -700 to 0 ms pre-

response consistently revealed significant linear and cubic trends in the Far Boundary 

condition while no significant trends were observed in the Near Boundary condition.  

This reflected the clear presence of a P300 wave in the response-locked averages for the 

Far Boundary but not the Near Boundary condition. 

 

Late prefrontal positivity 

In Experiment 4, we observed that the late prefrontal positivity was larger to Near 

Boundary than to Far Boundary stimuli, but that the effect was only significant at the 

lower eye electrode, which was not systematically placed.  In Experiment 5, therefore, we 

systematically placed electrodes (called Le3 and Le4) below the left and right eyes.  

Initially the late positivity (600-1100 ms) was measured at Le3, Le4, Fp1, and Fp2 and 

compared between the Near and Far Boundary conditions in a 2 x 2 x 2 ANOVA 

(condition x anterior/posterior x left/right).  The main effect of condition was significant 

for both epochs, reflecting greater positivity in the Near Boundary than the Far Boundary 

condition (F(1,15) = 20.4, p < .0005, see Figure 4.8).  In addition, condition interacted 

with anterior/posterior electrode, again reflecting a much larger effect at the lower eye 
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electrodes (F(1,15) = 25.7, p < .0005).  Separate comparisons at prefrontal  and lower eye 

channels revealed that the main effect of Boundary was significant at both locations 

(Fp1,Fp2: F(1,15) = 6.04, p < .05; Le3,Le4 F(1,15) = 37.5, p < .0001).  At the prefrontal 

channels, condition interacted with laterality, reflecting a somewhat larger effect on the 

left.  Indeed, as in Experiment 4, the positive wave was still visible at left lateral 

electrodes F7 and Ft7 but not at right lateral electrodes F8 and Ft8.  An ANOVA with 

condition, left/right, and anterior/posterior as factors revealed a marginal main effect of 

condition (F(1,15) = 4.51, p = .05) qualified by interactions between condition and 

anterior/posterior (F(1,15) = 20.1, p < .0005), and condition and left/right (F(1,15) = 

16.4, p < .005).  Follow-up analyses at left and right lateral chains revealed a main effect 

of condition at left electrodes F7 and FT7 (F(1,15) = 9.20, p < .01) but not right lateral 

electrodes F8 and FT8 (F(1,15) < 1).  Both lateral chains had interactions between 

condition and anterior/posterior (left: F(1,15)= 8.41, p < .05; right: F(1,15) = 18.3, p < 

.0005), reflecting greater positivity at anterior electrodes. 

 There was no difference between the Common and Novel Other conditions in 

either epoch (Fs < 1).   

 

Lateralized readiness potentials 

As in Experiment 4, no positive LRPs were observed between zero and 1000 ms 

in the Near or Far Boundary conditions (Fs < 1). 
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N450 

There was no evidence of an N450 peak in Experiment 5.  However, the negative 

going arm of the P300 was more positive in the Far Boundary condition than the Near 

Boundary condition, possibly reflecting the higher amplitude and somewhat later peak 

latency of the Far Boundary P3.  This effect resulted in a posterior negative effect of 

Boundary similar to the one observed in Experiment 4.  Again, an omnibus ANOVA 

including all the midline and dorsal electrodes from prefrontal to occipital yielded a 

condition x anterior-to-posterior interaction (F(6,90) = 15.8, p < .001, ε = .23; the main 

effect of condition was also significant F(1,15)= 7.25, p < .05).  Again, the main effect of 

condition was not significant at the frontal six electrodes (F(1,15) = 2.48, p > .1) but was 

significant at the centroparietal electrodes (F(1,15) = 34.4, p < .0005).  Unlike 

Experiment 4, the effect was also significant at the frontocentral six electrodes (F(1,15) = 

8.16, p < .05).  The qualitative similarity between the statistical results of Experiments 4 

and 5 suggests that the significant posterior effect of Boundary observed in this time 

range in Experiment 4 might have been due to differences in the P300 component and 

should therefore be treated with caution.  Other potential interpretations of these later 

negativities are discussed below. 

 

Discussion 

 As in Experiment 4, Near Boundary stimuli greatly delayed reaction time, but had 

no effect on P300 latency.  Also similar to Experiment 4, the Common and Novel Other 

stimuli elicited shorter reaction times, but long P300 latencies than the Near and Far 
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Boundary stimuli.  Near Boundary stimuli also elicited an enhanced late prefrontal 

positive component that was significant at lower eye, prefrontal and left frontal electrode 

sites.  Though it was not included in our included in our main hypotheses, the left 

lateralization of this effect replicates the observation from Experiment 4 and will be 

discussed below.  This constellation of effects is consistent with a stimulus evaluation 

process in working memory that is distinct from the first-pass evaluation indexed by the 

parietal P300. 

 Unlike Experiment 4, the Near Boundary stimuli elicited enhancements of neither 

the N2 nor N450 components.  This change may have been due to the more even 

frequency ratio between Near and Far Boundary stimuli brought about by the elimination 

of the Novel Part condition.  That the very large difference in reaction time between the 

Near and Far Boundary conditions remained despite the lack of evidence for conflict 

monitoring suggests that conflict monitoring, even if present in Experiment 4, played a 

relatively small role in delaying RTs.  Rather, the continued presence of the prefrontal 

positivity suggests that the RT delays were caused by extended recruitment of working 

memory resources.   

 Novelty, unlike boundary distance, did modulate the N2, with Novel Others 

eliciting larger N2 amplitude than Common Others, suggesting that we were successful in 

increasing the strength of our Novelty manipulation.  Because there was no boundary-

related N2, the novelty and conflict N2 could not be directly compared.   
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General discussion 

 The main goal of this study was to demonstrate that object categorization 

according to a complex logical rule is performed by a qualitatively different system from 

the one indexed by the P300.  Across two experiments, Near Boundary stimuli that 

shared one feature with the opposite category elicited reaction times that were at least 

twice as long as RTs to Far Boundary stimuli with features from only one category (~600 

milliseconds in absolute terms).  Despite the large effect on reaction time, there was no 

difference between these conditions in P300 latency.  Striking evidence for this 

dissociation could be seen in the complete lack of a P300 wave in the Near Boundary 

response-locked averages, showing that the P300 was completely uncoupled from 

response selection in that condition.  The usual explanation for dissociations of this kind 

is that RT delays are due to slow response selection or preparation rather than slow 

stimulus evaluation, and that the P300 reflects only the latter.  However, we found little 

evidence that the reaction time delays were driven by conflict monitoring, response 

inhibition, or incorrect motor preparation.  Incorrect motor preparation can be detected by 

using lateralized readiness potentials, which measure activity in primary motor cortex 

contralateral to prepared movements (Gratton et al., 1988).  No incorrect motor 

preparation was observed in either Near or Far Boundary stimuli in either experiment and 

response-locked readiness potentials had identical onsets in both conditions, suggesting 

that motor preparation did not begin until stimulus evaluation was complete.   

Another variable that can delay reaction time independently of stimulus 

evaluation is the triggering of control processes, which include response inhibition and 
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conflict monitoring (Gehring et al., 1992; Pfefferbaum et al., 1985).  Such processes 

commonly elicit frontally distributed N2 and N450 components, which are believed to 

have sources in the medial prefrontal and anterior cingulate cortex (Ridderinkhof, 

Ullsperger et al., 2004; Ridderinkhof, van den Wildenberg, Segalowitz, & Carter, 2004; 

Nieuwenhuis et al., 2003; van Veen & Carter, 2002).  While a frontal N2 and possible 

N450 component was observed in Experiment 4, neither were observed in Experiment 5, 

even though the Boundary RT effect was quite large in both experiments, suggesting that 

even if there was some conflict monitoring in Experiment 4, the majority of the RT effect 

was driven by a different process.  We therefore conclude that the effect of control 

processes was negligible in this task.  This finding adds to a handful of recent results in 

which conflicting information has not elicited an enhanced N2  (Fox et al., 2000; Folstein 

et al., submitted, 2004).  These recent studies may be useful in placing limiting conditions 

on conclusions from simple speeded flanker and go/no-go tasks.   

Overall, if reaction time was not slowed by incorrect response preparation or 

control processes such as conflict monitoring or inhibition, the most likely explanation is 

that late evaluation processes, not indexed by the P300, were responsible for the delay.  

This pattern is consistent with two systems for stimulus evaluation, one for simple 

evaluation that drives P300 latency, and one for more complex evaluation that is separate 

and based in prefrontal cortex. 

 Before turning to positive evidence for the latter evaluation system, we wish to 

note a more subtle tendency for the peak latency of the P300 to the Near and Far 

Boundary conditions to be earlier than the Common and Novel Other conditions in 
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which reaction times were significantly faster.  In Experiment 4, P300 latency in both 

Other conditions were slower than the Near and Far Boundary conditions, but only the 

Novel Others reached significance.  In Experiment 5, both Other conditions were 

significantly slower than both Other conditions.  This pattern was predicted by Verleger 

who, in an extensive review, pointed out that certain results over the years could be 

accounted for by changes in overlap between stimulus and response-locked P300 

subcomponents (Verleger, 1997).  While the latency of the P300 is delayed when stimuli 

are difficult to discriminate or perceptually degraded and is sometimes unaffected by 

manipulations that delay response choice, there are cases that seem to violate this general 

principle.  The Simon task, for instance, is highly effective in manipulating P300 latency, 

even though it affects reaction time through stimulus-response incompatibility.  Verleger 

argued that the overall pattern of results could be accounted for by the presence of a 

response-related P300 subcomponent.  When the component was slightly delayed but still 

overlapped with the stimulus related subcomponent, it gave the appearance of a single 

component with a longer peak latency.  When the response related delay was very long, 

however, the stimulus and response related peaks no longer overlapped, resulting in 

measurement of only the larger stimulus related peak, whose latency was unaffected.  In a 

recent study, Verleger and colleagues showed that, in the case of the Simon task, the 

P300 component is of equal amplitude in both the stimulus and response-locked 

averages, suggesting that it was somehow related to both (Verleger et al., 2005).  This 

was not the case in the current study. Across both experiments, a large response-locked 

P300 was visible in the Far Boundary but not the Near Boundary condition.  The most 
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parsimonious explanation for this pattern is that both Near and Far Boundary stimuli (and 

all other stimuli) elicited a stimulus locked P300, which was visible only in the Far 

Boundary response-locked averages due to less variance in the temporal relationship 

between stimulus and response.  Reaction time in the Far Boundary condition in 

Experiments 4 and 5 had standard errors of 31 and 34 ms, respectively, while RT 

standard errors in the Near Boundary condition were 96 and 89 ms.  Thus, it is likely that 

the P300 “washed out in the average” in the Near Boundary but not the Far Boundary 

condition.  The P300 observed in this study was therefore an index of stimulus evaluation 

and nothing else and Verleger’s explanation cannot account for our results.   

Given the assumption that our P300 corresponds to evaluation only, there are 

reasons one might expect all conditions to have the same P300 latency or a different 

pattern of latency differences from the one observed.  The P300 could index an 

evaluation stage that takes about the same amount of time for all stimuli.  Perhaps, when 

a rule strategy is adopted, the P300 does not index the categorization of the stimulus, but 

some subfunction like feature recognition, which again takes about the same amount of 

time in all conditions.  Another possibility is that P300 indexes a similarity-based 

categorization process that is carried out automatically for all stimuli.  If this were the 

case, one might expect the longest P300 for the Near Boundary stimuli, since they 

contain features from both categories and are therefore the most likely to retrieve 

exemplars from both categories (Nosofsky & Palmeri, 1997).  Why, then, did the Near 

and Far Boundary stimuli elicit the fastest P300?  An intriguing possibility is that the 

P300 does index a simple “similarity-like” kind of stimulus categorization process but 

 



 207

that the categorization is not always carried to its conclusion.  For the sometimes 

ambiguous Near and Far Boundary stimuli, the P300 categorization process could be 

terminated early when enough information is accumulated to determine that the later 

working memory process will be necessary.  For the highly distinctive Other stimuli, 

however, the earlier process is sufficient and the P300 is carried through to the end, 

resulting in longer P300 latencies for a condition with faster reaction times4.  If this is 

true, it means that it is possible to dynamically switch between rule and similarity-based 

strategies from trial to trial probably based on simple cues indicating which is the best 

strategy.  The classic demonstrations of interference between similarity and rule-based 

categorization of course remain and show that if a memory cue is sufficiently powerful, 

premature termination can be impossible (Regehr & Brooks, 1993; Allen & Brooks, 

1991).   

We now turn to a discussion of the late prefrontal positive wave that was larger in 

the Near Boundary stimuli than in any other condition and which we hypothesize to be an 

index for the late evaluation system.  The time course and distribution of the component 

was similar to one observed by Folstein and Van Petten (2004) that was larger in 

participants who used many stimulus features in their categorization strategy than in 

participants who attended disproportionately to a single feature.  The same study 

manipulated distance from category boundary in a way similar to that of the current study 

but, unlike the current study, observed no significant enhancement of the component for 

Near Boundary stimuli.  We believe that the two critical differences between the designs 

are that 1) the Far Boundary stimuli in the current study did not contain any conflicting 
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information while the Far Boundary stimuli of Folstein and Van Petten (2004) still had 

one feature of the opposite category and 2) the relevant stimulus features in Folstein et al. 

were more numerous and the stimulus duration shorter, making both conditions fairly 

difficult and demanding of working memory.   

As discussed in the introduction, late prefrontal positive components have been 

observed in other studies as well, particularly studies of source memory (Van Petten et 

al., 2000; Senkfor & Van Petten, 1998).  Importantly the component is not associated 

with successful retrieval of the source information, but with the need to search episodic 

memory for a conjunction of studied attributes, suggesting that it indexes executive 

processes associated with effortful memory search.  Similar prefrontal positivities have 

also occasionally been observed in mental arithmetic tasks in association with more 

difficult problems.  In one example, participants viewed a stimulus that included two 

numbers and a character denoting either division or subtraction (Ruchkin, Johnson, 

Mahaffey, & Sutton, 1988; Ruchkin et al., 1991).  After a delay of three to four seconds, 

a number appeared and participants indicated whether or not the number was the correct 

answer.  During the delay, division problems elicited slow waves that were more positive 

than subtraction problems at prefrontal electrodes, and more negative at more posterior 

sites.  In another study, participants viewed a mixed series of numbers and meaningless 

symbols and performed one of three possible tasks: serial addition of each number to the 

sum of the previous numbers in the series, counting how many numbers were presented, 

and counting how many symbols were presented (Iguchi & Hashimoto, 2000).  Addition 
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compared to the other two tasks elicited a slow prefrontal positive component that lasted 

from 400 to 1150 ms4.   

 Overall, these studies suggest that prefrontal positive waves index recruitment of 

executive processes in working memory and that object categorization using complex 

logical rules recruits these processes as well.  It is likely that Near Boundary stimuli 

recruited working memory resources more than the other conditions because, in order to 

apply the rule successfully, multiple features associated with multiple category labels had 

to be held in mind and related to the categorization rule.  Several neuropsychological 

studies have implicated prefrontal cortex in complex problem solving tasks employing 

multiple stimulus dimensions.  In particular, solving problems with high “relational 

complexity” is impaired by lesions to prefrontal cortex, and activates dorsolateral and 

inferior prefrontal cortex in imaging studies (Holyoak & Kroger, 1995; Kroger et al., 

2002; Christoff et al., 2001). Prefrontal cortex is also associated with difficult mental 

arithmetic as well as source memory retrieval tasks, both of which are associated with 

late prefrontal positive waves in ERP studies.  In fMRI studies, these tasks have been 

associated with the inferior frontal gyrus (often BA 44/45/47) and dorsolateral prefrontal 

regions (BA 46/9) (Gruber, Indefrey, Steinmetz, & Kleinschmidt, 2001; Remy, 

Mirrashed, Campbell, & Richter, 2004; Hugdahl et al., 2004; Zago, Mauro, Mellet, 

Crivello, Mazoyer, & Tzourio-Mazoyer, 2001; Dobbins, Foley, Schacter, & Wagner, 

2002; Rugg, Fletcher, Chua, & Dolan, 1999; Rugg, Henson, & Robb, 2003).   

Many of these areas were also activated by a recent fMRI categorization study by 

Koenig et al. that shared several key elements with the current experiments (Koenig et 
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al., 2005).  Participants learned to categorize artificial creatures using either an explicit 

rule or a similarity strategy.  Stimuli were Members if they shared at least three out of 

four features with a prototype and were non-members if they shared two features (Low 

Distortion condition) or one to zero features (High Distortion condition).  Notice that the 

Low Distortion non-member condition was comparable to our Near Boundary condition 

in that it shared more features with the Members than the High Distortion non-members.  

Like our Near Boundary stimuli, the Low Distortion non-members elicited longer 

reaction times than both the High Distortion and Member stimuli (Members included 

prototypes and stimuli that differed from the prototype by a single feature).  Compared to 

High distortion and Member stimuli, Low Distortion stimuli elicited activation in left 

dorsolateral prefrontal cortex (BA 46).  In participants that used an explicit rule, left 

inferior frontal gyrus (BA 44/6) was also activated by Low Distortion stimuli.  The same 

area in left inferior frontal gyrus was also active in rule users compared to the similarity 

users overall.  This pattern of activation is consistent with the prefrontal distribution of 

the late prefrontal positive wave observed in the current study and also with the 

consistent left lateralization of that wave.   

 Overall, there is considerable evidence to suggest that the late frontal positive 

wave we observed in the Near Boundary condition is an index of executive processes 

carried out in dorsolateral and left inferior prefrontal cortex.  These areas appear to 

subserve an evaluation process that is later in time than and qualitatively different from 

the one indexed by the P300.  The early and late evaluation systems could map 

approximately but imperfectly onto the similarity and rule-based categorization systems 
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proposed by Smith et al. (1998).  Smith proposed selective attention as the primary 

variable distinguishing between the two systems, with rule- but not similarity-based 

categorization requiring selective attention (Smith et al., 1998, p. 171).  However, some 

theories of similarity-based categorization also posit a critical role for selective attention 

(Nosofsky, 1986; Nosofsky & Palmeri, 1997).  Working memory was a second important 

aspect of Smith’s distinction, but he suggested that variations in the number of 

dimensions and conditions relevant to a rule could render working memory resources 

recruited by rule-based categorization highly variable (Smith et al., 1998, p. 172).  The 

current research suggests that, if there are qualitatively different categorization systems, 

the key trigger in switching from one to the other is high working memory demands 

related to complex categorization rules.  “Complexity” appears related to number of 

stimulus dimensions relevant to the categorization rule and to the logical complexity of 

the rule (Feldman, 2000, 2003).  Future research should investigate the relative 

contributions of these two variables in driving the later system. 
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Notes 

1. We manipulated novelty in this way because data from Daffner et al. (2000) suggested 

that the frontal N2 component was more sensitive to deviance from long term experience 

than from immediate experimental context.  We hypothesized that our training phase 

might be able to simulate the effect of long term context observed by Daffner et al.  

Because this manipulation failed to produce an N2 effect, we employed a strengthened 

manipulation in Experiment 5. 

 

2. In fact, results for the two baselines were exactly identical because ERPs relative to the 

two baselines differ by a constant, resulting in identical changes in amplitude across time. 

 

3. This pattern of results is also consistent with the hypothesis advanced by Verleger et 

al. (1997).  While it remains possible that a response-locked P300 or a P300 that mediates 

between stimulus and response is present for the Other conditions, this would seem to 

imply the existence of a similar component for the Near Boundary stimuli.  We point to 

our analyses of the response-locked averages as evidence that no such component exists 

in that condition. 

 

4. Some other studies with comparable manipulations have not reported this effect, but 

some did not record from electrodes anterior to Fz (Kong et al., 1999; Nunez-Pena, 

Honrubia-Serrano, & Escera, 2005), and one recorded from nose-tip reference, which 

might have reduced prefrontal effects (Jost, Beinhoff et al., 2004). 
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