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Examined functional–anatomical correlates of emergent relational inference.
Relations trained between either words and pseudowords or arbitrary symbols.
EEG was recorded during presentations of related and unrelated stimulus pairs.
Faster, more accurate responses on symmetry and equivalence trials.
ERPs were signiﬁcant at mainly frontal–parietal and occipital sites.
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a b s t r a c t
Two experiments investigated the functional–anatomical correlates of cognition supporting untrained,
emergent relational inference in a stimulus equivalence task. In Experiment 1, after learning a series of
conditional relations involving words and pseudowords, participants performed a relatedness task during
which EEG was recorded. Behavioural performance was faster and more accurate on untrained, indirectly
related symmetry (i.e., learn AB and infer BA) and equivalence trials (i.e., learn AB and AC and infer CB)
than on unrelated trials, regardless of whether or not a formal test for stimulus equivalence relations had
been conducted. Consistent with previous results, event related potentials (ERPs) evoked by trained and
emergent trials at parietal and occipital sites differed only for those participants who had not received a
prior equivalence test. Experiment 2 further replicated and extended these behavioural and ERP ﬁndings
using arbitrary symbols as stimuli and demonstrated time and frequency differences for trained and
untrained relatedness trials. Overall, the ﬁndings demonstrate convincingly the ERP correlates of intraexperimentally established stimulus equivalence relations consisting entirely of arbitrary symbols and
offer support for a contemporary cognitive-behavioural model of symbolic categorisation and relational
inference.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Traditionally, psychologists and philosophers alike have been
interested in the seemingly unique human propensity to classify,
categorise and organise linguistic stimuli. Categorisation and concept formation abilities have long been considered to be deﬁning
features of symbolic behaviour that often cannot readily be traced
to a history of direct learning. Early behavioural approaches, for
instance, emphasised the role of principles of reinforcement, discrimination and generalisation in concept learning based on direct
learning [1]. Recently, behavioural psychology has developed a
fruitful and rigorous approach to the study of categorisation and
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symbolic behaviour, called derived relational responding, which is
based on Sidman’s [2] stimulus equivalence paradigm. Historically,
the phenomenon of stimulus equivalence dates back to ancient
Greece [3] and was studied by experimental psychologists, such as
stimulus–response (S–R) theorists [4] for decades until the demise
of S–R psychology [5]. However, it was not until the early 1970s
that Sidman rediscovered the topic and set about devising a coherent set of experimental procedures and terminology with which to
study it [6].
Research on stimulus equivalence and other forms of derived
relational responding has generated considerable interest because
it may provide a novel approach to the investigation of unlearned
or emergent categorisation skills involving physically distinct,
arbitrarily related stimuli. The basic ﬁnding shows that when
verbally-able humans learn a series of interconnected conditional
discriminations, the stimuli often become related to one another in
ways not explicitly trained. For instance, if choosing Stimulus B in
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the presence of Stimulus A is taught (i.e., A–B), and choosing Stimulus C in the presence of Stimulus A (i.e., A–C) is also taught, it is
likely that untrained relations will emerge between B and A, C and
A (called symmetry), B and C, and C and B (called combined symmetry and transitivity, or equivalence), in the absence of any feedback.
When these relations emerge, a stimulus equivalence relation is
said to have formed among the relata [6,7]. These untrained, but
nonetheless predictable, derived stimulus relations have been the
focus of concerted research attention precisely because they are not
readily explained by traditional behavioural principles of discrimination and stimulus generalisation. Neither B nor C, for instance,
have a history of differential reinforcement with regard to each
other (a deﬁning feature of discrimination learning), therefore,
neither should control selection of the other. Also, the outcomes
cannot be accounted for on the basis of generalisation because
the stimuli are all physically dissimilar or by simpler conditioning processes because that would involve an appeal to backward
conditioning, which is weak at best [8].
The research interest generated by derived relations such as
stimulus equivalence partly stems from the absence of an unequivocal demonstration of symmetry, transitivity, and equivalence in
nonhumans [9]. There is minimal evidence of transitivity in rats
[10], pigeons [11,12], chimpanzees [13], and monkeys [14]; of symmetry in rats [15], chimps [16], baboons and rhesus monkeys [17];
and widely contested, and as yet un-replicated, demonstrations of
equivalence in chimpanzees [18] and sea lions [19]. The difﬁculties encountered obtaining positive test outcomes in nonhuman
research on derived relations contrasts with the apparent ease with
which humans, even young infants [20], have in passing tests for
equivalence relations. This has lead many to propose that deriving
stimulus relations may be a species-speciﬁc human ability underpinned by, or otherwise related to, language [9,21–23].
Indeed, contemporary behavioural theories of human language
and cognition contend that derived relations such as stimulus
equivalence may provide a new approach to studying symbolic behaviour and category formation because of the similarity
between symmetry and equivalence test outcomes and the inherent bidirectional nature of word-referent relations in natural
language [6,21,22]. According to these accounts, the relational
nature of language, as studied with derived stimulus relations, provides the basis of modern accounts of language that overcome the
limitations of previous approaches [21]. Yet, if research on derived
relations is to inform contemporary behavioural accounts of language, then many of the effects seen in natural language research
should be capable of being replicated with intra-experimentally
acquired relations [21,24]. Support for this position comes from
behavioural studies showing that reaction times to equivalently
related word pairs are signiﬁcantly faster than non-equivalently
related word pairs [25]. Such ﬁndings show that equivalence relations may produce effects similar to semantic priming effects
observed in the cognitive literature when real words are used [26].
Related research on the neural mechanisms underlying equivalence relations has recently begun to identify potential overlap with
brain regions responsible for language and semantic processing.
For instance, neuroimaging studies highlight a key role for
frontal–subcortical and frontal–parietal networks in the emergence of derived relations [27–31]. One study [27] found activation
in inferior frontal (dorsolateral) and inferior parietal regions for
both trained (i.e., A–B and B–C) and derived (i.e., B–A, C–B, A–C,
and C–A) relations. Schlund et al. [28,29] extended these ﬁndings by
conducting event related analyses of BOLD signal change correlated
with blocks of trained, derived relations and matching control relations. They found that accurate responding on trained and derived
trials was correlated with bilateral activation in inferior parietal
lobule, dorsolateral and ventrolateral inferior frontal regions, and in
area of the thalamus and globus pallidus. Activation in the inferior
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parietal region during stimulus equivalence tasks is consistent with
studies that have examined transitive inference and other forms of
inference-based relational learning [32,33]. The recruitment of the
hippocampus during transitivity and equivalence relations, and the
demonstration of activation in the parahippocampus to cross-class
(unrelated) control tasks further reveal hippocampal involvement
in relational inference tasks such as tests for stimulus equivalence
relations that do not rely on a serial order structure [29]. Recently,
prefrontal, medial frontal, and intraparietal cortices were activated
during tests for symmetry, transitivity and equivalence, with additional activation in the precuneus and posterior parietal cortex
during transitivity and equivalence testing [30]. Taken together,
neuroimaging studies of stimulus equivalence indicate a role for
a distributed frontal–parietal, hippocampal system in integrating
and processing non-adjacent stimuli in a manner resembling that
reported by previous studies using similar tasks [28,33].
To date, only a handful of event-related potential (ERP) studies have used the stimulus equivalence paradigm to determine the
functional–anatomical correlates of untrained, inferential categorisation. In the ﬁrst such study, Barnes-Holmes et al. [34] sought to
examine whether the N400 ERP [35], evoked by semantic incongruity, was modulated by related and unrelated non-words learned
intra-experimentally. First participants were exposed to training
with a series of conditional relations involving non-existing words
(‘pseudowords’, referred to here for the purposes of clarity with
alphanumerics: A1–B1–C1–D1, A2–B2–C2–D2; participants were
never exposed to these labels) until a high mastery criterion was
achieved (M trials completed = 398). Next, pairs of stimuli were
presented while EEG was recorded in a two-word lexical decision
task with combinations of class–class (i.e., directly trained [A1–B1],
symmetry [B1–A1], transitivity [A1–C1], and equivalence [C1–A1])
and class–nonclass trials (i.e., A1-C2), along with trials involving novel nonsense words (class–nonsense, nonsense–class, and
nonsense–nonsense). Stimuli consisted entirely of pronounceable,
orthographically regular six-letter pseudowords [36]. Reaction
time and error data showed participants responded signiﬁcantly
faster and made fewer errors with directly and indirectly related
pairs than to unrelated pairs. Generally, ERPs revealed a greater
negativity indicative of the N400-like effect during unrelated
pairs (i.e., class–nonclass and novel trial types) than to directly
trained or equivalent pairs. The directly trained, equivalent, and
nonequivalent trials selected for analysis by Barnes-Holmes et al.
[34] closely resemble the directly related, indirectly related,
and unrelated word pairs often examined in ERP studies of
semantic priming [26,37] and provide preliminary support for
a derived relations model of semantic-like processing of pseudowords.
A further study [38] compared ERPs to pairs of identical stimuli
(i.e., reﬂexivity trials) and related and unrelated equivalence
stimuli presented in a two-choice matching to sample task. Occipital P2 and frontal N2 components were evoked during reﬂexivity
trials (where the matched stimuli are identical), while a later component, a parietal P3, was observed during equivalence test trials.
Subtracted ERP components (unrelated-reﬂexivity and unrelatedequivalence) revealed a signiﬁcant dN400-like effect with similar
scalp topography to that reported in previous studies on stimulus equivalence and relational matching [34,39,40], thus providing
further evidence of semantic-like processing during tests for equivalence.
A ﬁnal study on the ERP correlates of stimulus equivalence [41]
compared related vs. unrelated stimulus pairs in small groups of
participants who received EEG recording either before or after
matching to sample tests for equivalence. Only those participants who received EEG recording after equivalence tests showed
an N400-like effect, as revealed by difference waves (unrelatedrelated). These ﬁndings are limited, however, by the small sample
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size (n = 8) and the absence of statistical analysis of both the
behavioural and electrophysiological data.
Thus, the small body of existing ERP studies on the
functional–anatomical correlates of stimulus equivalence-based
categorisation have several potential limitations and inconsistencies that detract from their ﬁndings. First, the effect of prior
equivalence relations testing has not been systematically investigated, despite variations in the administration of such tests.
Barnes-Holmes et al. [34] recorded EEG prior to a formal test for
equivalence relations in order to rule out competing explanations
in terms of mediated priming (as the equivalent stimuli, C1–A1
for example, would have been “paired” together on screen during the equivalence test). Barnes-Holmes et al. did not, however,
compare ERPs in groups with and without a prior equivalence
test. Although Haimson et al. [41] administered a behavioural
equivalence test before and after EEG recording, their ﬁndings are
limited by the small sample size and lack of statistical analysis
of the ERP data. Yorio et al. [38] recorded EEG during one exposure to the test for equivalence relations in a matching-to-sample
format identical to training. The present study will systematically compare the effects of prior equivalence testing on ERPs to
equivalent and nonequivalent stimuli with two groups of participants.
Second, EEG will be recorded during a relatedness decision
task distinct from the task used to train conditional relations
[41]. During the relatedness decision task, participants will be
exposed to prime-target stimulus pairs and instructed to decide
whether or not they are related. This procedural modiﬁcation
removes the need to deceive participants that some of the stimuli
are foreign words and nonsense words [34] and makes the ERPs
evoked by within- and between-class trials the main comparison of
interest.
Third, the relatedness decision task employed in the present
study permits, for the ﬁrst time, within-participant comparisons
to be made between ERPs to related and unrelated real words.
Such comparisons are an important test of the derived relations
model of semantic-like processing. Fourth, the size of the intraexperimentally established stimulus relations has varied across
studies. Haimson et al. [41] employed the greatest number of relations (3, 6-member: A1–B1–C1–D1–E1–F1, A2–B2–C2–D2–E2–F2,
A3–B3–C3–D3–E3–F3), while Barnes-Holmes et al. [34] and Yorio
et al. [38] adopted 2, 4-member (A1–B1–C1–D1, A2–B2–C2–D2)
and 2, 3-member relations (A1–B1–C1, A2–B2–C2), respectively.
The size of the relations used is important, not only in ensuring
that as many participants as possible meet criterion and pass tests,
but also if derived relations are to provide a model of the kinds of
semantic processing seen with real world categories that contain
many distantly related members.
Finally, the sample sizes of previous studies [e.g., 41] may
have been either too small to identify signiﬁcant between-group
differences or underpowered to detect important within-group
differences in related and unrelated trial-types. Therefore, the
present study adopted an intermediate size relational network (4,
3-member; A1–B1–C1, A2–B2–C2, A3–B3–C3, A4–B4–C4) consisting entirely of unrelated real words and pseudowords trained and
tested in a manner previously shown to be effective [41].
Thus, the present study sought to systematically investigate
the ERP correlates of equivalence relations prior to, and following,
matching to sample behavioural testing for stimulus equivalence
with a large sample of participants. We predicted faster accuracy
and fewer errors on related compared to unrelated trials involving
pseudowords, with a graded effect across degrees of relatedness
(e.g., trained and symmetry trials should be faster than equivalence
trials, etc.). We also predicted signiﬁcant differences in ERPs evoked
by related trials when EEG was recorded prior to a formal match
to sample test for stimulus equivalence. Speciﬁcally, we expected a

late parietal P3 component to be evoked during related symmetry
and equivalence trials consistent with previous ﬁndings [38].
2. Method
2.1. Participants
Forty-six, right-handed [42] students (22 males, 24 females), ranging in age from
19 to 29 years (M = 22.33, SD = 2.87) with normal or corrected-to-normal vision were
randomly assigned to one of two groups: EEG recording before (Pre-Equiv.; n = 26)
or after equivalence testing (Post-Equiv.; n = 20). The groups did not differ in age
(W = 62.5, Z = −.285, p = 0.776). Prior to the study, all participants conﬁrmed they
were in good physical health and had no history of epilepsy or drug or alcohol
dependence. The Department of Psychology Ethics Committee at Swansea University approved the study. Participants were compensated with £10 at the end of the
experiment and could withdraw, without penalty, at any time.
2.2. Apparatus
All tasks were operated using a Pentium® 4 processor Dell® PC linked to a 7key Cedrus® (RB-730) response box. The ﬁrst key was removed and covered, and
the second and last key were labelled “NO” and “YES”, respectively. All stimuli were
presented on an 18-in. ﬂat screen monitor with a viewing distance of 80 cm, whereby
each stimulus subtended a visual angle of approximately 3.2–4◦ in width and 0.9◦
in height.
During the training (and testing) and relatedness tasks, the stimuli consisted of
pseudowords (‘vartle’, ‘sinald’, ‘drager’, ‘rettes’, ‘troper’, ‘gedeer’, ‘wollef’, and ‘casors’
[36]) and English words (school, nature, coffee, and doctor [43]). In addition, the
following words were used during the practice trials that preceded the relatedness
task: chair, table, door, ﬁsh, cat, nose, ﬁnger, eye, summer, and winter.
2.3. Procedure
2.3.1. Phase 1: single-comparison A–B and A–C training
In this phase, a sample and one “comparison” stimulus (i.e., the positive comparison) were presented on every trial. Participants were instructed that their task
was to match English words to foreign words and that they should ﬁrst read the
sample and click on it, followed by the comparison to be presented in one of the
corners of the screen.
The samples always consisted of one of the A stimuli (A1, A2, A3 or A4) and the
comparisons were one of the B (B1, B2, B3 and B4) or C (C1, C2, C3 and C4) stimuli,
respectively. Trials commenced with presentation of the sample in the centre of
the screen, which remained in place throughout the trial. After a mouse click to
the sample, a single “comparison” stimulus was presented 500 ms later in one of
the four corners of the screen. Clicking on the comparison stimulus was followed
by the word “Correct”, which was presented below the sample in the centre of the
screen for 1 s. Each of the eight trials (A1–B1, A2–B2, A3–B3, A4–B4, A1–C1, A2–C2,
A3–C3, and A4–C4) was presented twice in a block of 16 trials, and participants had
to achieve 100% correct to complete this phase.
2.3.2. Phase 1.1: multiple-comparison A–B and A–C training
In this phase, one sample and four comparisons were presented on every trial.
Participants were again instructed to match English words to foreign words and to
ﬁrst read the sample and click on it, which would then be followed by presentations
of the four comparisons in each of the corners of the screen.
Each sample was conditionally related to two comparisons, one B stimulus and
one C stimulus. For instance, in the presence of the A1 sample, B1 was the positive comparison, and B2, B3, and B4 were negative comparisons. Similarly, in the
presence of the A1 sample, C1 was the positive comparison, and C2, C3, and C4
were negative comparisons. Each of the eight trials (A1–B1, A2–B2, A3–B3, A4–B4,
A1–C1, A2–C2, A3–C3, and A4–C4) was presented four times in a block of 32 trials,
and participants had to achieve a minimum of 90% correct (i.e., 29/32) to complete
this phase. Participants were re-exposed to this phase until criterion was met.
2.3.3. Phase 1.2: multiple-comparison A–B and A–C training (reduced feedback)
This phase was identical to Phase 1.1 except that feedback only followed half of
all trials. If the 90% minimum criterion was not met, participants were re-exposed
to Phase 2. Participants were told they would not receive feedback on all of their
choices.
2.3.4. Phase 2: derived symmetry and equivalence relations testing
Prior to the onset of this phase, participants were informed they would not
receive feedback after each choice but that it was still possible to get every choice
correct based on what was previously learned. In this phase, symmetry (B–A and
C–A) and equivalence (B–C and C–B) test trials were interspersed with baseline A–B
and A–C training trials in a block of 64 trials. Each of the eight baseline training
trials (A1–B1, A2–B2, A3–B3, A4–B4, A1–C1, A2–C2, A3–C3, and A4–C4) was presented four times. Feedback followed half of the trials. Each of eight symmetry test
trials (B1–A1, B2–A2, B3–A3, B4–A4, C1–A1, C2–A2, C3–A3, and C4–A4) and the
eight equivalence test trials (B1–C1, B2–C2, B3–C3, B4–C4, C1–B1, C2–B2, C3–B3,
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Table 1
Categories of within-class (i.e., related) and between-class (i.e., unrelated) primetarget pairs and correct responses arranged as directly trained, symmetry,
equivalence, related and unrelated real words trial-types that were presented in
the relatedness decision task in Experiment 1.
Within-class
Prime

Fig. 1. Timings of the relatedness decision tasks used in Experiments 1 and 2. Participants were instructed to read the ﬁrst word silently (Experiment 1) or observe
the ﬁrst symbol (Experiment 2) and to decide as fast as they can whether or not the
second word or symbol was related to the ﬁrst by pressing one of two marked keys.

and C4–B4) was presented twice. No feedback followed any of the symmetry or
equivalence test trials. Participants were deemed to have passed the test for derived
relations if they produced at least 80% accuracy on each of the three trial types
(baseline, symmetry and equivalence).
2.3.5. Phase 3: relatedness decision task
In this phase, EEG was recorded while participants performed a relatedness
decision task using two-button response box. Participants ﬁrst received a practice
block of 18 trials with real words not used in the other experimental phases and
were instructed to press the marked “Yes” or “No” key as fast and accurately as
possible if the second word is either related or unrelated to the ﬁrst word. Trials
were 3850 ms in duration and commenced with a blank screen for 500 ms, followed
by a red ‘X’ in the centre of the screen for 750 ms, a green ‘X’ for 500 ms, and then
by the prime for 200 ms and, after 400 ms, by the target, which was presented for
1500 ms (see Fig. 1).
Prime-target pairs were presented from directly trained (e.g., A1–B1 [Withinclass], A1–B2 [Between-class]), symmetry (e.g., B1–A1 [Within-class], B1–A2
[Between-class]), equivalence (e.g., B1–C1 [Within-class], B1–C2 [Between-class]),
and related and unrelated real word trial types (see Table 1). Within-class trials were
those consistent with the training received (i.e., related), between-class trials were
those inconsistent with the training received (i.e., unrelated), and each involved
presentations of directly trained, symmetry, and equivalence trials (Fig. 2). “Yes”
and “No” responses were equated across the tasks (Table 1), and each trial type was
presented twice in a randomised block of 144 trials.
Participants in the Pre-Equiv. group received Phase 1, Phase 1.1, Phase 1.2, Phase
3, and Phase 2, while participants in the Post-Equiv. group received Phase 1, Phase
1.1, Phase 1.2, Phase 2, and Phase 3, in that order.
2.3.6. EEG recording and analysis
Voltage scalp recordings were obtained using an ActiveTwo BioSemiTM electrode system (BioSemi, Amsterdam, The Netherlands) from 34 sintered Ag–AgCl
electrodes (32 scalp electrodes) arranged according to the 10–20 system (Fp1–2,
AF3–4, F3–4, F7–8, Fz, FC1–2, FC5–6, T7–8, C3–4, Cz, CP1–2, CP5–6, P3–4, P7–8, Pz,
PO3–4, O1–2, Oz, plus a Common Mode Sense active electrode and Driven Right
Leg passive electrode). The EEG was digitised at 2048 Hz and acquired through a
low-pass ﬁlter of 100 Hz and a high-pass ﬁlter of 0.16 Hz. All impedances were kept
below 20 k throughout recording.
Data were analysed using BESA® (Brain Electrical Source Analysis) Version 5.1.8
(MEGIS Software GmbH, Germany). Epochs of 900 ms with a pre-stimulus baseline of
200 ms were analysed. Data were ﬁltered with a .30 Hz low-pass ﬁlter (6 dB/octave)
and a high-pass ﬁlter of 40 Hz (12 dB/octave), and baseline correction was performed
in relation to a pre-stimulus baseline of 200 ms before the epoch of interest (target presentation). Mean amplitude was measured for two epochs of 250–350 ms
and 350–550 ms, respectively, following target onset. Trials on which the

Between-class
Target

Response

Prime

Directly trained
B1
A1
C1
A1
B2
A2
C2
A2
A3
B3
A3
C3
A4
B4
C4
A4

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Directly trained
A1
B4
A1
C4
A2
B3
A2
C3
A3
B2
A3
C2
A4
B1
A4
C1

No
No
No
No
No
No
No
No

Symmetry
B1
C1
B2
C2
B3
C3
B4
C4

A1
A1
A2
A2
A3
A3
A4
A4

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Symmetry
B1
C1
B2
C2
B3
C3
B4
C4

A4
A4
A3
A3
A2
A2
A1
A1

No
No
No
No
No
No
No
No

Equivalence
B1
C1
B2
C2
B3
C3
B4
C4

C1
B1
C2
B2
C3
B3
C4
B4

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Equivalence
B1
C1
B2
C2
B3
C3
B4
C4

C4
B4
C3
B3
C2
B2
C1
B1

No
No
No
No
No
No
No
No

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Unrelated real words
N1
Y12
N2
Y11
N3
Y10
N4
Y9
N5
Y8
N6
Y7
N7
Y6
N8
Y5
N9
Y4
N10
Y3
N11
Y2
N12
Y1

Related real words
Y1
N1
Y2
N2
N3
Y3
N4
Y4
Y5
N5
N6
Y6
N7
Y7
N8
Y8
N9
Y9
N10
Y10
N11
Y11
Y12
N12

Target

Response

No
No
No
No
No
No
No
No
No
No
No
No

horizontal electro-oculogram amplitude exceeded 150 V, and those on which the
vertical electro-oculogram threshold exceeded 250 V were rejected from analysis
[44]. Prepotent RTs (i.e., <200 ms/>2000 ms) were excluded from the ERP analysis. Behavioural RT data and average ERPs for within- and between-class baseline,
symmetry, and equivalence relations were obtained, and mean amplitudes were
subjected to mixed model analysis of variance (ANOVA) on the between-subject factor of group and the within-subject factors of trial type and electrode sites. The False
Discovery Rate (FDR) was applied as the correction method for multiple comparisons
[45]. Independent samples t-tests were conducted on Between- and Within-class,
and related/unrelated real words trials. Error data were analysed with Wilcoxon
Signed-Rank Tests.

3. Results
Six participants in the Pre-Equiv. group failed to achieve mastery criterion during the equivalence test and were excluded from
further analysis. All participants in the Post-Equiv. group achieved
criterion, leaving a ﬁnal n = 20 in each group. Table 2 shows the
mean number (and standard deviation) trials to criterion in Phase
1, Phase 1.1, and 1.2, and the percentage correct during baseline,
symmetry and equivalence trials in Phase 2. The proportion of eligible trials included in the ERP analysis was 90.9% Directly Trained
(DT), 87.8% Symmetry (SY), 67.5% Equivalence (EQ), 82.1% Withinclass (Within), 84.3% Between-class (Between), 91.7% (related real
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Fig. 2. Examples of within-class (i.e., related) directly trained, symmetry and equivalence trials (upper panels) and between-class (i.e., unrelated) and related and unrelated
real world relatedness decision trials (lower panels) presented in Experiment 1.

words), and 96.4% (unrelated real words) of trials for the Pre-Equiv.
Group, and 93.7% (DT), 94.4% (SY), and 83.4% (EQ), 90.5% (Within),
91.4% (Between), 95.8% (related real words), and 93.1% (unrelated
real words) of trials for the Post-Equiv. Group, respectively.
3.1. Behavioural results
3.1.1. RTs
A signiﬁcant main effect showed that the RTs differed across DT,
SY and EQ trial-types (F(2, 76) = 84.57, p < 0.001), with the largest
RTs observed on EQ trials (Fig. 3). Follow-up FDR-corrected tests
conﬁrmed that RTs differed between DT and SY (q = 0.029), DT
and EQ, and SY and EQ (both q < 0.001) trials. Individual t-tests
found signiﬁcant differences for the Between- and Within-class
trial-types in the Pre-Equiv. group (t(19) = 6.055, p < 0.001) and
the Post-Equiv. group (t(19) = 5.596, p < 0.001). Related and Unrelated real words differed between the Pre-Equiv. (t(19) = −5.041,
p < 0.001) and Post-Equiv. groups (t(19) = −2.315, p = 0.032), respectively. Generally, RTs were faster on trained and symmetry trials
than on equivalence and between trials for both groups, with PreEquiv. participants marginally faster than Post-Equiv. participants.

3.1.2. Errors
Signiﬁcantly greater errors were made on DT and EQ (W = 0,
Z = −3.830, p < 0.001) and on SY and EQ trials (W = 2, Z = −3.537,
p < 0.001) in the Pre-Equiv. group, with differences between related
real words and unrelated real words trials approaching signiﬁcance
(p = 0.087). The Post-Equiv. group made signiﬁcantly more errors on
DT and EQ trials (W = 14, Z = −2.987, p = 0.003) and on SY and EQ trials (W = 9, Z = −3.476, p = 0.001; Fig. 3). No other differences were
found.

3.2. EEG results
A series of mixed model ANOVAs were calculated across three
frequency ranges (i.e., alpha, beta, and theta). Signiﬁcant results for
mean amplitude were typically found in the 4–8 Hz (theta) range,
350 ms after target onset, whereas peak mean amplitude differences were typically found in the theta range 250 ms after target
onset. Accordingly, the main ﬁndings will be presented for each
of the two epochs (250–350 and 350–550 ms, respectively) in the
4–8 Hz range for Pz and Oz only (Fig. 4).

Table 2
Mean (and standard deviation) number of trials to criterion in Phase 1, Phase 1.1 and 1.2 and the percentage correct during Baseline, Symmetry and Equivalence trials in
Phase 2 for all participants in Experiment 1 and 2, including those participants that failed the equivalence test in Experiment 2.
Phase 1
Trials to
criterion

Phase 1.1
Trials to
criterion

Phase 1.2
Trials to
criterion

Phase 2
Baseline %

Phase 2
Symmetry %

Phase 2
Equivalence %

Experiment 1
Pre-Equiv.
Post-Equiv.

16.0 (0)
16.0 (0)

51.7 (20.8)
80 (56.6)

38.2 (16.5)
37.7 (12.9)

98.1 (3.4)
97.7 (3.5)

96.8 (4.3)
97.5 (4.3)

97.1 (5.5)
95.3 (6.4)

Experiment 2
All
Fails

16.0 (0)
16.0 (0)

155.1 (90.4)
166.4 (89.2)

32.0 (0)
55.5 (49.9)

98.1 (2.4)
90.8 (14.8)

99.0 (2.3)
86.7 (17.7)

96.1 (5.4)
61.6 (28.2)
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Fig. 4. Grand average waveforms from directly trained (DT), symmetry (SY) and
equivalence (EQ) trials types (upper panels) and within and between-class trials
(bottom panels) at Pz and Oz sites for the Pre-Equiv. group in Experiment 1. Greater
positivity was observed for SY trials during the 250–350 ms epoch, with greater
negativity observed for EQ trials during 350–550 ms epoch. Greater positivity was
observed for within-class trials during the 250–350 ms epoch, and some evidence
of a N400-like effect was observed during 350–550 ms epoch at Oz.
Fig. 3. Mean RT (upper panel) and error data (lower panel) for directly trained,
symmetry, equivalence, between, within, and related and unrelated real words
Experiment 1. Both groups responded faster and more accurately to directly trained
and symmetry trials, with slower RTs and higher errors shown to equivalence and
between-class trials. Bars show standard error of the mean. *p < 0.001, **p < 0.01,
***p < 0.05.

3.2.1. 250–350 ms
Peak mean amplitude was calculated with group as betweensubject variable, trial type (DT, SY, EQ) and sites (CP1–2,
CP5–6, P7–8, P3–4-Z, PO3–4, O1–2-Z) as repeated variables
(Fig. 4). There was a signiﬁcant main effect for trial type (F(2,
76) = 3.34; p = 0.041) and a signiﬁcant interaction with sites (F(26,
988) = 1.694; p = 0.017). Follow-up tests indicated signiﬁcant differences between SY and EQ (q = 0.012) and between DT and SY at CP1
only (q = 0.039). The difference between the two groups approached
signiﬁcance (p = 0.08).
3.2.2. 350–550 ms
Mean amplitude was calculated using with group as betweensubject variable and trial type (DT, SY, and EQ) and sites (CP1–2,
CP5–6, P7–8, P3–4-Z, PO3–4, O1–2-Z) as repeated variables (Fig. 4).
There were signiﬁcant main effects for trial type (F(2, 76) = 21.02;
p < 0.001) and group (F(1, 38) = 23.529; p < 0.001), and two-way
interactions between trial type and group (F(2, 76) = 20.886;
p<.0001), between group and sites (F(13, 494) = 2.793; p = 0.001)
and between trial type and sites (F(26, 988) = 1.615; p = 0.027).
Follow up tests showed signiﬁcant differences between DT and
SY (q = 0.016), between DT and EQ and between SY and EQ

(all q < 0.0001). Signiﬁcant differences between the two groups,
between DT and EQ and between SY and EQ were found at all
14 analysed electrode sites. Differences between DT and SY were
signiﬁcant at three sites (Appendix A).

3.3. Within/Between
Mean amplitude was also calculated for Within and Between
trials for the 350–550 ms epoch (Fig. 4). A mixed model ANOVA
with group as the between-subject variable and trial type (within
and between trials) and sites (CP1–2, CP5–6, P7–8, P3–4-Z, PO3–4,
O1–2-Z) as repeated variables showed signiﬁcant main effects
for trial type (F(1, 38) = 4.814; p = 0.034), with signiﬁcant interactions between trial type and group (F(1,38) = 12.679; p = 0.001), and
between trial type, group and sites (F(13, 494) = 2.870; p = 0.001).
Follow up tests indicated signiﬁcant differences on Within vs.
Between trial types at nine electrode sites (see Appendix A),
with CP2 approaching signiﬁcance (p = 0.052). Although the two
groups did not differ in ERPs evoked during this epoch (p = 0.187),
within-class trials were signiﬁcant at four electrode sites (i.e.
OZ, p = 0.017; O2, p = 0.032; PO4, p = 0.022; P4, p = 0.025). Finally,
a signiﬁcant main effect was found for related vs. unrelated
real words trial types, F(1,38) = 9.991; p = 0.003, with interactions
shown between trial type and electrode sites that approached signiﬁcance (p = 0.055).
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4. Discussion
Experiment 1 replicated ﬁndings showing that derived relations
produce behavioural priming-like effects of reduced RTs and fewer
errors to indirectly related symmetry and equivalence pseudoword
relations [25,34]. This effect was obtained in an EEG relatedness
decision task administered either before (Pre-Equiv.) or after (PostEquiv.) a matching-to-sample test for stimulus equivalence. In
general, the behavioural ﬁndings of Experiment 1 showed that the
Pre-Equiv. and Post-Equiv. groups performed similarly apart from
the absence of signiﬁcant error differences on the between- and
within-trial type comparisons. From the ﬁrst EEG epoch analysed
(250–350 ms), there was a main effect of electrode site and an interaction with trial type in both groups, with peak mean amplitude
differing between DT and SY, between SY and EQ trials. During the
350–550 ms epoch, the groups began to diverge. There were main
effects and two-way interactions for all within class trial types
between the two groups. However, the within/between comparison and the related/unrelated words comparison for this epoch
differed regardless of group.
Our ﬁndings showing signiﬁcant ERP differences at nine sites
(Fig. 4) on the within/between trial types for the Pre-Equiv. group
only are consistent with those of Barnes-Holmes et al. [34]. Presenting the relatedness task prior to a formal test for stimulus
equivalence relations may be considered a stronger demonstration of semantic-like processing of indirectly related pseudowords
since the stimuli were never directly paired onscreen at any time
prior to EEG recording. To this extent, the present ﬁndings add to
the literature on ERP correlates of derived relations by comparing
the presence and absence of a prior relational test on subsequent
behavioural and EEG measures. The clear performance advantage
of the Pre-Equiv. group over the Post-Equiv. group suggests that
the relatedness task functioned as a form of equivalence test itself,
and that the Post-Equiv. group’s familiarity with the stimuli (having been exposed to them at both training and testing) may have
impaired performance. This issue warrants attention, as does the
necessity of presenting related and unrelated words as control
stimuli. These and other issues formed the focus of the second
experiment.
5. Experiment 2
Experiment 2 was similar to Experiment 1 except for the following important differences. First, we sought to further investigate
the facilitative effects of presenting the relatedness task prior to
stimulus equivalence testing by only employing a Pre-Equiv. group.
Second, we removed the related and unrelated control words from
the crucial relatedness task in order to reduce the cognitive load.
Third, participants were only included in the behavioural and EEG
analyses if they produced at least 80% accuracy on directly trained,
symmetry and equivalence trial types during the relatedness task
and equivalence test phases, respectively. A case can be made that
the relatedness task resembles an equivalence test [34], and thus
we chose to focus the analysis on participants who met criterion
during both phases. Finally, all stimuli were replaced with arbitrary
symbols, previously shown to be effective in evoking ERPs during
stimulus equivalence tasks [e.g., 38], as a means of further testing
the present behavioural model of symbolic categorisation.
5.1. Method
5.1.1. Participants
Thirty-ﬁve, right-handed [42] students (16 males, 19 females),
ranging in age from 18 to 36 years (M = 22.6, SD = 4.4) with normal
or corrected-to-normal vision participated. Prior to the study, all

participants conﬁrmed they were in good physical health and
had no history of epilepsy or drug or alcohol dependence. The
Department of Psychology Ethics Committee at Swansea University approved the study. Participants were compensated with £10
at the end of the experiment and could withdraw, without penalty,
at any time.
5.1.2. Apparatus
Stimuli selected from the Microsoft® Ofﬁce symbols collection
(‘’, ‘’, ‘’, ‘’, ‘’, ‘Ф’, ‘Ю’, ‘’, ‘’, ‘␦’, ‘Ж’, ‘Д’) were presented in
black on a white background (Fig. 1).
5.1.3. Procedure
The procedure used in Experiment 2 was identical to that of
Experiment 1, except for the following important differences. First,
only a Pre-Equiv. group was run. Second, during Phase 3: Relatedness
decision task, Within- and Between-class directly trained, symmetry, and equivalence trials were presented, with each trial type
presented four times in a randomised block of 192 trials (Fig. 2).
That is, related and unrelated real words were not presented. A
balanced number of “Yes” and “No” responses were employed,
and participants ﬁrst received a practice block of 18 trials with
real words. Third, trials were 3600 ms in duration and commenced
with a red ‘X’ in the centre of the screen for 500 ms, the prime
for 200 ms, a blank screen for 400 ms, followed by the target,
which was presented for 2000 ms and was followed a 2500 ms ITI
(see Fig. 1).
5.1.4. EEG recording and analysis
All details of EEG recording and analysis were identical to Experiment 1, except that repeated measures ANOVA were conducted
and only participants that met criterion during the relatedness task
and equivalence test phase were included in the analysis.
6. Results and discussion
Fourteen participants failed to achieve mastery criterion in the
equivalence test and eight in the relatedness task, respectively.
Their data were excluded from further analysis, leaving a ﬁnal
n = 13. Table 2 shows the mean (and standard deviation) number
of trials to criterion in Phase 1, Phase 1.1, and Phase 1.2, and the
percentage correct during baseline, symmetry and equivalence trials in Phase 2. The proportion of incorrect trials rejected from the
behavioural analysis was 1.7% (DT), 1.4% (SY) and 4.4% (EQ) of trials,
respectively. The proportion of eligible trials included in ERP analysis was 90.4% (DT), 95.2% (SY), 82.7% (EQ), 89.3% (Within), and 93.9%
(Between) of trials, respectively.
6.1. Behavioural results
6.1.1. RTs
A signiﬁcant main effect showed that the RTs differed across
DT, SY and EQ trial-types (F(2, 24) = 12.149, p < 0.0001). Mean RTs
on the DT, SY, and EQ, and Within and Between trial types are
shown in Fig. 5. RTs were marginally faster on Within- as compared to Between-trials (t(12) = 2.565, p = 0.025), on DT over EQ
trials (q = 0.003), and on SY than on EQ trials (q = 0.003). Overall,
participants were faster on trained trials, and comparably slower
on EQ and Between-class trial types (Fig. 5).
6.1.2. Errors
Participants made the highest proportion of mean errors on EQ
trials and the fewest errors on SY trial types (Fig. 5). The proportion
of errors made on Within- and Between-trials (W = 5, Z = −2.298,
p = 0.022), DT and EQ trials (W = 12.5, Z = −2.088, p = 0.037), and
EQ and SY trials (W = 0, Z = −3.077, p = 0.002) differed signiﬁcantly,
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For peak mean amplitude in the beta range, we found a main
effect of trial type, F(2, 24) = 6.249, p = 0.007, which follow-up tests
revealed was driven by differences between DT and EQ (q = 0.033)
trials. A main effect of trial type was also observed in the theta
frequency range, F(2, 24) = 3.412, p = 0.05, but no signiﬁcant differences were found at follow-up. Thus, while main effects of
relational trial-type were observed in all three frequencies in this
early epoch, only the evoked changes in alpha (peak and mean
amplitude) were shown to interact signiﬁcantly with recording
location.
6.2.2. 250–350 ms
No differences were found for mean amplitude in all three
frequencies (Fig. 6), but there was a signiﬁcant main effect, F(2,
24) = 3.664, p = 0.041, and interaction, F(38, 456) = 1.431, p = 0.05,
for peak mean amplitude in the alpha range. FDR-corrected follow
up tests showed there were signiﬁcant differences between DT and
EQ and SY and EQ at two electrode sites only (Appendix C).
In the beta frequency range, a signiﬁcant interaction for peak
mean amplitude was found, F(38, 456) = 2.112, p < 0.001, with signiﬁcant differences between DT and SY and DT and EQ revealed by
follow-up (FDR) tests (Appendix C). Again, peak mean amplitude
alpha differed between relational trial types of varying complexity.

Fig. 5. Mean RT (upper panel) and error data (lower panel) for directly trained,
symmetry, equivalence, between and within trial types for Experiment 2. Participants responded faster and more accurately to directly trained and symmetry trials,
replicating the ﬁndings of Experiment 1, with slower RTs shown to equivalence and
between-class trials and greater errors to equivalence and within-class trials. Bars
show standard error of the mean. **p < 0.01, ***p < 0.05.

indicating that EQ trials requiring the greatest relational inference
resulted in the higher errors (consistent with the ﬁndings of Experiment 1).
6.2. EEG results
A series of repeated ANOVAs were calculated across three frequency ranges (i.e., alpha, beta, and theta). The main ﬁndings will
be presented for each of three epochs (150–250, 250–350 and
350–550 ms, respectively) in each of the three frequency ranges,
where relevant, for sites Fz, Pz, Cz and Oz (Fig. 6).
6.2.1. 150–250 ms
Mean amplitude, calculated with trial type (DT, SY and EQ)
and sites (CP1–2, CP5–6, P7–8, P3–4-Z, PO3–4, O1–2-Z) as factors, revealed a signiﬁcant interaction in the alpha range, F(38,
456) = 5.359, p < 0.001, conﬁrming that different relational trials
evoked changes in EEG at mainly frontal–central sites (Fig. 6).
Follow-up (FDR) tests conﬁrmed signiﬁcant differences between
DT and SY, DT and EQ, and SY and EQ (Appendix B). Greater positivity at Fz and greater negativity at Oz, respectively, was observed
during EQ trials. At Pz, the greatest mean amplitude was shown
during DT trials, with no separation observed among the trialtypes at Cz (Fig. 6, upper panels). In the theta frequency range,
a signiﬁcant interaction was found between trial types and sites,
F(38, 456) = 1.99, p = 0.001. FDR corrections revealed a signiﬁcant
difference between DT and EQ at FC1 (q = 0.042).
For peak mean amplitude in the alpha range there was a significant interaction, F(38, 456) = 2.63, p < 0.001, and a main effect of
trial type, F(2, 24) = 11.911, p < 0.001. Follow up tests revealed signiﬁcant differences between DT and SY, DT and EQ (both q = 0.003),
and SY and EQ (q = 0.033; see Appendix C).

6.2.3. 350–550 ms
Mean amplitude in the alpha frequency range reﬂected signiﬁcant interactions between trial-types and sites, F(38, 456) = 4.133,
p < 0.001 (Fig. 6). FDR corrections revealed signiﬁcant differences
between DT and SY, between DT and EQ, and between SY and EQ
(Appendix B). For mean amplitude theta, a signiﬁcant interaction
was also found, F(38, 456) = 2.35, p < 0.001, which FDR-corrected
follow up tests revealed was due to signiﬁcant differences between
DT and SY, DT and EQ at several electrode sites (Appendix B), and
between SY and EQ at P4 (q = 0.015). No signiﬁcant interaction was
found for peak mean amplitude in the theta range (p = 0.109).
6.3. Within/Between
Peak mean amplitude ERPs in any frequency range evoked during Within/Between trials tended to be undifferentiated during the
early (150–250 ms) and mid (250–350 ms) epochs (Fig. 6). However, during the late 350–550 ms epoch, a signiﬁcant interaction
was found for mean amplitude in the beta frequency range, F(19,
228) = 1.726, p = 0.033, which follow-up tests revealed was signiﬁcant at Oz only (p = 0.047).
Overall, the ﬁndings of Experiment 2 replicated and extended
those of Experiment 1 in the following ways. First, the behavioural
priming effects showing faster RTs on DT and SY trials and greater
errors on EQ trials were replicated. For the ﬁrst time, Experiment 2 showed a signiﬁcant behavioural difference on within vs.
between trials. Second, again for the ﬁrst time, we found evidence
of early (i.e., 150–250 ms) ERP differences in mean amplitude and
peak mean amplitude in the alpha range (with beta peak mean
amplitude and theta mean amplitude signiﬁcant between DT and
EQ trials). Third, during the 250–350 ms epoch, although no differences between mean amplitude across within class trial types
in all three frequency ranges, peak mean amplitude differed in
both alpha and beta frequencies. Fourth, during the 350–550 ms
epoch, mean amplitude differed in both the alpha and theta range
only. The EEG results of Experiment 2 highlighted early and late
alpha differences, for all trial type comparisons, and replicated
mean amplitude theta differences from Experiment 1. In summary, removing the related/unrelated words from the relatedness
decision task, which was conducted prior to formal testing of equivalence relations, produced early and late ERP differences in several
frequencies, mainly alpha and theta, at frontal–parietal and central
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Fig. 6. Grand average waveforms for directly trained (DT), symmetry (SY) and equivalence (EQ), and within- and between-class trial types at Fz, Cz, Pz and Oz sites in
Experiment 2. Signiﬁcant differences were observed in the beta frequency range for DT, SY, EQ and within- and between-class trials at Oz only.

sites, and demonstrates the ERP correlates of intra-experimentallyestablished derived stimulus relations consisting of symbols.
7. General discussion
The present experiments sought to overcome some of the limitations of previous studies of ERP correlates of emergent relational
inference in stimulus equivalence tasks by adopting a blocked training sequence to establish relations consisting of either words and
pseudowords (Experiment 1) or arbitrary symbols (Experiment 2).
This training was sufﬁcient for the emergence of 4, 3-member
stimulus equivalence relations, which were either formally tested
before or after EEG was recorded during a relatedness decision
task. In Experiment 1, control presentations of related and unrelated real words allowed us to differentiate between ERPs evoked
by the intra-experimentally established pseudoword relations and
those acquired via natural language processing. Behavioural ﬁndings demonstrated a clear priming-like effect of faster RTs and
fewer errors on relational trials of less complexity, regardless of
whether participants were tested for equivalence relations before
or after the relatedness task. EEG ﬁndings indicated that only the
latter group of participants (i.e., Pre-Equiv.) produced signiﬁcant
differences at nine sites on within/between trials. In addition, a late
parietal P3 component was evoked during SY and EQ trials, and at
intermediate levels for DT trials, consistent with previous ﬁndings
[38].
We did not ﬁnd any evidence in Experiment 1 of the N400
evoked component [35,38]. As shown in Fig. 4, a negative-going
deﬂection was observed at Oz approximately 400 ms post-target
but was greater for DT trials than SY or EQ. This is somewhat at
odds with early accounts of the ERP correlates of derived relations, which posited that N400 would be evoked by presentations
of related and unrelated trial types. For instance, Barnes-Holmes
et al. [34] found evidence of a negative-going waveform approximating the N400 evoked by non-equivalent priming trial types,
while Yorio et al. [38] identiﬁed a dN400 effect for a unrelatedequivalence difference contrast that had similar scalp topography

to that of Barnes-Holmes and colleagues’ ﬁndings. The fact that we
observed marginally greater negativity for DT trials relative to SY or
EQ trials suggests that the presentation of both related (i.e., A1–B1)
and unrelated (i.e., A1–B2) directly taught trials may have permitted a greater separation between them and the test trials (which
always presented derived, indirectly related trial types). Moreover,
signiﬁcant differences were seen on the Within- and Between-class
trial types, but we did not obtain visual evidence of a comparable
N400-like waveform. There was, however, some visual indication
of a greater negative trend at Oz for DT trials relative to SY or EQ,
respectively (Fig. 4).
By comparison, the ﬁndings of Experiment 2 provided signiﬁcant evidence for the behavioural model of semantic-like
processing. Behavioural results indicated signiﬁcantly different RTs
and errors on Within- and Between-class trials, and on DT and
tested (SY and EQ) trial types. Early and late alpha differences, for all
trial types, were observed, as well as a replication of mean amplitude theta differences from Experiment 1. In terms of the particular
ERP components identiﬁed in Experiment 2, and late P3 component
was found at parietal and occipital sites with greater positivity for
EQ and SY trials (Fig. 6). No evidence was found for a N400-like
component although there was some indication of a late P3-like
waveform at Oz. Further research is needed to conﬁrm whether or
not this waveform, evoked using a modiﬁed version of the relatedness task employed in Experiment 1, resembles that previously
identiﬁed by Yorio et al. [38].
As outlined in the Introduction, the species-speciﬁc ability
to discriminate class-consistent, related, stimuli from unrelated
stimuli is to establish stimulus-relevant categorisation, which typically evokes a P3 component found at central–parietal regions as a
neural marker of categorisation [46–48]. In those studies, visual and
auditory attributes or physical characteristics were used to establish classiﬁcation between and within stimulus categories. Yorio
et al. [38] provided the ﬁrst empirical evidence of a larger late P3like component in equivalence trial types (i.e., SY and transitivity
relations) compared with unrelated stimuli and where the stimuli
were neither directly related nor shared any physical similarities.
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Our ﬁndings extend this by showing that the late P3-like component may also be applied to discrimination of within equivalence
trial types. That is, we found a larger late P3-like component in
SY trial types, followed by transitivity and equivalence combined
trial types at Oz (Fig. 6). Taken together with previous ﬁndings
[38], the present paper provides further evidence of the functional
anatomical correlates of a behavioural model of categorization.
As suggested earlier, the absence of N400 may have resulted
from the combinations of trial types presented, but also from
the different experimental manipulations employed. For example, Barnes-Holmes et al. used 2, 4-member equivalence classes,
whereas Yorio et al. employed 2, 3-member equivalence relations,
and both employed a within-subjects design. While 4, 3-member
equivalence relations were used in the present paper, the use of a
between-subjects design in Experiment 1 made the interpretation
of EEG data less straightforward. Moreover, the absence of N400
evoked by real words left one wondering would the same results be
found in previous studies that demonstrated N400-like component
in pseudo-words (cf. [34,38]), which could be crucial in determining whether they represent a behavioural model of semantic-like
processes.
Behavioural ﬁndings in Experiment 1 revealed faster RTs and
fewer errors on related trials compared to unrelated trials regardless of whether participants were tested for equivalence before or
after the relatedness task. Notably, signiﬁcant EEG differences were
only observed in the Pre-Equiv. group that received the relatedness task prior to the formal match to sample test for equivalence
relations. Experiment 2 conﬁrmed these behavioural and EEG ﬁndings. It is likely therefore that the relatedness task was sensitive
in detecting the ERP correlates of related and unrelated stimulus
pairs because it may have functioned as a type of test for the formation of equivalence relations [34]. In so doing, the relatedness
task may provide a more accurate behavioural model of untrained,
indirect semantic relations than a formal match to sample equivalence test. Although no reinforcement or feedback is presented
during a match to sample test, the indirectly related sample and
comparison stimuli are associated by the selection responses used
to match them. In this way, a combination of the simultaneous presentation of indirectly related stimuli and the mediating inﬂuence
of matching responses is likely to have contributed to the priminglike effect for the behavioural and EEG measures in Experiment 1
(see also [25,34]). Our ﬁndings clearly support the use of relatedness or other tasks such as lexical decision or pronunciation tasks to
measure priming and record EEG prior to a formal match to sample
test for equivalence relations.
Interestingly, Yorio et al. [38] used the same matching task in all
stages of their study, only recording EEG during the test phase, and
found occipital P2 and frontal N2 components evoked during reﬂexivity trials and a later parietal P3 component during equivalence
trials. By using the same task throughout, Yorio and colleagues
avoided the aforementioned limitations, presented the test phase
once and inferred the presence of equivalence relations at the
end of the experiment (only 2 of the 12 participants scored lower
than 72.5% during the equivalence test block). Future research
should seek to adapt tasks shown to be effective in facilitating high
yields in both behavioural studies (e.g., [49]) and neuroimaging
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investigations of stimulus equivalence [27–31] for use in further
understanding the EEG correlates of emergent relations.
Contemporary behavioural models of relational inference argue
that the ability to derive equivalence relations is a key process underlying semantic or symbolic behaviour [6,21–24]. For
instance, bidirectional relations indicative of symmetry may offer
a functional process account of word-referent relations in which
a stimulus such as “lemon” is said to stand for or refer to actual
lemons. With the addition of the written word ‘lemon’, the generativity is increased still further. It is this form of control exerted
over behaviour that behavioural psychologists consider to underlie symbolic behaviour. In this way, humans come to respond to
multiple referents that are functionally substitutable and hence
equivalent for one another after minimal training. The present
procedures and ﬁndings provide further empirical support for
this contemporary behavioural approach to semantic or symbolic
processing.
There are some potential limitations to the present ﬁndings.
First, the transition from match to sample to the relatedness task
may have disrupted emergent learning. This may partly explain
why 23% of participants in the Pre-Equiv. group, for instance, failed
tests for stimulus equivalence. As indicated above, future research
should seek to address this by employing the same task throughout all stages of the experiment. Second, the size of the relational
classes employed in the current study was obviously limited compared to the size of real world categories and concepts. Any tenable
behavioural model of symbolic meaning needs to approximate the
size and complexity of real world processes of acquiring, storing
and retrieving events and facts. Thus, it may be helpful in future
studies to employ methods used to study relational memory that
have used up to three sets of thirty paired associates to identify neural mechanisms underpinning declarative and inferential reasoning
(see [50,51]). Third, it is possible that factors such as intelligence,
working memory, and executive functioning may mediate performance on arbitrary relational inference tests such as these. While
we did not administer such assessments, there is evidence to suggest that relational ability is correlated with sub-scale IQ scores
[52] and that relational training can boost childrens’ IQ [53], future
research should seek to examine whether factors such as intelligence and executive functioning ability more broadly mediate the
behavioural and ERP effects obtained. Finally, the temporal resolution of EEG/ERPs could be combined with the spatial resolution
of neuroimaging methods, in particular magnetoencephalography
(MEG). To date, studies have used EEG/ERPs and fMRI, but not
both, and MEG offers a practical means of achieving high temporal
and spatial accuracy (e.g., [54]). In conclusion, the ﬁndings of the
present study add support to the behavioural model of symbolic
inference and have implications for further studies on the ERP correlates of the human ability to classify and categorise related and
unrelated stimuli.
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Appendix A. Critical values of mean amplitude of all interactions from Theta frequency between 350 and 550 ms. in Exp1.
Electrode Location
Trial Type
q values
q values
q values
p values
p values
p values

CP1

DT vs. SY
DT vs. EQ
SY vs. EQ
Pre- vs. Post-Equiv.
Within vs. Between in Pre-Equiv. group
Pre- vs. Post-Equiv in within-trial

*
*
*
.014

CP5

P3

.003
.003
*

.05
.001
*
.005
.027

P7
.001
*
.002

PO3

O1

.024
.003
.013
.024

.012
.003
.002
.003

Pz

Oz

O2

PO4

P8

P4

CP6

CP2

.007
.006
.006
.006

.003
.013
*
.003
.005
.017

.007
.013
*
.011
*
.032

.001
*
.008
.001
.022

.003
.003
*

*
*
.009
.001
.025

.004
.004
*

*
.007
*

P8

P4

CP2

FC2

F4

.015
.017

.009

.040
.003
.040

.014
.009

* <.0001.

Appendix B. q values of mean amplitude of trial type and electrode location interaction in Exp2.
Epoch

Frequency

150–250 ms.

Alpha

Trial Type

Electrode Location
F3

DT vs. SY
DT vs. EQ
DT vs. EQ

.012

FC1

CP1

P3

.018
.038

P7
.008
*

O1

Fz

.027

.024
.003
.042

Cz

Pz

Oz

.042

.047
.021

.024

.030

.021

.015

Theta
DT vs. EQ
350–550 ms.

.042

Alpha
DT vs. SY
DT vs. EQ
SY vs. EQ

.036

DT vs. SY
DT vs. EQ
SY vs. EQ

.024

.003
.047

Theta
.030

.044
.044

.012

*
.033

*

.012

.015
.021

.015

* <.0001.

Appendix C. q values of peak mean amplitude of trial type and electrode location interaction in Exp2.
Epoch

Frequency

150–250 ms.

Alpha

Trial Type

DT vs. SY
DT vs. EQ
SY vs. EQ
250–350 ms.

Electrode Location
P7

PO3

O1

.034
.034

.004
.003
.004

.038
*
.004

Oz
*
.006

O2

P8

.049
.015

C4

F4

.022
.018

.039

Alpha
DT vs. EQ
SY vs. EQ

.018
.018

DT vs. SY
DT vs. EQ

.036
.027

.033
.033

Beta
.006
.042

.045
.045

* <.0001.
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