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ity. A total of 15 participants (5 male; age range 18–23 years; mean age¼20.0 years)

completed contextual cue training, relational learning, function training and a derivation

task while 128-channel event-related potentials (ERPs) were recorded from the scalp

(Background). Differences in response latencies were observed between the two derived

(symmetry and equivalence) and directly trained relations, with longest latencies found for

equivalence and shortest for the directly trained relations. This pattern failed to reach

statistical significance. Importantly, ERPs revealed an early P3a positivity (from 230 to

350 ms) over right posterior scalp sites. Significantly larger mean amplitudes were found at

three channels (P6, E115 and E121) for the equivalence relations compared to the two other

types (Results). We believe this may constitute a first demonstration of differences in brain

electrophysiology in the transformation of stimulus functions through derived relations of

hierarchical levels of complexity (Conclusions).

& 2014 Elsevier B.V. All rights reserved.
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rved.

(R.A.P. Roche).
1. Introduction

One of the cognitive hallmarks of the human species is the
ability to process and retain abstract concepts, a capacity which
arises due to our highly developed frontal lobes, and in
particular the prefrontal cortices (Fuster, 1997; Damasio, 1998).
Such abstract reasoning has conferred upon us significant
evolutionary advantages, including the ability to retain infor-
mation in short-term memory (Goldman-Rakic, 1990), to gen-
erate language (Fuster, 2002; Barbas et al., 2013) and to plan for
future actions and events (Quintana and Fuster, 1992; Hoshi

and Tanji, 2004; Mushiake et al., 2006; Barbey et al., 2009). A

crucial element for the successful handling of abstract concepts

and symbols is the ability to understand the relationships that

may exist between them, such as category inclusion (A is a

member of B) and relative magnitude (A is greater than B).

While many such relationships can be explicitly learned or

trained, other novel relationships between concepts have been

observed to emerge, without training, as a result of exposure to

an initial set of relations (for example, if the relations A–B and
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A–C are trained, the untrained relationships between A, B and C
are reliably seen to emerge; Wang and Dymond, 2013).

Sidman (1994,1971) was among the first to formalise the
study of such stimulus equivalences, defining the different
types of derived relations as symmetry (e.g. if A–B then B–A) and
equivalence (e.g. if A–B and B–C then C–A). Subsequent research
into the nature and limits of these relations has revealed that,
while adults, children and those with developmental difficul-
ties appear to generate such equivalences spontaneously
(reviewed in Dymond and Rehfeldt, 2000), evidence of derived
relations of this sort in non-humans is elusive (see Dymond
et al., 2003 for a review). Further, other human-based studies
suggest that these relations are absent in pre-verbal children
and those without the capacity for speech (Devany et al., 1986;
Barnes et al., 1990; Augustson and Dougher, 1992). This has led
some researchers to propose that the presence of this ability
may be related to another uniquely human characteristic, the
use of language (Bickerton, 1990; DeLisi, 2001), drawing parallels
between the processes involved in derived and semantic
relations (Barnes-Holmes et al., 2005; Haimson et al., 2009;
Yorio et al., 2008). Indeed, data from event-related potentials
(ERPs) studies of stimulus equivalence using the well-esta-
blished N400 semantic mismatch paradigm (Kutas and
Hillyard, 1980) would appear to support this view, as do findings
from the literature on semantic priming (McNamara, 2005).

Neuroimaging studies have identified a prefrontal–parietal
network which is activated during a wide range of transitive
inference and equivalence tasks. Using functional MRI, Acuna
et al. (2002) reported activation in bilateral prefrontal and lateral
posterior parietal cortex (PPC) during a transitive inference task,
with further activations in motor-related areas, precuneus and
insula. Dickins et al. (2001) also observed bilateral activation in
PPC during a matching-to-sample task of equivalence relations,
together with activity in dorsolateral prefrontal cortex (DLPFC),
a similar network to that activated for semantic relations. Two
studies by Schlund et al. (2007, 2008) compared directly trained
relations with symmetry, transitive inference and equivalence,
and again identified a fronto-parietal network, as well as a
frontal-subcortical pattern of activation involving the striatum.
In their 2008 study, the authors revealed medial temporal lobe
activations, in the parahippocampal gyrus for symmetry, and
bilaterally in anterior hippocampus for equivalence and tran-
sitive inference. The authors proposed that this may reflect a
hippocampal role in the memorial maintenance of such rela-
tions once they are derived. Taken together, these studies point
to a distributed network underpinning the processing of
derived relations. This network appears to be strongly driven
by fronto-parietal connections and supported by subcortical
structures including the hippocampal formation.

Another class of derived stimulus relations involves hier-
archical levels of complexity in terms of the emergent equiv-
alences among a set of concepts. Relations of this sort often
include ideas such as “same as” or “opposite to”. For example, if
a relation “same as” is trained between A and B, then the
derived relation “B is the same as A” is termed symmetry since
“same as” is a bidirectional operator. When two relations –

between A and B, and between B and C – are trained, a more
complex relation emerges to characterise the nature of A's
relationship to C and vice versa; this is termed transitive
inference or equivalence. In both of these cases, the exact nature
of the relationships will depend on the relations trained; for
example, A greater than B, B greater than C would lead to C less
than A. O'Hora et al. (2002) observed a significant increase in
response latencies as the hierarchical complexity of relations
increased from directly trained to symmetry to equivalence
relations. Hinton et al. (2010) compared symmetry and equiva-
lence relations in an fMRI study and again found activation in
frontal and parietal areas, specifically inferior frontal cortex,
DLPFC and bilateral parietal cortex. In addition, activation was
observed in right prefrontal and parietal areas in response to
the symmetry relations.

While the semantic mismatch-related N400 waveform has
been the main focus of several of the previous ERP studies of
derived relations, other waveform components have been
reported in these studies as potential indices of relational
processing. Yorio et al. (2008) reported, in addition to the
dN400 mentioned above and early N2 and P2 reflexivity-based
deflections, a posterior P3 component from 350 to 600ms which
was larger for equivalence trials compared to non-related
stimuli. A P3 waveform which differentiated related and non-
related stimuli was also present from 350 to 450ms in the first
experiment of Haimson et al., 2009, though the authors
attribute its presence to a potential methodological confound
and only fronto-central electrodes are reported. As Wang and
Dymond (2013) also point out, no statistical analysis of the P3
component was carried out in Haimson and colleagues' study,
as the focus was the N400 waveform. Finally, Wang and
Dymond (2013) compared directly trained, symmetry and
equivalence relations and noted that a late (350–550ms) poster-
ior P3 was elicited which was larger for symmetry and equiva-
lence stimuli compared to directly trained. These and other
studies linking the late posterior P3 component with higher
order functions such as categorisation (for example, Duncan-
Johnson and Donchin, 1977) suggest that this late positivity
could represent a potential marker of relational processing
which might discriminate between relations at different levels
of hierarchical complexity.

Here, we recorded 128-channel event-related brain poten-
tials (ERPs) while participants completed a derivation test to
compare response latencies and waveform components for
directly trained, symmetry and equivalence relations. We
predicted longest latencies for the equivalence relations and
shortest for the directly trained, with intermediate response
times for symmetry relations (consistent with O'Hora et al.,
2002). Electrophysiologically, we hypothesise P3 waveform
differences matching the response latency data, with larger
amplitudes associated with relations of higher complexity.
2. Results

2.1. Behavioural results

Mean response latencies for each type of relation in the
derivation test revealed no significant main effect, F(2,18)¼
1.59, p40.05, Greenhouse–Geisser corrected. No significant
differences were observed between latencies for directly trained
relations (1993.43, 7209.05 ms), symmetry relations (1914.03,
7124.5 ms) or equivalence relations (2457.66, 7489.97 ms; see
Fig. 2, inset).
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2.2. Electrophysiological results

Visual inspection of the waveforms revealed four distinct
posterior components: a right posterior P1 (100–200ms) which
was maximal at PO4, a left posterior N2 (170–250 ms) with
maximal amplitude at PO3, a right posterior P3a (230–350ms)
and P3b (350–520 ms), both of which peaked at channel P6.
Repeated measures ANOVA was carried out for each compo-
nent to compare the three types of relation using Mean
Amplitude as the dependent variable. No significant differ-
ences were observed across conditions for the P1, F(2,18)¼1.54,
p40.05, N2, F(2,18)¼0.81, p40.05, or P3b, F(2,18)¼0.81, p40.05.
A significant main effect of relation type was found for the
P3a, F(2,18)¼4.28, po0.05. Bonferroni post-hoc comparisons
revealed that the P3a elicited by equivalence relations had
significantly larger mean amplitude compared to directly
trained and symmetry relations (both po0.05; see Fig. 2).

Further analyses were carried out on six electrodes sur-
rounding the right posterior channel P6 (P4, P8, P08, E114, E115
and E121) to test for the presence of a main effect of relation
type (see Fig. 3). This main effect was present at one of the six
selected channels: E121, F(2, 18)¼4.69, po0.05, and was driven
by significant differences between directly trained and equiva-
lence relations (po0.05). Furthermore, a significant difference
between directly trained and equivalence relations was also
evident at electrode E115 (po0.05) albeit in the absence of a
significant main effect of type of relation, F(2,18)¼1.97, p40.05,
Greenhouse–Geisser adjusted.

2.3. Explicit stimulus ratings

Mean group scores for each of the six brand stimuli indicated
that participants established two accurate three-member
equivalence groups and attributed each with the correct
valence classifications; positively-valenced Ciney (2.770.50),
Witkap (2.770.47) and Gageleer (2.570.52), and negatively-
valenced Pardal (�2.770.50), Zatte (�2.470.52) and Ettalas
(�1.870.79). A one-way repeated measures ANOVA confirmed
that the difference in ratings across brands was significant,
F(5,45)¼22.76, po0.0001. Bonferroni post-hoc analyses showed
that the mean likeability scores for Ciney, Witkap and Gageleer
were all significantly higher compared to Pardal (all po0.05),
Zatte (po0.01, po0.01, po0.05, respectively) and Ettalas
(po0.01, po0.01, po0.05, respectively). Finally, all participants
correctly categorised the meaning of the two contextual cues
as ‘Same’ and ‘Opposite’ when explicitly asked.
Fig. 1 – Schematic diagram showing examples of trials used
in the Contextual Cue Training, Relation Training and
Function Training phases as well as the Derivation Task.
Correct responses occasioned the appearance of the word
‘correct’ in the centre of the screen for 1000 ms. A 1000 ms
interval followed, before the task progressed to the next
trial. When an incorrect response was made, participants
were required to make the correct response to move on to
the next trial. The position of each contextual cue was
varied between the bottom left- and bottom right-hand sides
of the screen within each block of training trials. Cue-
location did not vary during the derivation task.
3. Discussion

In this experiment, we first established two three-member
stimulus equivalence classes, using contextual cue and rela-
tional learning paradigms. We then established a stimulus
function (appetitive/aversive) for the first member of each class
(i.e. A1-Same-Appetitive; A2-Same-Aversive; A1-Opposite-
Aversive; A2-Opposite-Appetitive) using function training. Fol-
lowing this, behavioural and electrophysiological responses to
the directly trained and emergent (derived) relations (i.e.
symmetry and equivalence) were compared during a deriva-
tion test. Finally, explicit ratings for stimuli were obtained.
While a trend was evident wherein response latencies were
longer in response to the more complex equivalence trials, no
significant differences in reaction times were found across the
three conditions. Electrophysiologically, ERP waveform compo-
nents were identified over posterior scalp, with significant
amplitude differences present for the early P3a component
over right parietal scalp sites. At three of the seven right
parietal leads examined, significantly larger positive deflec-
tions were elicited by the equivalence relations compared to
the directly trained and/or symmetry trials. This may indicate
that the P3a component is at least partially sensitive to the
level of complexity of hierarchical derived stimulus relations.

Behaviourally it was hypothesised that response latencies
would increase in accordance with the complexity of the
relations being tested (Hughes et al., 2012). Specifically, the
shortest RTs were predicted for directly trained relations,
where all that was required in the derivation test was a
recapitulation of the previously learned relations (e.g. ‘A1-
Same-B1’); intermediate RTs were anticipated for symmetry
relations, which involved a reversal of the trained relationship
(e.g. ‘A1-SameB1’ becomes ‘B1-SameA1’) and the longest laten-
cies were expected for the equivalence relations, where an
additional processing operation was necessary to derive the
relationship accurately (e.g. ‘A-Same-B1’ and ‘B1-Same-C1’
becomes ‘A1-Same-C1’). Surprisingly, the observed behavioural
data did not follow this pattern. While longer latencies (almost
2500 ms) were present for the equivalence trials, the RTs for the
directly trained and symmetry trials were very similar, and
none of these differences were statistically significant. This
finding is at odds with previous studies which have shown
latencies to increase with increasing relational complexity (for



Fig. 2 – Mean response latencies (ms) for each category of relations (inset). Overall Grand Mean waveforms depicting: a P1
component at the PO4 electrode; an N2 component at the PO3 electrode; P3a and P3b components at the P6 electrode.
Significantly larger mean amplitude was observed for the P3a component in response to equivalence relations, compared to
directly trained and symmetry relations (po0.05). Scalp-topographies depict maximal amplitude positivities at the P6 and PO4
electrodes and negative activation at the PO3 electrode, for each category of relation.
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example, O'Hora et al., 2002; Steele and Hayes, 1991). Crucially,
explicit tests confirmed that participants successfully identified
the meaning of the contextual cues, established the equiva-
lence groups and attributed the correct valence to each of these
classes. Therefore, it is unlikely that the absence of significant
RT differences between relation types can be explained by
participant misconception.

This failure to detect differences between relation types
might be attributed to the testing procedure: whereas previous
research (e.g. Wang and Dymond, 2013; O'Hora et al., 2002) has
used a single test block containing mixed A, B and C trials, the
current study separated these into three blocks of trials.
Additionally, O'Hora et al. (2002) note that response latencies
tend to be longer in the case of relations of relative magnitude
(e.g. A1 is greater than B1 becomes B1 is less than A1) compared
to equivalence relations (e.g. A1-Same-B1 becomes B1-Same-
A1), due to the existence of a different relation at the level of
symmetry to that which was directly trained. It can thus be
argued that the lack of a different relation at the levels of
symmetry and equivalence may not have allowed the
hypothesised response latency differences to be statistically
detectable. Additionally, research has shown that response
latency tends to increase as a function of nodal distance (i.e.
the number of stimuli by which two adjacent stimuli are related
to one-another: Bentall et al., 1993, 1999; Fields et al., 1990).
Since the maximum nodal distance in the three-member
equivalence classes employed in the current experiment was
equal to 1, we argue that our failure to observe significant
latency differences may be attributed to this. It is also possible
that the relatively small sample size of those passing criterion
may have rendered such latency effects difficult to detect
statistically. Furthermore, O'Hora et al. (2002) warn of other
factors extraneous to the experimental paradigms used in
stimulus equivalence research – such as participants' prior
histories of reinforcement – that may also cloud genuine effects
in the data.

A number of ERP components were observed over posterior
scalp during the derivation test, specifically a right hemisphere
P1, a left lateralised N2 and a right posterior positivity in the
230–550 ms range with two distinct peaks, and early P3a and



Fig. 3 – Overall Grand Mean waveforms depicting P3a positivity at six posterior electrodes surrounding the P6 electrode: P4,
P8, PO8, E144, E115 and E121. Significantly larger mean amplitude was observed for the P3 component in response to
equivalence relations compared to directly trained and symmetry relations at E115 and E121 (po0.05).
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later P3b. No significant differences in mean amplitude were
found for the P1 and N2 waveform components, suggesting
that these deflections are likely reflective of early sensory (in
this case visual) processing of the stimulus features presented
on screen (see Luck and Hillyard, 1994; Eimer, 1996). Yorio et al.
(2008) also reported similar reflexivity-based P2 and N2 com-
ponents in their task, and it is generally accepted that compo-
nents observed within 200ms of stimulus onset, while
modulated by attention, are usually an index of stimulus
processing in early sensory cortices (Ritter et al., 1982, 1983;
Hillyard and Münte, 1984; Paz-Caballero and García-Austt,
1992). The later P3b component – which was maximal over
electrode P6 from 350 to 520ms – also failed to reveal any
significant amplitude differences across the three stimulus
conditions. Given that this was the latest of the components
to be identified within the 1000 ms post-stimulus epoch, it is
possible that this waveform may be indicative of pre-response
processes such as response selection, decision making or
motor preparation which were invariant across all conditions.
Others have reported P3b-type components associated with
similar processing activities (e.g. Coles, 1989; Verleger, 1997;
Verleger et al., 2005; see Polich, 2007 for a comprehensive
review of P3a and P3b), and areas such as frontal, premotor and
supplementary motor areas have been implicated in the
generation of this scalp-recorded potential (e.g. Garavan
et al., 2002). Finally, no evidence of an N400-like component
was evident within the epoch, which may be explained by the
fact that semantic or relational mismatch was not specifically
manipulated in this task.

Significant amplitude differences were observed across
the three conditions for the P3a component over right poster-
ior scalp sites from 230 to 350 ms. At electrode P6, equiva-
lence trials elicited larger mean amplitudes than both
symmetry and directly trained, while differences between
equivalence and directly trained blocks were also found at
leads E115 and E121. Given that response latencies did not
differ significantly, this ERP effect cannot be attributed to
differences in response speed across blocks. Rather, this
waveform difference may reflect an electrophysiological cor-
relate of hierarchical complexity in the processing of derived
stimulus relations, potentially indexing the additional pro-
cessing stages and cognitive resources required to accom-
plish the more arduous equivalence relationships over the
more straightforward operations required in directly trained
and symmetry trials. These results are comparable to those of
Wang and Dymond (2013), who reported larger late posterior
P3 amplitudes for symmetry and equivalence relations over
directly trained relations in their second experiment, while
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others have shown a late P3 component which was sensitive
to differentiating related from unrelated trials (Yorio et al.,
2008; Haimson et al., 2009).

The scalp distribution of the P3a component was predomi-
nantly right lateralised over posterior scalp, with maximal
amplitude observed at electrode P6. While inferring cortical
generators from scalp-recorded electrical potentials is notor-
iously difficult (see Hallez et al., 2007 for a review), this right
posterior distribution could be interpreted as supportive evi-
dence for the right hemisphere prefrontal–parietal network
which has been implicated in a number of functional imaging
studies of comparable tasks (Acuna et al., 2002; Hinton et al.,
2010; Ogawa et al., 2010; Schlund et al., 2007). Others (Soltani
and Knight, 2000; Polich, 2003) have suggested that aspects of
the P300 component may reflect a circuit pathway between
frontal and temporo-parietal areas. The type of processing
required to compute the more complex equivalence relations
would be consistent with several of the known functions of the
posterior parietal region, which include spatial processing (see
Duhamel et al., 1997; Rushworth et al., 1997), estimations of
relative magnitude (Pinel et al., 2001; Walsh, 2003) and tasks
involving transitive inference (Goel and Dolan, 2001). Further,
the prefrontal–parietal circuit mentioned above has been
shown to be involved in cognitive activities such as syllogistic
reasoning (Osherson et al., 1998), arithmetic and mental spatial
cognition (Roland and Friberg, 1985; Pinel et al., 2001). In
addition, a right lateralised prefrontal–parietal network is also
known to underpin sustained attention and vigilance during
long task blocks (e.g. during the Sustained Attention to
Response Task, SART; Manly et al., 2000; Cabeza and Nyberg,
2000; Posner and Petersen, 1990). Such a capacity is likely to be
necessary in relational training paradigms given their typical
duration and cognitive demands. Finally, as Schlund et al.
(2007, 2008) point out, this prefrontal–parietal circuit may be
augmented by subcortical structures including striatum and
medial temporal lobe regions, and it is highly possible that the
scalp recorded posterior P3a is resultant from multiple gen-
erators (see Wood, 1982), both cortical and subcortical, which
may include some of these structures.

While the results reported here may show some prelimin-
ary evidence for an electrophysiological correlate of relational
complexity among derived relations, they must be interpreted
with caution for a number of reasons. Of particular concern is
the relatively small sample size (n¼10) following the exclusion
of those participants who failed to reach the passing criterion
on implicit training (n¼5). Although this significantly reduces
the statistical power of the analyses reported, such participant
numbers are not uncommon in tasks of this nature: Yorio et al.
(2008) reported data from a sample of 10 participants, Haim-
son's two experiments involved samples of 12 and 8, and the
second study reported inWang and Dymond (2013) included 13
participants. Given the rigorous accuracy criteria which must
be passed in such experimental paradigms (i.e. 480%; see
Table 1), a high failure rate appears inevitable, leading to
reduced participant numbers for inclusion in final analyses.
That notwithstanding, any results reported or conclusions
offered here must be considered speculative and requiring of
further experimentation with larger samples to be verified.

In addition, it would be of interest to compare the beha-
vioural and electrophysiological responses during derivation
tests of those who pass the criterion with those who fail to
meet the passing level. It would be particularly instructive to
explore whether a unique set of structures are activated for
correct relational processing, or whether failure to derive is
instead determined by failure to activate a common set of
areas within a specific time window, as has been seen for other
cognitive functions (e.g. response inhibition; see Garavan et al.,
2002). Finally, functional neuroimaging during a comparable
paradigm would be of benefit in elucidating the precise cortical
network involved in this form of relational cognitive operation,
while transcranial magnetic stimulation (TMS) over prefrontal
and posterior parietal regions during such a task could help to
ascertain which of these regions are necessary, rather than
merely sufficient, for successful relational processing to occur.

In conclusion, here we report preliminary data suggesting that
a right posterior P3a ERPwaveform componentmay constitute an
electrophysiological marker of relational complexity among
directly trained and derived relations, with larger amplitudes
associated with the more complex equivalence relations. This
difference was observed in the absence of response latency
differences, and may reflect the activity of a right hemisphere
prefrontal–parietal circuit specialised for relational-type proces-
sing, though the results must be interpreted with caution given
the small sample size. We believe this may constitute a tentative
first demonstration of differences in brain electrophysiology in
the transformation of stimulus functions through derived rela-
tions of hierarchical levels of complexity.
4. Experimental procedure

4.1. Participants

A convenience sample of 15 participants (5 male; age range 18–23
years; mean age¼20.0 years) was recruited for this experiment.
All participants were native English speaking, right-handed with
normal or corrected-to-normal vision, and were free from any
self-reported history of neurological disorders, brain injuries or
family history of psychotic illness. Five participants (2 male) were
excluded from the analysis due to failure to meet implicit
training criterion (see Section 4.3.3). The remaining sample
(n¼10) fell within normal ranges for the National Adult Reading
Test (Nelson, 1982) estimates of IQ (Full Scale IQ¼112.3, Verbal
IQ¼110.5, Performance IQ¼111.5). Participants were informed
that they would be taking part in a study involving European
brand products, about which they would be given the opportu-
nity to learn. Each participant received 10 Euro on completion of
the experiment. Written informed consent was obtained from all
participants prior to the beginning of the study. Furthermore, all
experimental work was conducted in accordance with the ethical
standards set forth by the APA and the World Medical Associa-
tion and was approved by the local ethics committee.

4.2. Implicit training tasks

4.2.1. Apparatus and stimuli
Two arbitrary shapes (9.5 cm�9.5 cm in size; see Fig. 1) were
employed to establish two contextual cues; ‘Same’ and
‘Opposite’, using a modified version of the ‘Picture–Picture’
paradigm (Levey and Martin, 1975; see Hughes, 2012,
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unpublished data) during the contextual cue training phase
of the experiment. For the relational training phase, six
foreign brand names (Ciney, Witkap, Gageleer, Pardal, Zatte
and Ettalas) were trained as two three-member stimulus
equivalence classes (i.e. Ciney–Witkap–Gageleer and Pardal–
Zatte–Ettalas; cf. Hughes, 2012, unpublished data). Five
positively-valenced (appetitive) adjectives (delicious, fresh,
tasty, sweet, yummy) and five negatively-valenced (aversive)
adjectives (disgusting, stale, nasty, sick, rotten) were used in
the function training phase and in the derivation task. All
stimuli were presented in Visual Basic 2010. Participants were
given access to a QWERTY keyboard for responses. Finally,
explicit stimulus-rating scales were employed to obtain
participants' ratings of the likeability of each of the brands.

4.3. Procedure

The study consisted of six distinct experimental stages: a
control task (the National Adult Reading Test; Nelson, 1982),
contextual cue training, relation training, function training, a
derivation test (during which high-density EEG was recorded),
and explicit stimulus ratings. The National Adult Reading Test
was administered to ensure that participants were matched in
terms of IQ (cf. Wang and Dymond, 2013; O'Hora et al., 2008).

4.3.1. Contextual cue training
During this phase, two contextual cues (‘Same’ and ‘Opposite’)
were established by preferentially reinforcing the selection of
one of two arbitrary stimuli (Fig. 1) in the presence of two
pictures (9.5 cm�9.5 cm in size), in a desired context. On-
screen instructions prompted participants to “choose the
symbol that describes the relationship between the two
pictures at the top of the screen”. The two arbitrary symbols
appeared on screen in the bottom left-hand and right-hand
corners, respectively (Fig. 1). Participants were instructed to
press the ‘D’ key to select the symbol on the left or the ‘K’ key
to select the symbol on the right. Selection of the correct
contextual cue in a given trial was necessary for participants
to progress to the next trial. Trials were separated by an inter-
trial-interval of 500 ms. When an incorrect response was
made, participants were required to make the correct response
in order to continue. Within each block of trials, the location of
the ‘Same’ and ‘Opposite’ cues was varied between the bottom
left- and right-hand sides of the screen. Once participants
reached a level of 100% accuracy across 20 successive trials (of
a possible 150 trials), they were exposed to a single test block
to ensure that the cues had acquired the correct meaning, i.e.
‘Same’ and ‘Opposite’. Correct responses were required on at
least 80% of testing trials (24 in total) for participants to
progress to the relational training phase.

4.3.2. Relational training
Once learned, the ‘Same’ and ‘Opposite’ cues were used to
establish two three-member equivalence classes using brand
names; Ciney-Same–Witkap-Same–Gageleer (i.e. A1–B1–C1)
and Pardal-Same–Zatte-Same-Ettalas (A2–B2–C2); (cf. Hughes,
2012, unpublished data). Relational training consisted of three
distinct phases: (i) AB relation training, (ii) BC relation training,
and (iii) AB and BC relation training combined. The AC relation
was not directly trained (i.e. Ciney-Same-Gageleer, Ciney-
Opposite-Ettalas, Pardal-Same-Ettalas and Pardal-Opposite-
Gageleer were not presented together) at any point during
the training task. Each phase of relational training consisted of
a maximum of three separate blocks of 50 trials. Participants
were asked to learn about the series of brand names, using the
two arbitrary symbols. During the first training phase (i.e. A–B),
participants were instructed to learn about four of the six
brands. Four relations were established by preferentially rein-
forcing the selection of the correct contextual cue in the
presence of given stimulus pair (i.e. Ciney-Same-Witkap;
Pardal-Same-Zatte; Witkap-Opposite-Pardal; Zatte-Opposite-
Ciney). Participants were asked to “choose the symbol which
describes the relationship between the two brand names at
the top of the screen”. For example, when A1–A2 or B1–B2 was
presented, the selection of the ‘Same’ cue constituted a correct
response and permitted progression to the next trial.

Conversely, when A1–B2 or A2–B1 was presented together, a
correct response involved the selection of the ‘Opposite’ cue.
Responses were made using the ‘D’ and ‘K’ keys on the key-
board, as before. When a correct response was made, the word
‘correct' appeared at the bottom of the screen for 1000ms,
followed by a 1000ms interval, before the task progressed to
the next trial. When an incorrect response was made, partici-
pants were required to make the correct response to move on to
the next trial. The location of the ‘Same’ and ‘Opposite’ cues
was, again, varied between the bottom left- and bottom right-
hand sides of the screen within each block. The second training
phase proceeded in a manner identical to the first, with the
exception that four additional relations were established (A2-
Same-A3; B2-Same-B3; A2-Opposite-B3; B2-Opposite-A3). In the
third training phase, participants were re-exposed to the eight
relations which had been established in phases one and two. In
order to proceed from one training phase to the next, partici-
pants were required to meet a mastery criterion of twenty
consecutive correct responses on each training (with corrective
feedback) phase, followed by a minimum of 80% correct
responses on each test phase. Participants who failed to reach
this criterion (five in total) were thanked and debriefed, dis-
missed and their data omitted.

4.3.3. Function training
Following successful establishment of the two stimulus
equivalence classes, a ‘Positive/Negative’ function (appetitive/
aversive) was generated, using a modified ‘Picture–Picture’
paradigm (Levey and Martin, 1975; cf. Hughes, 2012, unpub-
lished data) once again. The positive function was established
for A1 (Ciney) and the negative function established for B1
(Pardal). A single trial consisted of either A1 or B1, presented
with one of ten adjectives (five appetitive, five aversive) at the
top of the screen. As before, the two contextual cues appeared
on the bottom half of the screen (Fig. 1). The relations ‘A1-
Same-Appetitive’, ‘A1-Opposite-Aversive’, ‘B1-Same-Aversive’
and ‘B1-Opposite-Appetitive’ were established by preferential
reinforcement of the correct contextual cue in the presence of
given stimulus pairs. As before, participants were provided
with corrective feedback on each trial, and the same mastery
criterion used in the relational training phase was applied.
Upon successful completion of function training, participants
underwent EEG preparation before progressing to the
derivation task.
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4.3.4. Derivation task
Participants completed a derivation task in order to deter-
mine if the two stimulus equivalence classes were formed as
predicted and also to determine if the functions established
for Ciney and Pardal were transformed through Witkap and
Pardal to Ettalas and Gageleer. Each trial presented one of the
six brand names with either an appetitive or aversive adjec-
tive along with the two contextual cues (Levey and Martin,
1975; cf. Hughes, 2012, unpublished data). The derivation task
consisted of three blocks, each containing 100 trials. Each
brand was presented in the presence of each adjective on five
occasions (2 brands�10 adjectives�5 trials�3 blocks¼300
trials). Participants were, again, asked to “choose the symbol
which describes the relationship between the brand name
and the adjective (descriptive word) on-screen”. In the first
block, only two of the brands (C1 and C2) were presented with
the valenced adjectives (i.e. the equivalence relation). In the
second block, two more of the brands (B1 and B2) were
presented with the valenced adjectives (i.e. the symmetry
relation). In the final block of trials, the remaining two brands
(A1 and A2) were presented with the valenced adjectives (i.e.
the directly trained relation). No feedback was provided for
any response produced during the derivation task and the
order of presentation of the three derivation test blocks was
counter-balanced across participants, but failure to meet
accuracy criteria resulted in 7 participants allocated to the
C–B–A condition and 3 participants in the A–B–C condition.
4.3.5. Explicit stimulus ratings
In this phase of the experiment, participants were asked to
rate how likeable the six brands were, using a series of 9-point
Likert scales, which ranged from �4 (negative/not likeable) to
þ4 (positive/likeable), where zero denoted a neutral response.
Participants were also asked to state the meaning they had
ascribed to the two contextual cues at the beginning of the
experiment (to ensure that the correct meanings had been
established). Following completion of these ratings partici-
pants were fully debriefed, thanked for their participation,
paid a sum of 10 euro and dismissed.
4.4. Electrophysiological recording

EEG activity was recorded from 128 silver/silver chloride
electrodes (BrainVision©; BrainProducts GmbH, Germany) over
the surface of the scalp mounted within an elastic cap
fastened with a chin strap (Easy-Cap©), in accordance with
the extended version of the International 10–20 system for
electrode placement (American Encephalographic Society,
1994). Electro-conductive gel (Abralyt 2000; Easy-Cap©) was
placed into the 128 electrode sites with a 10ml flat-tipped
syringe. The reference electrode was located on the nasion at
the tip of the nose and four EOG electrodes were positioned
around the eyes to record blinking. Two electrodes were
placed at the external canthi of the eyes to record horizontal
movements, and one on the inferior and superior ridges of the
orbit of the left eye to record vertical movements. Blinks were
averaged off-line and a blink reduction algorithm was applied
to the data. This algorithm involved automatic artefact correc-
tion (Scherg and Berg, 1991; Ille et al., 2002).
The impedance level was kept to below 10 kΩ in all cases.
The voltage differences between the 128-channel electrodes
and the reference electrode were extracted as electrical wave-
forms, which were then amplified using a band-pass of 0.16–
100 Hz and a gain of 1000. The conversion rate was 2000 Hz per
channel and the range was 150 V. The amplifier used was
supplied by BrainVision. Recordings were notch-filtered offline
at 50 Hz. EEG data were digitised at a sampling rate of 500 Hz
and were averaged offline using BESA software. After electro-
physiological preparation, participants were seated approxi-
mately 50 cm from an LCD computer screen, on their own in a
darkened, copper-plated shielded and sound attenuated test-
ing cubicle, measuring 150 cm�180 cm with access to a
mouse for responses. Participants were asked to keep move-
ments to a minimum due to potential artifacts induced by
blinks, facial and head movements.

4.5. Electrophysiological data processing

Epochs that exceeded the maximum amplitude of 50 mV were
discarded from the analysis. Stimulus-locked average ERPs were
created by averaging the EEG using stimulus presentation as the
trigger. ERPs time-locked to the onset of the stimulus presenta-
tions were computed for each subject at all scalp sites, with
epochs of �200ms to 1000ms. Three conditional ERPs were
created based on stimulus presentation; directly trained, sym-
metry and equivalence relations. These three types of relation
were compared across participants. Only correct responses were
included in ERP analysis. ERP component structure was defined
in an a priori manner with no prior knowledge of the pattern of
effects the data may present. An overall grand-mean waveform
was generated for each electrode by collapsing across all
conditions. Visual inspection was used to identify the major
components of interest in an a priori manner and BESA was
used to conduct selected waveform analyses.

4.6. Statistical analyses

4.6.1. Behavioural data
The experiment employed a one-way repeated-measures
ANOVA with three levels of the within-groups variable Type
of relation: directly trained, symmetry and equivalence.
Reaction Time (RT; in ms) constituted the primary dependent
variable for all behavioural analyses. Bonferroni-corrected
paired t-tests were carried out to examine behavioural differ-
ences between conditions on the derivation task. Accuracy
data were used only to determine if the performance criteria
were reached. Subject level percentage accuracy data are
presented in Table 1.

4.6.2. Electrophysiological data
The electrophysiological paradigm comprised three indepen-
dent variables: directly trained, symmetry and equivalence
relations. The dependent variable was measured using mean
amplitude. An overall grandmean waveform for each condition
at each electrode was obtained and visual inspection identified
the latency windows and electrode sites of interest. Electrode
sites were chosen based on maximal activity in areas, and
mean amplitude and/or latency data for each condition were
recorded from these electrodes. The mean amplitude for



Table 1 – Percentage correct responses to the relations present on each of the three test phases during which ERPs were
recorded.

Participant number % Correct

A block (directly trained) B block (symmetry) C block (equivalence)

1 91 91 92
2 99 100 99
3 92 97 99
4 100 99 97
5 99 100 88
6 97 97 94
7 99 99 100
8 96 99 95
9 96 98 98

10 100 99 99

Note: Table includes participants who met accuracy criteria on all phases of the training and testing only.
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certain components was extracted and repeated-measures
ANOVAs were conducted to compare conditions. Bonferroni-
corrected paired t-tests were employed to examine paired
comparisons and elucidate results from the ANOVAs.
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