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Abstract


& Analogy is important for learning and discovery and is
considered a core component of intelligence. We present a
computational account of analogical reasoning that is compat-
ible with data we have collected from patients with cortical
degeneration of either their frontal or anterior temporal
cortices due to frontotemporal lobar degeneration (FTLD).
These two patient groups showed different deficits in picture


and verbal analogies: frontal lobe FTLD patients tended to make
errors due to impairments in working memory and inhibitory
abilities, whereas temporal lobe FTLD patients tended to make
errors due to semantic memory loss. Using the ‘‘Learning and
Inference with Schemas and Analogies’’ model, we provide a
specific account of how such deficits may arise within neural
networks supporting analogical problem solving. &


INTRODUCTION


Analogy is ubiquitous in human learning and discovery
(Gentner, Holyoak & Kokinov, 2001; Holyoak & Tha-
gard, 1995), and has long been viewed as a core com-
ponent of intelligence (Sternberg, 1977; Spearman,
1923). Research on analogies in the psychometric tradi-
tion has focused on four-term problems, for example:


BLACK:WHITE::NOISY:?(1) QUIET(2) NOISIER.


Several processes are required to solve such problems
successfully. The reasoner needs to: (1) encode the
terms of the analogy; (2) search semantic memory for a
relation that connects the first two terms, BLACK and
WHITE (opposite); (3) bind this relation to the specific
concepts being related in working memory (i.e., form
the proposition ‘‘BLACK is the opposite of WHITE’’);
and (4) map the resulting proposition to the third and
possible fourth terms to infer an answer (BLACK maps to
NOISY and WHITE maps to QUIET, based on the
proposition ‘‘NOISY is the opposite of QUIET’’).
Analogical reasoning thus requires the ability to retrieve
information from semantic memory, together with the
ability to form and manipulate mental representations of
relations between objects and events in working
memory.


The goal of the present article is to present evidence
concerning the breakdown of the component processes
of analogical reasoning in patients suffering from cortical
degeneration, and to simulate the findings using a


neurocomputational model of analogical reasoning,
‘‘Learning and Inference with Schemas and Analogies’’
(LISA; Hummel & Holyoak, 1997, 2003). Previous re-
search has shed some light on the neural substrate of
analogical reasoning, and numerous computational
models of analogy have been developed. However, the
links between detailed process models of high-level
reasoning and investigations of its neural basis have
been tenuous. Our aim is to provide an example of
how a computational model of reasoning can be used to
help understand the processes that operate at the
neural level to enable complex reasoning in normal
individuals, and how frontal versus temporal lobe de-
generation may selectively impair these processes.


Neural Substrate for Analogical Reasoning


Both computational analyses and empirical evidence
suggest that analogical reasoning depends on working
memory. For example, experiments utilizing dual-task
methodology have shown that the processes of binding
and mapping used in analogical reasoning require work-
ing memory (Morrison, Holyoak, & Truong, 2001; Waltz,
Lau, Grewal, & Holyoak, 2000; Baddeley, Emslie, Ko-
lodny, & Duncan, 1998). Other studies have shown that
working memory is at least in part realized in subareas of
the prefrontal cortex, which have been implicated both
in tasks that involve simple short-term maintenance and
in more complex manipulation tasks characteristic of the
central executive (see Kane & Engle, 2003; Miller &
Cohen, 2001; D’Esposito, Postle, & Rypma, 2000, for
reviews).
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Recent studies have implicated the prefrontal cortex
specifically in reasoning tasks. Wharton et al. (2000) used
positron emission tomography to investigate brain acti-
vation associated with solving geometric analogy prob-
lems. Participants judged whether two sets of objects
were identical (literal condition) or analogous (analogy
condition). Regions active during analogy but not during
literal comparison included the left dorsomedial prefron-
tal cortex, Brodmann’s area (BA) 44 and 45 (also see Luo
et al., in press). Other studies have examined the Ravens
Progressive Matrices test (RPM; Raven, 1938), a task
cognitively and psychometrically similar to analogical
reasoning (Snow, Kyllonen, & Marshalek, 1984). Waltz
et al. (1999) found that frontal lobe FTLD patients
showed a marked deficit in RPM-type problems that
required integration of two relations compared with
normal controls and FTLD patients with anterior tempo-
ral lobe damage. The frontal lobe FTLD patients per-
formed comparably to the other groups on less complex
RPM-type problems that could be solved using zero or
one relation. Waltz et al. interpreted this result, as well as
similar findings with deductive reasoning problems, as
evidence that the prefrontal cortex is important for the
integration of multiple relations, a process required to
solve reasoning problems that are relatively complex
(Robin & Holyoak, 1995; Halford, 1993; Halford, Wilson
& Phillips, 1998). Several studies using functional mag-
netic resonance imaging (fMRI) have shown bilateral
prefrontal cortex activation during RPM problem solving
(Prabhakaran, Smith, Desmond, & Glover, 1997) with
progressively greater involvement of the right dorsolat-
eral and anterior prefrontal cortex at higher levels of
relational complexity (Kroger et al., 2002; Christoff et al.,
2001). Integrating relations requires the brain to rapidly
acquire new connections (Hummel & Holyoak, 1997,
2003), a capability that has been described as one of
the core functions of the prefrontal cortex (Miller &
Cohen, 2001; Rolls, 1996). Cell recordings with primates
(Asaad, Rainer, & Miller, 1998), as well as human studies
(Cools, Clark, Owen, & Robbins, 2002; O’Doherty, Krin-
gelbach, Rolls, Hornak, & Andrews, 2001), have demon-
strated the underlying neural correlates of such rapid
learning associated with the prefrontal cortex.


Processing analogies also is likely to utilize inhibitory
mechanisms to manage information in working memory.
Considering our earlier verbal analogy example:


BLACK:WHITE::NOISY:?(1) QUIET(2) NOISIER,


if the semantic association between NOISY and NOISIER
is stronger than that between NOISY and QUIET, the
correct analogical response, then QUIET may initially be
less active than the distractor item, NOISIER. Thus,
during analogical reasoning, it may be important to
inhibit information that is semantically related to the
analogy but competes against the relational match.
Behavioral studies of analogical mapping have shown
that the ability to identify relational correspondences is


impaired when competing featural matches are present
(e.g., Holyoak & Koh, 1987; Ross, 1987, 1989; Gentner &
Toupin, 1986). More generally, many researchers have
suggested that inhibition is an important mechanism for
complex cognition (see Kane & Engle, 2003; Dempster
& Brainerd, 1995; Dagenbach & Carr, 1994, for reviews),
and that changes in inhibitory control may explain
important developmental trends (Bjorklund & Harnish-
feger, 1990; Diamond, 1990; Hasher & Zacks, 1988) and
individual differences (Kane & Engle, 2003; Dempster,
1991) in complex cognition.


Many researchers have viewed inhibition as an impor-
tant function of the prefrontal cortex (see Kane & Engle,
2003; Miller & Cohen, 2001; Shimamura, 2000, for re-
views). Many complex executive tasks associated with
frontal lobe functioning (e.g., Tower of Hanoi or Lon-
don, Wisconsin Card Sorting) have important inhibitory
components (Miyake, Friedman, Emerson, Witzki, &
Howerter, 2000; Welsh, Satterlee-Cartmell, & Stine,
1999). Shimamura (2000) has suggested that the role
of the prefrontal cortex is to dynamically filter informa-
tion, a process that requires the use of both activation
and inhibition to keep information in working memory
relevant to the current goal. Miller and Cohen (2001)
have suggested that ‘‘the ability to select a weaker, task-
relevant response (or source of information) in the face
of competition from an otherwise stronger, but task-
irrelevant one [is one of the most] fundamental aspects
of cognitive control and goal-directed behavior’’ (p. 170),
and is a property of the prefrontal cortex.


An addition to working memory and inhibitory mech-
anisms, analogical reasoning also requires the ability to
access semantic information in order to retrieve and
encode the relations relevant to the analogy. While there
is considerable debate about how semantic information
is stored in the brain (Markowitsch, 2000), it seems clear
that the temporal lobes are critical for the preservation
of semantic memory (Hodges, 2000) and the relational
information necessary for analogical reasoning. The
anterior temporal cortex appears to be particularly
important for verbally mediated conceptual knowledge
(Mummery et al., 1999; Martin, Wiggs, Ungerleider, &
Haxby, 1996).


Overview of the Present Study


In this study, we report two experiments investigating the
role of the prefrontal cortex and the anterior temporal
cortex in analogical reasoning, and a LISA simulation of
the results of the second study. These experiments were
performed with patients diagnosed with frontotemporal
lobar degeneration (FTLD). FTLD is a regional neurode-
generative etiology of dementia distinct from Alzheimer’s
disease (e.g., Hodges & Miller, 2001; Neary et al., 1998).
Based on clinical features and neuroimaging (see
Figure 1), FTLD patients can be divided based on their
primary locus of damage. Frontal lobe FTLD patients
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typically present with behavioral disturbances and have
damage to the orbital medial regions of the prefrontal
cortex, which extends into the dorsolateral prefrontal
cortex and inferior frontal gyrus as the disease progresses
(Hodges & Miller, 2001). Temporal lobe FTLD presents
with a loss of conceptual knowledge, fluent aphasia, and
late emotional changes. Damage is most apparent in the
anterior temporal cortex (Hodges & Miller, 2001). Studies
of FTLD patients can provide a useful complement to
neuroimaging studies by making it possible to investigate
the global roles of frontal and anterior temporal lobes in
reasoning. The present study compares the performance
of frontal and temporal lobe FTLD patients to that of age-
and education-matched controls.


Analogy Experiments


Both experiments involved solving analogy problems. In
Experiment 1, participants answered analogy problems
based on a paradigm initially developed by Markman


and Gentner (1993). On each trial in this task, partic-
ipants first studied pairs of pictures containing multiple
objects and at least one dominant relation, which is
present in both pictures (see Figure 2 for an example).
The experimenter then indicated one object in the top
picture and asked the participant to select one object in
the bottom picture that ‘‘goes with’’ the indicated
object. In each case, the indicated object could plausibly
be mapped to two different objects in the bottom
picture—one that matches based on featural attributes
(a featural match), and one that matches based on its
relation(s) to other object(s), that is, based on an
analogy between the two pictures (a relational match).
Typically, participants select either the featural or rela-
tional match. To identify the relational match for these
complex visual analogies, it will generally be necessary to
encode and manipulate multiple relations among the
depicted objects. Using this task, Waltz et al. (2000)
demonstrated that dual tasks designed to interfere with
working memory decrease the number of relational


Figure 1. Positron emission tomography scan from patient HS at rest. HS, who was diagnosed with frontal lobe FTLD (later autopsy confirmed),
participated in both Experiments 1 and 2.


262 Journal of Cognitive Neuroscience Volume 16, Number 2







responses given, with a corresponding increase in the
number of featural responses. In addition to the working
memory resources needed to represent and manipulate
relations, this task likely requires inhibition of the salient
featural match in order to facilitate relational processing.
We hypothesized that frontal lobe FTLD patients will
give fewer relational responses because they have di-
minished ability to represent relations and learn analog-
ical correspondences, and because they will have
difficulty inhibiting the salient featural match in order
to produce a less-salient relational response.


In addition, the picture analogy task also requires
retrieval of conceptual knowledge from semantic mem-
ory to encode the relations necessary to process the
analogy. We hypothesized that temporal lobe FTLD
patients would favor featural over relational responses
due to the perceptual similarity of featural matches to
the indicated objects and the patients’ diminished se-
mantic memory, making access to the relational infor-
mation necessary to process the analogy more difficult.


In Experiment 2, we examined a verbal analogy task
that allowed us to better characterize the specific analogy
processing failures in the frontal and temporal lobe FTLD
patients. Problems of the form A:B:C:D or D0 (adapted
from Sternberg & Nigro, 1980) were used. These prob-


lems varied the association between C:D and C:D0 word
pairs. A semantic facilitation index (SFI) was calculated
for each problem to characterize the association of the
correct relational pair (C:D) relative to the distractor pair
(C:D0). For example, for the problem


PLAY:GAME::GIVE:?(1) PARTY(2) TAKE


the C:D pair (GIVE:PARTY) is less associated than is the
C:D0 pair (GIVE:TAKE), giving the problem a negative
SFI score. The problems were divided into three groups:
negative SFI, neutral SFI, and positive SFI.


We predicted a different pattern of results for frontal
and temporal patients. Because these simple four-term
analogy problems are each based on a single relation
between the A and B terms (unlike the more complex
picture analogies used in Experiment 1), it should be
possible for frontal patients to perform the basic ana-
logical mapping despite their diminished working mem-
ory. In the positive and neutral SFI conditions, the
analogical answer (D) does not face competition from
a competitor (D0) that is more strongly associated with
the C term. Accordingly, the analogical answer can
simply be activated and produced as a response. How-
ever, in the negative SFI condition, the D0 foil is in fact
more strongly associated with C than is the analogical
response D. It follows that in order to generate the
analogical answer, it will be necessary not just to activate
it, but to rapidly learn the analogical correspondences so
that activation of the analogical answer D can be main-
tained in the face of automatic activation of the foil D0. It
will then be necessary to inhibit the D0 response so that
the analogical response D can be made. Because of their
postulated deficits in both rapid learning and inhibitory
control, we predicted that frontal patients would be
selectively impaired in the negative SFI condition rela-
tive to the positive and neutral SFI conditions. In
contrast, we predicted that temporal patients would
show a more uniform decline in verbal analogy perfor-
mance across all three conditions due to their loss of the
conceptual information necessary to encode the rela-
tions in the analogy problem.


LISA: A Neurocomputational Model of Analogical
Reasoning


In an effort to substantiate the importance of semantic
memory, working memory, and inhibition in analogical
reasoning, we modeled the deficits in patient perfor-
mance in LISA (Hummel & Holyoak, 1997, 2003), a
symbolic–connectionist model of analogical reasoning.
Although numerous computational models of analogy
have been developed (see French, 2002, for a review),
no other such model has been used to simulate neuro-
psychological data.


LISA represents propositions using a hierarchy of
distributed and localist units (see Methods, Figure 5).
LISA includes both a long-term memory for propositions


Figure 2. Example problem from picture analogy task (Experiment 1).


Adapted from Tohill and Holyoak (2000).
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and concept meanings and a limited-capacity working
memory. LISA’s working memory representation, which
uses neural synchrony to encode role-filler bindings,
provides a natural account of the capacity limits of
working memory because it is only possible to have a
finite number of bindings simultaneously active and
mutually out of synchrony (see Appendix A in Hummel
& Holyoak, 2003, for details). Units representing one
analog (the driver) are activated in working memory,
and reasoning proceeds by passing activation from these
units through distributed semantic units to units repre-
senting the recipient analog in long-term memory. As
units in the recipient analog are fired they enter working
memory, remaining in active memory when they are not
currently being fired. LISA also includes a set of map-
ping connections between units of the same type (e.g.,
object, predicate) in separate analogs. These connec-
tions grow whenever the corresponding units are active
simultaneously, and thereby permit LISA to learn the
correspondences between structures in separate ana-
logs. They also permit correspondences learned early in
mapping to influence the correspondences learned lat-
er. Hummel and Holyoak (1997, 2003) hypothesized
that the rapid learning of mapping connections is an
important function of working memory as implemented
in the prefrontal cortex, consistent with recent work by
Asaad et al. (1998). The behavioral experiments and
computational simulations reported here serve as addi-
tional tests of this hypothesis.


In addition to the mapping connections, several other
aspects of LISA’s operation also map onto functions
associated with the prefrontal cortex and anterior tem-
poral cortex. Inhibition (considered an important func-
tion of the prefrontal cortex) plays a central role in
several aspects of LISA. These include: (a) LISA’s ability
to select items for placement into working memory; (b)
its working memory capacity for role-filler bindings; (c)
its ability to control the spreading of activation in the


recipient (i.e., its ability to disambiguate which elements
of the recipient correspond to the active units in the
driver); and (d) its ability to use competition among
mapping connections to enforce structural constraints
on the discovery of analogical mappings, particularly the
constraint that mappings tend to be one-to-one (see
Holyoak & Thagard, 1989). Damage to the prefrontal
cortex is expected to adversely affect all these aspects of
LISA’s ability to solve analogies. Damage to the anterior
temporal cortex—and the resulting loss of semantic
knowledge—corresponds in LISA to a loss of connec-
tions between the semantic properties of relational roles
(i.e., semantic units) and units representing those roles
in long-term memory.


RESULTS


Experiment 1: Picture Analogy Task


The results from the picture analogy task are summa-
rized in Figure 3. Frontal lobe FTLD patients chose
fewer relational responses and more featural responses
than control participants, t(18) = 5.2, p < .001 and
t(18) = 4.0, p < .001, respectively. Frontal lobe FTLD
patients showed a trend toward choosing more unre-
lated choices than control participants, but this trend
was not reliable, t(16) = 1.6, p = .14. Likewise, tempo-
ral lobe FTLD patients also chose fewer relational
responses and more featural responses than did con-
trol participants, t(18) = 3.8, p = .001 and t(18) = 3.0,
p = .007, respectively. Temporal lobe FTLD patients
chose no more unrelated objects than did control
participants, t(18) = �0.527, ns.


When frontal lobe FTLD patients did report relational
answers, they usually were solving problems in which
the relational match was also spatially aligned (e.g.,
objects on the left in both top and bottom pictures),
or in which the target object and the relational match


Figure 3. Results of picture
analogy task (Experiment 1).


Both frontal and temporal lobe


FTLD patients show a reliable
decrease in the number of


relational responses, with a


corresponding increase in


featural responses, compared
to age- and education-matched


control participants.
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also shared some perceptual similarity. This finding
suggests that frontal lobe FTLD patients were more
likely to choose the relational answer when it was
supported by perceptual cues, minimizing the need to
inhibit competing information. Temporal lobe FTLD
patients distributed their relational responses more
evenly across the set of 10 picture pairs.


Experiment 2: Verbal Analogy Task


The results from the verbal analogy task are summarized
in Figure 4A. Frontal lobe FTLD patients made more
errors than did control participants, F(1,19) = 11.5,
MSE = 0.038, p = .003. Likewise, temporal lobe FTLD
patients also made more errors than did control partic-


ipants, F(1,19) = 18.8, MSE = 0.038, p < .001. Testing
our specific hypothesis, we found that frontal lobe FTLD
patients showed a specific deficit in negative SFI prob-
lems relative to neutral and positive SFI problems rela-
tive to control participants, F(1,19) = 5.0, MSE = 0.140,
p = .04. In contrast, temporal lobe FTLD patients did
not show this pattern, F(1,19) < 1, MSE = 0.140, ns.


Simulation of Verbal Analogy Task in LISA


LISA simulations were performed for the verbal analogy
task, which allowed better control of stimulus variables
than did the picture analogy task. Our intent was to
model three key characteristics of the verbal analogy
data presented in Figure 4A: (1) control participants


Figure 4. Results of verbal


analogy task (Experiment 2).


(A) Temporal lobe FTLD


patients show a uniform
decrease in verbal analogy


performance regardless of SFI


problem type, whereas frontal


lobe FTLD patients show a
greater deficit in negative SFI


problems than in neutral or


positive problems. Error bars
reflect ±1 standard error of the


mean. (B) Simulation of patient


performance using the LISA


model.
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show no effect of SFI problem type; (2) temporal lobe
FTLD patients show depressed performance that is
relatively unaffected by SFI problem type; and (3)
frontal lobe FTLD patients show a specific deficit on
negative SFI problems relative to neutral and positive
SFI problems. A full description of the assumptions
made in modeling the verbal analogy task is presented
in the Methods section of this article. In brief, we
created representations for the various SFI problem
types by assuming word pairs that are highly associated
in long-term memory have more relational instances
(i.e., propositions explicitly relating them) in long-term
memory relative to less associated word pairs. Frontal
lobe FTLD patient performance was simulated in LISA
by decreasing the learning rate for mapping connec-
tions and recipient inhibition level. In contrast, tempo-
ral lobe FTLD patient performance was simulated by
increasing the semantic death rate (the probability, p, of
losing a connection between a semantic unit represent-
ing a relational role and a predicate unit for that role).
These alterations were based on the current concep-
tions of the deficits caused by these two subtypes of
FTLD: Frontal lobe damage results in the loss of ability
to rapidly form associations and inhibit irrelevant stim-
uli, whereas temporal lobe damage leads to semantic
memory loss.


Because of the stochastic nature of the simulations,
we ran 40 trials per problem type with model parameter
settings corresponding to the various patient groups.
LISA’s mean percent correct for each of the conditions is
shown in Figure 4B; the model’s performance can be
compared with the patient data shown in Figure 4A. The
simulation results, like the patient data, show all three
patterns described above. Additional simulations re-
vealed that to simulate the performance of frontal lobe
FTLD patients, it is in fact necessary to impair both LISA’s
rapid learning and its recipient inhibition; neither factor
alone is sufficient.


DISCUSSION


Our goal in this study was to investigate the neural basis
of analogical reasoning. In two experiments, we found
that frontal and temporal lobe FTLD patients both
exhibit deficits in analogical reasoning relative to age-
matched controls, but that the underlying basis for their
deficits appears to differ. When given pairs of complex
pictures (Experiment 1), both patient groups were
impaired in selecting a relation-based match for an
object in the presence of a salient feature-based match.
Although their diminished level of relational responses
was comparable, there was some evidence that the
underlying deficit differed for the two groups. Frontal
lobe FTLD patients were relatively likely to generate the
relational response for those picture pairs in which
perceptual cues, such as spatial position, were correlat-
ed with the relational response, suggesting that their


overall relational deficit was due at least in part to
impairment in the ability to inhibit the competing
feature-based match. In contrast, temporal lobe FTLD
patients were more uniformly impaired in relational
responding across all picture pairs, suggesting that their
underlying deficit involved loss of the conceptual knowl-
edge required to encode the depicted relations.


The dissociation between the deficits of the two patient
groups was revealed more clearly in Experiment 2, in
which participants were asked to solve two-alternative
verbal four-term analogy problems in which the asso-
ciation strength of the analogical response was greater
than (positive SFI), equal to (neutral SFI), or less
than (negative SFI) that of the foil. These problems
can be solved on the basis of a single relation, and
hence, even frontal lobe FTLD patients are capable of
performing the necessary mapping and making the
analogical response for positive and neutral SFI prob-
lems. However, frontal lobe FTLD patients were selec-
tively impaired in solving the negative SFI problems,
which require rapid learning of the analogical response
so that its activation can be maintained, coupled with
inhibition of the more highly associated foil. Temporal
lobe FTLD patients, in contrast, were more uniformly
impaired across all problem types, as would be ex-
pected if the source of their reasoning deficit involved
neither analogical mapping nor inhibition, but rather
loss of the underlying conceptual knowledge in long-
term memory required to encode the relation between
the A and B terms of the analogy. This finding is
consistent with many studies of patients with temporal
lobe FTLD that have found poor semantic memory
performance in patients with damage to the anterior
temporal cortex (Mummery et al., 1999; Hodges, Pat-
terson, Oxbury, & Funnell, 1996).


The postulated deficits in the frontal and temporal
lobe FTLD patient groups on the verbal analogy task
were modeled within an integrated neurocomputation-
al model of analogical reasoning, LISA (Hummel &
Holyoak, 1997, 2003). We were able to simulate the
observed pattern of frontal lobe deficits by impairing
the rate of rapid learning of analogical connections,
coupled with reduction of inhibitory control. Both
rapid learning (Cools et al., 2002; O’Doherty et al.,
2001; Rolls, 2000; Asaad et al., 1998) and inhibition
(Miller & Cohen, 2001; Shimamura, 2000) appear to be
key functions of the prefrontal cortex. When both
these functions (not just either one alone) were
impaired in LISA, the model yielded the pattern of
selective impairment on negative SFI problems shown
by frontal lobe FTLD patients. When the extent of
semantic death (loss of connections between semantic
units representing a relational role and a predicate unit
for that role) was increased in LISA, thereby modeling
a loss of conceptual knowledge in the anterior tem-
poral cortex, the simulation yielded the pattern of
impairment found for temporal lobe FTLD patients: a
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relatively uniform decrease in accuracy across all verbal
analogy problems, regardless of SFI condition.


In summary, the LISA simulations demonstrate that
‘‘computational lesioning’’ of rapid learning mechanisms
and the inhibitory control of working memory yield
deficits in analogical reasoning qualitatively similar to
those observed with frontal lobe FTLD patients, whereas
random destruction of connections within semantic
memory yield deficits qualitatively similar to those ob-
served with temporal lobe FTLD patients. The present
study constitutes an initial step toward the goal of
understanding the mechanisms of high-level human
reasoning at a level that makes contact with what is
known about cortical functioning.


METHODS


Experiment 1: Picture Analogy Task


Participants


Characteristics of participants in Experiment 1 are
summarized in Table 1. Patients included in the study
were diagnosed with FTLD according to the diagnostic
criteria described in Neary et al. (1998). In addition,
patients included in the study had abnormal scan data
(SPECT, PET, or structural MRI; see Figure 1) and
Mini-Mental Status Examination (MMSE) scores over
15. There were no reliable differences between patient
groups and matched controls with respect to age and
educational attainment. Patients and controls were
paid US$10 in exchange for participation in a one-
hour testing session.


Materials


Picture analogy problems consisted of 10 pairs of pic-
tures, eight provided by Markman and Gentner (1993)
and two by Tohill and Holyoak (2000). Each of the
pictures showed a visual scene involving three or more
objects with at least one relation linking two of the
objects (see Figure 2). In each problem, the same
relation was present in both pictures; however, at least
one of the objects linked by the relation was different in
the two pictures (e.g., restrain [man, dog]; restrain


[tree, dog]). One object (e.g., man) in the top picture
could be matched to an object in the bottom picture
based either on a shared relational role (e.g., tree) or
featural overlap (e.g., boy). Each problem appeared on a
single sheet of paper.


Procedure


Participants were tested with a modification of Markman
and Gentner’s (1993) ‘‘one-map’’ procedure. Partici-
pants studied each problem for 10 sec. After this study
period, the experimenter pointed to the critical object in
the top picture and asked the participant to point to one
object in the bottom picture that ‘‘goes with’’ the
indicated object in the top picture. Participants indicated
their choice by pointing or saying the name of the
object. Problems were presented in a fixed order ran-
domly determined before the study. There were no
additional instructions given to the participant and there
were no example problems.


Experiment 2: Verbal Analogy Task


Participants


Characteristics of participants in Experiment 2 are sum-
marized in Table 2. Patients were selected using the
same criteria as in Experiment 1 and also received US$10
for participating in a testing session. Word association
ratings were collected from 150 undergraduate students
at the University of California, Los Angeles (UCLA) who
received extra course credit in exchange for participat-
ing. Verbal analogy problems were evaluated for difficul-
ty by 54 UCLA undergraduate students who also
received course credit in exchange for participating.


Materials


The verbal analogies were selected from a set of 200
two-choice verbal analogy problems provided by Mi-
chael Gardner (Sternberg & Nigro, 1980). The problems
were of the type A:B:C:D or D0 where participants must
select between choices D and D0 based on the relation-
ship between A and B. The correct relation pair is
designated C:D and the distractor pair is C:D0. Each pair
of words (A:B, C:D, and C:D0) were related by one of five
common relations (same, opposite, function, linear
ordering, category). Word association ratings for the
C–D and C–D0 pairs were collected from 150 UCLA
undergraduates. Participants were asked to rate ‘‘how
associated’’ the individual word pairs were using a
5-point scale. These values were normalized and an
SFI was calculated for each problem. The SFI was
defined as the difference between the z-score of the
word association for the correct pair (C:D) minus
the incorrect pair (C:D0). Thus, when the SFI is positive
for a problem, semantic associations favor the correct


Table 1. Characteristics of Patient and Control Participants for
Experiment 1: Picture Analogy


Group
Number of


Participants
Mean
Age


Mean
Education


Mean
MMSE


Frontal lobe
FTLD patients


7 64.7 15.9 25.7


Temporal lobe
FTLD patients


6 68.3 17.8 24.3


Control
participants


8 66.2 15.8 na
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analogical response. When the SFI is negative, semantic
associations between C and D0 favor the incorrect ana-
logical response. Based on their SFI values, problems
were divided into positive (SFI > .3), negative (SFI <
�.3) and neutral (�.3 � SFI � .3) SFI groups. These
problems were normed for difficulty on 54 UCLA stu-
dents, and 24 problems were chosen based on SFI,
accuracy and correct RT.


Procedure


Problems were presented one at a time using a note-
book computer. An instruction screen containing one
example was read to each participant and they had the
opportunity to ask questions. After completion of a
practice session of five problems, the experimenter
began the task. After the participant indicated their
choice either verbally or by pointing, the experimenter
recorded their choice on the computer. Problems were
presented in random order to each participant.


Simulation of Verbal Analogy Results in LISA


LISA represents propositions using a hierarchy of units
(see Figure 5 for a schematic representation of LISA’s
architecture). At the bottom of the hierarchy, ‘‘seman-
tic’’ units (small circles in Figure 5) represent objects
and relational roles in a distributed fashion. Consider
the proposition becomes (prince, king). Each role of the
becomes relation would be represented by units coding
for its semantic content (e.g., prior-state for the first
role, end-state for the second, and transition for both).


Table 2. Characteristics of Patient and Control Participants for
Experiment 2: Verbal Analogy


Group
Number of


Participants
Mean
Age


Mean
Education


Mean
MMSE


Frontal lobe
FTLD patients


7 64.7 15.9 25.7


Temporal lobe
FTLD patients


5 67.6 17.5 25


Control
participants


10 64.2 16.4 na


Figure 5. Modeling the verbal analogy task (the A:B:C:D or D0 analogy problem) in LISA. The driver is represented by a set of hierarchical units that


encode objects A and B that are related by relation r. The recipient is represented by sets of units that encode the correct relational response (D) as


related to C by relation r. The competing response is also represented in the recipient, but by units associating C and D0 by the relation s. The ratio
of proposition units in the driver for the r(C:D) and s(C:D0) is varied according to the SFI type of the problem.
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Similarly, the arguments ‘‘prince’’ and ‘‘king’’ would be
represented by units specifying their meaning (e.g.,
person, male, royalty). Predicate and object units
(triangles and large circles, respectively, in Figure 5)
represent relational roles and their fillers in a localist
fashion, and have bidirectional excitatory connections
to the corresponding semantic units. Subproposition
(SP) units (rectangles in Figure 5) bind roles to their
arguments, and have bidirectional connections to the
corresponding predicate and object units. In the case of
becomes (prince, king), one SP would bind ‘‘prince’’ to
the first role of becomes, and another would bind
‘‘king’’ to the second. At the top of the hierarchy,
proposition (P) units bind role-filler bindings into com-
plete propositions via excitatory connections to the
corresponding SPs. A complete analog (i.e., situation,
story or event) is represented by the collection of
semantic, predicate, object, SP and P units that collec-
tively code the propositions in that analog. Separate
analogs do not share object, predicate, SP or P units.
However, all analogs are connected to the same set of
semantic units. The semantic units thus permit the
units in one analog to communicate with the units in
others.


For the purposes of memory retrieval and analogical
mapping (Hummel & Holyoak, 1997) as well as analog-
ical inference and schema induction (Hummel & Holy-
oak, 2003), analogs are divided into two mutually
exclusive sets: a driver and one or more recipients.
The sequence of events is controlled by the driver: One
(or at most three) at a time, propositions in the driver
become active (i.e., enter working memory). When a
proposition enters working memory, the binding of its
roles to their arguments is represented by synchrony of
firing: All the units under a given SP fire in synchrony
with one another, and separate SPs fire out of synchrony
with one another. The result on the semantic units is a
set of mutually desynchronized patterns of activation:
One pattern for each active SP (i.e., role binding) in the
driver. In the case of becomes (prince, king), the seman-
tic features of ‘‘prince’’ would fire in synchrony with the
features of the first role of becomes, while ‘‘king’’ fires in
synchrony with the second. To represent the proposi-
tion becomes (king, prince), LISA would activate exactly
the same semantic units, but their synchrony relations
would be reversed, with ‘‘king’’ firing in synchrony with
the first role of becomes, and ‘‘prince’’ firing with the
second. The resulting patterns of activation on the
semantic units drive the activation of propositions in
the various recipient analogs, and serve as the basis for
analogical mapping, inference, schema induction, and
the other functions LISA performs (Hummel & Holyoak,
1997, 2003). The final component of the LISA architec-
ture is a set of mapping connections between units of
the same type (e.g., object, predicate, etc.) in separate
analogs. These connections grow whenever the
corresponding units are active simultaneously, and


thereby permit LISA to learn the correspondences be-
tween structures in separate analogs.


To model the verbal analogies solved by the various
patient groups in this study, we made several assump-
tions about the way people represent and solve these
problems. In the positive SFI condition, there are more
instances of relations matching A:B and C:D (the correct
response) in long-term memory than there are instances
of relations matching C:D0 (the incorrect choice); in the
negative SFI condition, there are more instances match-
ing the incorrect choice; and in the neutral SFI condi-
tion, the two choices are matched. In the simulations,
the numbers of relations assumed was 4:2, 2:4 and 3:3,
respectively. The task involves mapping the A:B pair into
long-term memory to find a match. That is, Relation 1
(A, B) serves as the driver, and the various Relation 1 (C,
D) and Relation 2 (C, D0) propositions are in the
recipient. Finding a match, that is, deciding whether
the correct answer is D or D0, is based on monitoring the
units representing D and D0 to determine which be-
comes more active.


Damage to the anterior temporal cortex corresponds
in LISA to a loss of connections between the semantic
properties of relational roles (i.e., semantic units) and
units representing those roles in long-term memory. It
was assumed that all types of participants (including
normal controls) suffer from some amount of ‘‘noise’’
in their semantic representation of the situation at
hand. This was modeled as a random input (in the
range 0. . .r) added to the inputs to the semantic units
at each instant in time. For reference, a semantic unit
receives an input of approximately 1.0 from any driver
or recipient unit to which it is connected, so the value
of r represents a proportion of this (nonrandom) input.
For these simulations the value of r was .33 for all
conditions.


We also assumed that some proportion, p, of the
connections from semantic units to units representing
tokens of relational roles (predicate units) and to object
fillers (object units) are randomly lost (‘‘semantic
death’’). To simulate normal controls and frontal lobe
FTLD patients, we set p to 0.1 (i.e., LISA forgets 10% of
the semantic connections in these conditions); to sim-
ulate temporal lobe FTLD patients, p was set to 0.75.
That is, we assume temporal lobe FTLD patients have
lost much of their semantic knowledge of what the
various relations mean.


We assume one cost of frontal degeneration is a
general loss of the ability to inhibit irrelevant informa-
tion. Accordingly, to simulate the frontal lobe FTLD
patients’ performance, we reduced ability of units in
the recipient analogs to inhibit one another to 0.4; to
simulate controls and temporal lobe FTLD patients, this
parameter was left at its default value of 1.0. We assume
that another function of the frontal lobes is to maintain a
representation of the correspondences discovered dur-
ing analog‘ical mapping (i.e., the rapid learning of new
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associations). Accordingly, to simulate frontal lobe FTLD
patients, we reduced the mapping connection learning
rate from 0.9 (its default value in LISA) to 0.4. To
simulate controls and temporal lobe FTLD patients, this
parameter was left at its default value of 0.9.
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Being	  Contagious	  


Robert	  G	  Morrison,	  Phd	  


Many	  years	  ago	  I	  was	  infected	  with	  a	  pernicious	  virus.	  Retroviruses	  are	  


fascinating	  things,	  when	  they	  infect	  a	  cell	  they	  inject	  their	  genetic	  material	  into	  the	  


host	  and	  take	  over	  its	  metabolic	  machinery.	  Keith,	  John,	  Barbara,	  Bob	  and	  Ken	  (my	  


own	  mentors)	  knew	  they	  were	  contagious,	  but	  took	  no	  precautions	  and	  infected	  me	  


during	  the	  countless	  hours	  we	  have	  spent	  working	  together.	  	  They	  innoculated	  me	  


with	  their	  passion	  and	  their	  ideas	  slipped	  into	  me	  without	  my	  notice.	  	  Once	  spliced	  


into	  my	  own	  thoughts,	  their	  memes	  replicated	  within,	  becoming	  integral	  parts	  of	  my	  


own.	  I	  never	  knew	  I	  was	  a	  host	  at	  the	  time,	  I	  just	  knew	  that	  I	  loved	  what	  I	  did	  more	  


and	  more—I	  was	  more	  engaged	  and	  more	  passionate.	  	  I	  cared	  deeply	  for	  what	  I	  did.	  	  


Insidious!	  


Now	  I	  too	  am	  contagious.	  	  I	  seek	  my	  hosts	  amongst	  the	  willing	  Loyola	  


undergrads.	  	  We	  spend	  many	  hours,	  days,	  nights,	  weekends,	  doing	  research,	  talking	  


about	  ideas,	  life,	  and	  our	  futures.	  	  Whether	  in	  the	  lab	  or	  at	  conferences,	  I	  see	  it-‐-‐clear	  


signs	  of	  transmission-‐-‐devotion,	  passion,	  and	  curiosity—late	  night	  texts	  with	  


research	  ideas!	  Most	  rewarding	  is	  when	  they	  infect	  their	  friends-‐-‐more	  students	  


every	  month	  show	  up	  at	  my	  door.	  


Neuroscience	  is	  an	  intrinsically	  interdisciplinary	  and	  collaborative	  discipline,	  


and	  there	  is	  no	  greater	  joy	  than	  to	  work	  together	  with	  my	  student	  collaborators	  as	  


we	  strive	  to	  understand	  the	  human	  mind	  and	  brain	  together.	  I	  can’t	  imagine	  


anything	  more	  fulfilling	  than	  walking	  with	  them	  as	  their	  passion	  builds	  and	  their	  


paths	  emerge,	  as	  they	  become	  successful	  scholars	  on	  their	  own.	  
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C H A P T E R


Abstract


The methods of cognitive neuroscience, notably functional neuroimaging and cognitive neuropsychology, 


are becoming increasingly important in efforts to understand the processes responsible for human 


higher cognition. Given the complexity of human thinking and reasoning, it is frequently the case that 


multiple theories can explain behavioral results. By utilizing the constraint of neural plausibility, some 


of these possibilities can be eliminated. These tools are thus beginning to help us to understand how 


thinking and reasoning actually occur in the brain. In this chapter we discuss a number of the techniques 


most frequently used to investigate higher cognition, including cognitive neuropsychology, scalp 


electroencephalography (EEG), functional magnetic resonance imaging (fMRI), and transcranial magnetic 


stimulation (TMS). We briefly survey a number of examples of how these techniques have contributed to 


our understanding of higher cognition, particularly the functions of the human prefrontal cortex.


Key Words: neuropsychology, neuroimaging, functional magnetic resonance imaging (fMRI), electrophysi-


ology, event-related potentials (ERPs), prefrontal cortex


Neurocognitive Methods 
in Higher Cognition


Introduction
For the past 40 years, neuroscience methods have 


played an increasingly important role in the study 
of cognition. It is now commonplace for cognitive 
scientists to connect cognitive processes to their 
underlying neural substrates. Th e explosive growth 
in the fi eld of cognitive neuroscience, particularly 
in perception and memory, is blurring distinctions 
between cognitive psychology and neuroscience. 
Neuroscientists are now recognizing that higher 
cognition, including the study of thinking and rea-
soning, are also tractable areas for research, which 
could greatly benefi t from attention to the con-
straint of neural plausibility.


Th e development of the fi eld of cognitive neu-
roscience is a natural consequence of the fact that 
“cognition is what the brain does.” Recent years have 
seen unprecedented development in both the study 
of cognition and of the brain. Th e development 


of neuroimaging techniques, chiefl y functional 
magnetic resonance imaging (fMRI), has clearly 
accelerated this convergent growth. Because meth-
odological developments have fueled advances in 
the cognitive neuroscience approach, this chapter is 
organized in terms of how diff erent methodologies 
are informing the fi eld.


Findings in cognitive neuroscience fall into two 
basic categories. In one category, researchers elu-
cidate brain–behavior relationships; that is, they 
assign cognitive functions to specifi c brain regions 
or circuits. In the other category, neuroscience data 
are brought to bear in order to constrain cognitive 
theories, or they are used to provide a resolution 
between two theories that are both plausible based 
on behavioral data alone. Th is second category of 
fi ndings is typically of more interest to cognitive 
scientists; however, the famous 19th-century neu-
rologist Bernhard Von Gudden was wise to caution, 
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“Faced with an anatomical fact proven beyond doubt, 
any physiological result that stands in contradiction to 
it loses all its meaning . . . So, fi rst anatomy and then 
physiology; but if fi rst physiology, then not without 
anatomy” (as cited by Brodmann, 2006, p. 262). 
Th us, understanding the functional neuroanatomy 
of the brain is the fi rst step in determining how the 
physical matter of the nervous system gives rise to 
human thought. Ultimately, this is one of the fun-
damental questions in life science. Th us, cognitive 
neuroscience is useful in that it provides additional 
methods for cognitive science, but it is also an 
important pursuit in its own right.


Methods of Cognitive Neuroscience
Building upon a long history of work in cogni-


tive neuropsychology,1 the methods of cognitive 
neuroscience are constantly evolving. In addition to 
functional neuroimaging techniques sensitive to the 
temporal dynamics or spatial localization of cognitive 
processes, researchers have also made extensive use of 
computational modeling to capture brain network 
architecture or functions, recently augmented by the 
methods of cognitive neurogenetics (see Green & 
Dunbar, Chapter 7). Here we introduce several of 
the techniques currently being used to study higher 
cognition, and we provide examples of their use (see 
Table 6.1 for a summary of methods).


Cognitive Neuropsychology
While modern “cognitive neuroscience” may 


have offi  cially begun with the coining of the term 
in the late 1970s by Michael Gazzaniga and George 
Miller (D’Esposito, 2010), the precursors of this 
fi eld can be traced to 19th-century studies of brain-
damaged patients. Th e great controversy of the time 
was between localizationism, the view that specifi c 
cognitive functions could be ascribed to particu-
lar brain regions, versus an aggregate fi eld theory, 
according to which cognitive abilities are distrib-
uted throughout the neocortex. Under the fi rst view, 
restricted damage to specifi c brain regions should 
disrupt specifi c cognitive processes while leaving 
others intact. Under the second view, the extent 
of damage to the brain is more important than the 
location of damage, with all cognitive functions 
proportionately aff ected by damage. Some of the 
most compelling data from this period arguing for 
localizationism came from two patients studied by 
Paul Broca (Lee, 1981). Th ese patients (Leborgne 
and Lelong) became unable to speak more than a 
few words. After the death of each patient, Broca 


examined their brains and determined that for both 
patients the language diffi  culties were due to dam-
age in the left inferior frontal lobe, a region now 
named Broca’s area (see Fig. 6.1). Interestingly, sub-
sequent work has shown that patients with lesions 
limited to Broca’s area do not actually exhibit the 
kind of profound defi cits in language production 
described in Broca’s original cases. Recent exami-
nation of Leborgne and Lelong’s brains with mod-
ern methods in fact demonstrate that the damage 
was much more extensive than originally described 
(Dronkers, Plaisant, Iba-Zizen, & Cabanis, 2007). 
Nevertheless, these case studies indicated that a 
complex cognitive function like language produc-
tion could be selectively aff ected by brain damage 
that generally spared other functions.


Broca’s dissociation-based approach (see Fig. 6.2), 
which looks for commonalities in spared and impaired 
function with associated brain damage across sub-
jects, has continued to be used in modern cognitive 
neuroscience. Th e power of the cognitive neuropsy-
chological approach is that it can tell us whether a 
specifi c brain region is necessary for a particular cog-
nitive function, and whether remaining regions are 
suffi  cient to support functions that are spared (i.e., 
single dissociation). In addition, even in situations 
where the location of damage is unclear, much can 
be learned about the organization of cognition by 
studying how it breaks down. For example, the appar-
ent relative sparing of language comprehension in 
patients Leborgne and Lelong, despite their severe 
diffi  culties with language production, support models 
of language in which these abilities are independent. 
Another example is the distinction between declara-
tive and procedural memory systems. Th e strongest 
evidence that memory is organized into such systems 
comes from the fact that amnesic patients are able to 
learn skills and procedures normally despite extremely 
poor memory for practice episodes (Cohen & Squire, 
1980; Knowlton, Mangels, & Squire, 1996).


Th e neuropsychological approach depends on a 
careful analysis and characterization of behavior (see 
Feinberg & Farah, 2003). Dissociations between 
cognitive functions can be interpreted in diff erent 
ways depending on the underlying psychological 
theory. Although a straightforward interpretation 
of the fi ndings from Broca’s patients suggested a 
double dissociation between language production 
and comprehension, subsequent research has shown 
that similar patients have diffi  culty with compre-
hension based on grammar. It appears more accu-
rate to describe these patients as “agrammatic.” To 
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the extent that they can produce language, they will 
produce content words, but not function words that 
would indicate the use of grammar (Kean, 1977). 
Th us, more extensive examination of behavioral 
fi ndings along with the development of new theo-
retical perspectives can lead to reinterpretations of 
neuropsychological data.


In the domain of thinking and reasoning, patients 
with frontal lobe damage are of interest because of 
the clear involvement of the frontal lobes in com-
plex cognition (see also Holyoak, Chapter 13). Focal 
lesions to the frontal lobes (e.g., following a stroke) 
are very common; however, they are likely to be uni-
lateral and restricted, making it likely that spared 
regions can take over lost functions. In addition, 


the location and the extent of the lesions often vary 
between patients, making it diffi  cult to generalize 
across cases (see Duncan & Owen, 2000). In inves-
tigations of neural mechanisms of reasoning, a great 
deal of attention has recently focused on patients 
with frontotemporal lobar degeneration (FTLD; 
e.g., Huey et al., 2009; Krawczyk et al., 2008; 
Morrison et al., 2004; Waltz et al., 1999; Zamboni, 
Huey, Krueger, Nichelli, & Grafman, 2008).2 
Although these patients are much rarer than those 
with focal frontal lobe damage, their damage is more 
encompassing of prefrontal cortex and can thus pro-
vide a good picture of its role in higher cognition.


FTLD can present with diff erent clusters of symp-
toms depending on the regions of initial involve-
ment (Mesulam, 2007; Miller, 2007). Although 
the disease ultimately progresses to involve multiple 
brain regions, in early stages it can aff ect specifi c 
regions of the brain more selectively. Th ose patients 
in the frontal-variant (also referred to as behavioral-
variant) category exhibit executive problems early 
on in the disease course. Another group of patients, 
with early involvement in the left temporal lobe, 
exhibit defi cits in semantic knowledge (i.e., seman-
tic dementia). Th ese two patient groups have been 
studied in the context of thinking and reasoning, as 
they exhibit a contrasting set of defi cits. Using the 
technique of voxel-based morphometry to quantify 
the regional extent of damage, it is possible to cor-
relate the extent of degeneration with specifi c cogni-
tive abilities (Huey et al., 2009; Rosen et al., 2002). 
Th ese studies have generally shown correlations 
between degeneration in the anterior frontal lobe 
and standardized tests of problem solving, whereas 
degeneration in other regions is strongly associated 
with other aspects of higher cognition. For example, 
degeneration in the dorsolateral prefrontal cortex 
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Fig. 6.1 Functional neuroanatomy in higher cognition. Th e 
human cerebral cortex is traditionally divided into four lobes 
(light gray labels) based on neuroanatomical landmarks (e.g., the 
horizontal fi ssure). Th ese lobes are then frequently further parti-
tioned with respect to smaller anatomical divisions (e.g., prefron-
tal cortex [PFC], rostrolateral PFC [RLPFC], dorsolateral PFC 
[DLPFC], inferior frontal gyrus [IFG], anterior temporal cortex 
[ATC]). However, sometimes brain regions are labeled with the 
name of the scientist who originally ascribed their function (e.g., 
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(e.g., motor movement, language, spacial processing).
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(DLPFC) is correlated with apathy, while degenera-
tion in the right posterior temporal lobe is related to 
the patient’s insight into his or her own behavioral 
problems (Zamboni et al., 2008).


Despite the widespread defi cits in executive 
function shown by frontal-variant patients, there 
is also evidence that there is some selectivity in 
these defi cits. For example, in tests of inductive 
and deductive reasoning, frontal-variant patients 
can perform within normal range when solving the 
problem requires only a single relation to be kept 
in mind (e.g., a Raven’s Progressive Matrix problem 
that can be solved by considering a change across 
a single dimension, such as a shape getting larger 
across a row). However, when the subject must con-
sider multiple relations simultaneously to fi nd the 
answer (e.g., the shape is getting larger across rows 
and darker across columns), frontal-variant patients 
perform at chance levels. Th ese results suggest that 
relational integration is one of the key contributions 
to reasoning made by the prefrontal cortex (Waltz 
et al., 1999).


In contrast to the performance of frontal-vari-
ant patients, those with temporal lobe involve-
ment do not appear to have a defi cit in relational 
integration. Rather, these patients exhibit defi cits 
in using semantic knowledge to make inferences 
(Krawczyk et al., 2008; Morrison et al., 2004), 
while they are often able to reason about materials 
for which semantic content is not important, such 
as the Raven’s Progressive Matrices test (Waltz et al., 
1999). Th ese results suggest that diff erent neural 
circuits subserve reasoning about familiar versus 
unfamiliar domains. One interpretation of these 
fi ndings is that reasoning based on familiar infor-
mation necessarily uses the semantic knowledge 
system—in other words, it is diffi  cult to reason with 
familiar entities as if they are arbitrary (see Evans, 
Chapter 8). In contrast, when there is an arbitrary 
relationship between items, a system for applying 
formal logical rules is engaged. Based on the results 
from FTLD patients as well as neuroimaging stud-
ies, interactions between frontal and temporal lobes 
are crucial for reasoning when semantic knowledge 
is relevant (Krawczyk et al., 2008, Luo et al., 2003; 
Morrison et al., 2004), whereas frontoparietal cir-
cuitry plays a major role in applying formal rules of 
logic to arbitrary relations (Hinton, Dymond, von 
Hecker, & Evans, 2010; Noveck, Goel, & Smith, 
2004). Because the parietal lobes remain relatively 
intact in FTLD, these patients are able to solve 
deductive and inductive reasoning problems with 


arbitrary content, particularly if they involve only 
a limited number of relations. With arbitrary rela-
tions, patients with frontal involvement perform 
poorly when they must consider multiple relations 
simultaneously in working memory (Waltz et al., 
1999) or when activated semantic information 
competes during reasoning (Krawczyk et al., 2008; 
Morrison et al., 2004). Th e study of patients with 
FTLD has provided strong support for the idea that 
reasoning with semantically meaningful and arbi-
trary relations involves diff erent neural circuitry.


Neuroimaging
Cognitive neuropsychology continues to yield 


new insights into the dissociable processes within 
the domain of reasoning. However, while this 
approach emphasizes dissociation, other approaches 
are needed to understand how regions act coop-
eratively. Neuroimaging approaches have a distinct 
advantage over cognitive neuropsychology in that 
they are noninvasive and involve relatively large 
numbers of healthy subjects, allowing greater gener-
alizability of their fi ndings. As cognitive neuropsy-
chology depends on “experiments of nature,” there 
is unavoidable variability between patients in terms 
of lesion site or course of illness, which can make 
it diffi  cult to make inferences about those regions 
responsible for observed defi cits. Neuroimaging 
approaches, on the other hand, allow one to glimpse 
the intact brain at work. Neuroimaging methods vary 
with respect to whether they measure the structure 
or function of the nervous system; however, results 
from either type of method can be correlated with 
behavioral measures to provide valuable information 
about cognitive function. Functional methods can 
in turn either directly or indirectly measure neural 
activity. For instance, scalp electroencephalography 
(EEG) directly measures changes in voltage result-
ing from fi ring neurons, whereas functional mag-
netic resonance imaging (fMRI) indirectly measures 
neuronal activity by measuring increased blood fl ow 
to the area of the brain recently active. A further 
distinction is between methods that focus on spatial 
localization (e.g., fMRI) versus those that provide 
information on temporal dynamics (e.g., EEG).


Structural Neuroimaging
Although neurologists are able to look at X-rays of 


the head to see damage to the skull, X-rays are inade-
quate to image soft tissue such as the brain. In 1974, 
brain imaging took a huge step forward with the 
development of computer axial tomography (CT or 
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CAT scan). Th is enhanced three-dimensional X-ray 
was able to resolve gray and white matter as well 
as blood and cerebrospinal fl uid. As a consequence, 
neurologists were able to see the damage caused by 
tumors and diff erent types of irregular blood fl ow 
(e.g., ischemia and aneurysms). Th is greatly facili-
tated cognitive neuropsychology because research-
ers did not have to wait until a patient died to know 
what areas of their brain were damaged. Th e devel-
opment of magnetic resonance imaging (MRI), with 
its greater white/gray contrast and fi ner spatial reso-
lution, allowed for precise volumetric measurement 
of diff erent brain structures (Raichle, 1994). Th e 
state of the art in structural MRI allows researchers 
to measure cortical thickness (Fischl & Dale, 2000) 
or white matter integrity (Filler, 2009), correlating 
it with various types of behavior and even develop-
mental change.


Comparisons can also be made across groups 
using techniques such as voxel-based morphometry 
(VBM; Ashburner & Friston, 2000), which allows 
researchers to spatially normalize brain images into 
a common stereotactic space, and then make voxel-
by-voxel comparisons of the local concentration of 
gray matter between groups. Th is technique is par-
ticularly useful for demonstrating the similarities 
of cortical damage in diff erent patients groups. For 
instance Rosen et al. (2002) used VBM to charac-
terize structural diff erences in various subtypes of 
FTLD. Variability in a particular brain region can 
also be correlated with behavioral changes (see Huey 
et al., 2009).


In a recent developmental study of reasoning, 
Dumontheil, Houlton, Christoff , and Blakemore 
(2010) tested a large group of children using a rela-
tional reasoning task that shows major behavioral 
changes during adolescence. Using structural MRI 
with both cortical thickness and VBM analyses, they 
found signifi cant reductions in gray matter but not 
white matter volume during adolescence in areas of 
prefrontal cortex functionally involved in relational 
reasoning. Th ese results suggested that improve-
ments in relational reasoning can be the result of 
decreases in the number of synapses, allowing for 
an increase in eff ective connectivity between brain 
regions necessary for reasoning.


Although structural MRI allows for excellent 
contrast between gray and white material, it does 
not directly measure the integrity of the tissue. In 
contrast, diff usion tensor imaging (DTI) can be 
used to appraise the integrity of white matter by 
using diff erent settings during MRI image capture 


(Filler, 2009). Th e analysis procedure appraises the 
characteristics of water in the tissue. Clinically, these 
methods have been used to diagnosis multiple scle-
rosis and recently have also been potentially help-
ful in detecting early stages of Alzheimer’s disease 
(Rogalski et al., 2009). Importantly, white matter 
(the axons of myelinated neurons) connects diff er-
ent regions of the brain, and it is critical for both 
working memory (frontal/parietal network) and 
language (frontal/temporal network). Th us, it is 
likely that diff erences in connectivity as measured 
by DTI may be useful for appreciating individual 
diff erences in thinking, as well as development.


Electrophysiological Functional 
Neuroimaging
Single- and Multi-Unit Recording


Our understanding of many basic cognitive 
functions has been profoundly aided by studies 
using electrophysiological methods with nonhu-
man animals. In these studies microelectrodes are 
inserted into precise locations in the brain and can 
be used to directly record the fi ring of either single 
(i.e., single-unit recording) or small groups (i.e., 
multi-unit recording) of neurons (see Humphrey 
& Schmidt, 1990). Th is technique produces results 
with excellent temporal and spatial resolution—we 
know exactly when and where neurons are fi ring 
when a particular cognitive process is engaged. Th is 
information is particularly useful when cognitive 
processes can be clearly defi ned. For instance, if we 
would like to know what neurons respond to the 
spatial frequency of a visual pattern, we can place 
electrodes in various regions in primary visual cor-
tex and locate neurons that fi re to a particular spa-
tial frequency, but not other frequencies. Similarly, 
we can ask whether there are cells that are specifi -
cally sensitive to face stimuli and not other complex 
visual objects.


Unfortunately, it is frequently diffi  cult to isolate 
cognitive processes underlying thinking and rea-
soning with this same degree of precision. As Penn 
and Povinelli argue in Chapter 27, it is very likely 
that humans diff er from even their nearest primate 
relatives in the nature of relational representations 
and processing. Despite these limitations, electro-
physiology in the macaque monkey has provided 
some insight into the functions of the prefrontal 
cortex for higher cognition. Much of higher cog-
nition, particularly System II or explicit process-
ing (see Evans, Chapter 8), depends heavily on 
the working memory system for the maintenance 
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and manipulation of information (see Morrison, 
2005). Seminal studies in the macaque by Fuster 
and Alexander (1971) demonstrated that neurons 
in prefrontal cortex selectively fi re during the delay 
in delayed match-to-sample tasks, in which a mon-
key is required to match a target to a previously dis-
played sample object shown before a brief delay. In 
an elegant study using cortical cooling to temporar-
ily deactivate connective fi ber tracts, Fuster, Bauer, 
and Jervey (1985) went on to demonstrate that 
prefrontal neurons were not simple buff ers for the 
temporary storage of information, but rather were 
responsible for maintaining the activity of neurons 
in posterior cortex, which actually coded for the 
information being maintained. Consistent with 
Cowan’s (1995) conception of working memory 
as a process of selective attention, Fuster’s fi nding 
illustrates one central “truth” of higher cognition—
brain regions dynamically collaborate to accomplish 
complex processes.


Electrocorticography
Th e invasive nature of single- and multi-unit 


recording typically prevents its use in humans. One 
exception is in patients with intractable epilepsy. 
Th ese patients frequently have surgery to remove 
parts of the brain (usually in the temporal lobe) 
responsible for initiating or propagating seizures. 
In preparation for surgical resection, patients fre-
quently have electrodes placed directly on the brain 
under the skull and dura matter. In some cases elec-
trodes capable of single- or multi-unit recording are 
even inserted into the cortex (i.e., depth electrodes). 
Patients are monitored for up to several weeks wait-
ing for seizures to occur. During this period patients 
typically participate in a variety of cognitive studies, 
which allow researchers to correlate brain activity 
with function (see Miller et al., 2007). Although 
this provides an excellent opportunity for directly 
recording the activity of neurons in humans, cau-
tion must be exercised in interpreting results because 
of the pathology associated with epilepsy in these 
patients.


One recent example of how electrocortiography 
(ECOG) can be used to constrain cognitive models, 
demonstrated that diff erent areas of cortex commu-
nicate with each other during behavioral tasks by 
precise timing of diff erent populations of neurons 
fi ring at diff erent frequencies (Canolty et al., 2006). 
It was hypothesized that these communication 
patterns may be regulated by GABAergic inhibi-
tory neurons in the basal forebrain. In general, it 


appears that local, domain-specifi c neural circuits 
communicate using high frequencies (e.g., gamma) 
while more distant cross-domain circuits use lower 
frequencies (e.g., theta; Canolty & Knight, 2010). 
Th ese observations are consistent with those sym-
bolic-connectionist accounts of higher cognition 
(see Doumas & Hummel, Chapter 5) that use tem-
poral synchrony as a binding mechanism for rep-
resenting explicit relational structures necessary for 
relational thinking and reasoning.


Scalp Electroencephalography
Th e ability to directly record electrical activity 


from the brain began long before the advent of sin-
gle- and multi-unit recording. In 1929 Hans Berger 
fi rst used electrodes on the scalp to record the sum-
mation of voltage changes associated with the fi r-
ing of millions of neurons. Th is early method of 
neuroimaging showed rhythmic patterns associated 
with diff erent states of consciousness. For instance, 
cycles of approximately 10 times per second (10 Hz, 
alpha) were detected in electrodes over the occipital 
lobe during sleep or periods when an individual’s 
eyes were closed. Th e method of scalp electroen-
cephalography (EEG) was used for many years to 
diagnose a number of diff erent medical conditions, 
including epilepsy.


Event-Related Potentials
Th e true power of EEG for neuroimaging was not 


realized until computing advances allowed for large 
numbers of measurements to be summed (Galambos 
& Sheatz, 1962). Th e resulting event-related poten-
tials (ERPs) can be time locked to particular events, 
such as the presentation of a stimulus, or a button 
press in response. Averaging many time-locked trials 
increases the signal-to-noise ratio, resulting in a 
smooth waveform with characteristic positive and 
negative peaks (see Fig. 6.3). Over thousands of 
experiments, researchers have associated many of 
these peaks with particular cognitive processes (For 
a detailed introduction to EEG/ERP methods, see 
Luck, 2005; Luck & Kappenman, 2012).


Typically, researchers compare ERPs from dif-
ferent within-subject conditions to isolate particu-
lar neural components; however, ERPs can also be 
used to compare diff erent groups as well. Here we 
briefl y consider two diff erent studies showing the 
power of ERPs to elucidate the function of prefron-
tal cortex. In general, one important function of 
prefrontal cortex is to fi lter information. Th e fi lter-
ing can either take the form of tonic gating, serving 
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to down-regulate sensory input from the outside 
world, and thereby avoiding distraction (Knight, 
Scabini, & Woods, 1989); or dynamic fi ltering to 
manage the contents of working memory for a cur-
rent goal (Vogel, McCollough, & Machizawa, 2005). 
Th ese are both essential aspects of executive func-
tioning necessary for higher cognition that rely on 
prefrontal cortex.


Knight, Scabini, and Woods (1989; see also Knight 
& Grabowecky, 1995) provided one early example 
of how ERPs can be used in conjunction with 
cognitive neuropsychology. Th ey exposed patients 
with damage to DLPFC, or age- and education-
matched control participants, to a sound recording 
of simple auditory clicks. Th ese sounds produce posi-
tive defl ections in the ERP within 30 ms of the click 
(P30). A group analysis revealed that patients and 
controls showed similar P30 ERPs when recorded 
from posterior electrode positions, whereas patients 
showed much more positive P30s than controls 
when the ERP was measured from parietal-, tem-
poral-, or frontal-positioned electrodes. Th is pat-
tern suggests that a functioning DLPFC serves to 
 protect the higher cortical areas from sensory dis-
traction by down-regulating signals.


A second ERP study investigating this issue 
explored how the ability to dynamically fi lter infor-
mation can determine eff ective working-memory 
capacity. Numerous studies have linked individual 
diff erences in working-memory capacity with the 
ability to reason (Conway, Kane, & Engle, 2003). 
Vogel et al. (2005) used a delayed match-to-sample 
paradigm, similar to that used by Fuster in monkeys, 
in humans who were divided into two groups based 
on their individual working-memory spans (Conway 
et al., 2005). In Vogel et al.’s task participants had 
to remember the exact location and orientation 


of several color bars over a delay. Th ere were three 
 diff erent task conditions: (1) remember two bars of 
one color, (2) remember four bars of two diff erent 
colors, or (3) remember two bars of one color and 
ignore two bars of a diff erent color. Th us, the two 
latter conditions (2 and 3) had identical stimuli, with 
only the task diff ering. Vogel et al. isolated a con-
tingent negative variation (CNV) in the EEG signal 
that began when the sample stimuli disappeared and 
persisted during the delay before participants were to 
respond to a target. Th e CNV thus appears to be an 
analog to the neural activity observed by Fuster using 
single-unit recording in nonhuman primates. Vogel 
and colleagues demonstrated that the CNV was 
modulated by working-memory load, with greater 
loads (remember-four) resulting in a more negative 
CNV than smaller loads (remember-two). However, 
they found that for people with low working-mem-
ory span, the remember-two and ignore-two condi-
tion produced the same CNV as the remember-four 
condition, while for high working-memory span 
people, the CNV for the remember-two and ignore-
two condition looked like that for the remember-two 
condition. Th us, it appears that people with greater 
working-memory spans do not have greater work-
ing-memory capacities; rather, they simply manage 
the capacity they have more effi  ciently via dynamic 
fi ltering as regulated by prefrontal cortex.


Event-Related Oscillations
While the vast majority of EEG studies in cog-


nitive neuroscience to date have used ERP analysis 
techniques, ERPs collapse the voltage data in such a 
way as to obscure the true nature of neuronal fi ring 
patterns. Clusters of neurons found in neural circuits 
tend to fi re in oscillatory waves with characteristic 
frequencies. To capture this information, an increas-
ing number of EEG studies in cognitive neuroscience 
have begun to employ what we term here event-
related oscillation analyses (ERO; see Sauseng & 
Klimesch, 2008). Th ese analyses are based on math-
ematical techniques (Fourier transform or wavelet 
analysis) that transform the recorded voltage changes 
into a frequency spectrum. Th us, researchers can 
estimate the relative populations of neurons fi ring 
at diff erent rates. Th is is the type of analysis used 
in the ECOG study described previously (Canolty 
et al., 2006), but it can also be used with standard 
EEG recording as well.


Van Steenburgh et al. (Chapter 23) describe 
several diff erent studies using time-frequency anal-
ysis to investigate the role of insight in problem 
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Fig. 6.3 Sample ERP. Averaging many trials from the same 
condition in an experiment improves the signal-to-noise ratio of 
time-locked EEG signal, resulting in an event-related potential 
with positive and negative peaks, which can sometimes be associ-
ated with particular cognitive processes.
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solving. In one study, Jung-Beeman et al. (2004) 
found two notable diff erences between problems 
that participants solved with or without insight. 
First, in problems solved with insight, they mea-
sured a sustained burst of low-alpha (around 10 
Hz) EEG activity over the right parietal-occipital 
cortex beginning 1.5 seconds before the partici-
pant reported an answer. Low-alpha activity over 
visual cortex is understood to refl ect visual sensory 
gating; thus, the brief deactivation of visual cortex 
may refl ect a reduction of distracting sensory inputs 
needed in preparation for insight. Second, just 300 
ms before answering, a burst of higher frequency 
gamma (30–80 Hz) activity over the right anterior 
temporal cortex was measured. Th e anterior tempo-
ral cortex is believed to be important for semantic 
integration, so it is likely that this burst is the signa-
ture for this cognitive process.


Although time-frequency analyses are frequently 
performed time-locked to stimuli or responses, they 
can also be used as a more general appraisal of cog-
nitive state. In addition to the time-locked fi ndings 
mentioned in the previous paragraph, Kounios et al. 
(2006) found that low-alpha EEG activity (8–10 
Hz) prior to problem solving predicted whether a 
participant would solve the ensuing problem with 
insight, with greater alpha signifying a greater like-
lihood of a solution with insight. Likewise, many 
researchers have found that frontal asymmetries in 
low-alpha EEG activity also predict trait tendencies 
with respect to a general withdrawal or avoidance 
system (Davidson, 1993).


Th is type of analysis will likely prove increasingly 
useful as researchers in higher cognition seek to model 
the temporal dynamics of neuronal circuits. Changes 
in these dynamics have already been shown to pro-
vide parsimonious accounts for changes in reasoning 
associated with cognitive development (Morrison, 
Doumas, & Richland, 2011), aging (Viskontas, 
Morrison, Holyoak, Hummel, & Knowlton, 2004), 
and brain damage (Morrison et al., 2004).


Spatial Functional Neuroimaging
Spatial functional neuroimaging techniques make 


it possible to locate regions of activity in the brain 
with a greater level of precision than is possible with 
noninvasive electrophysiological techniques, such 
as EEG (see Table 6.1). Despite advances in source 
localization, there is nevertheless some ambiguity as 
to the brain regions that are contributing to an EEG 
signal because voltage is measured on the scalp, far 
from the many potential source generators. As a 


result, a given pattern of electrical activity as measured 
on the scalp can arise from activation in many dif-
ferent areas of cortex. Techniques such as positron 
emission tomography (PET) and functional mag-
netic resonance imaging (fMRI) can be used to 
link cognitive functions with specifi c locations in 
the brain (see Cabeza & Nyberg, 2000). Both of 
these techniques measure biophysical changes asso-
ciated with metabolic activity and exploit the fact 
that neural activity requires energy. Th us, locations 
where there is more neural activity should be the 
source of greater metabolic activity. Th us, unlike 
EEG these techniques provide an indirect measure 
of neural activity; however, the greater spatial res-
olution they provide has been a key factor in the 
growth of cognitive neuroscience.


Positron Emission Tomography
In the 1980s, positron emission tomography 


(PET) became the fi rst widely used functional neu-
roimaging technique providing adequate spatial res-
olution (see Raichle, 1983). In the most commonly 
used PET procedure, blood fl ow is measured using a 
radioisotope of water. Participants must be injected 
with this radioactive material, but the short half-
life (about 123 seconds) renders it relatively safe. 
Blood fl ow (and thus the water isotope) is increased 
to regions that are metabolically active, and it can 
be detected by sensors outside the head. Complex 
mathematics implemented in a computer are used to 
build a three-dimensional map of where the changes 
in metabolic activity are located in the brain. A 
similar method, single-photon emission computed 
tomography (SPECT scan) is frequently used diag-
nostically by neurologists to characterize potential 
brain damage in patients showing abnormal behav-
ior. Early studies using the PET procedure studied 
memory and perception. For example, regions that 
were determined to be involved in vision based on 
recordings from neurons in animal models were 
shown to have increased blood fl ow during visual 
tasks. Confi rmatory studies such as these provided 
support for the validity of the PET technique.


Although fMRI has since eclipsed PET for the 
purpose of localizing cognitive functions to particu-
lar brain regions, PET remains an important tech-
nique for examining the role of neurotransmitters 
in cognitive function. Th ese can be radiolabeled so 
that the uptake of the specifi c neurotransmitter in 
diff erent brain regions can be localized (e.g., Okubo 
et al., 1997). Using specialized isotopes, PET has also 
found important diagnostic applications, including 
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the early detection of Alzheimer’s disease (e.g., 
Villemagne et al., 2011).


Functional Magnetic Resonance Imaging
Th ere are several advantages to the use of func-


tional magnetic resonance imaging (fMRI) com-
pared to PET. Rather than using radiation, fMRI 
measures the oxygenation level of blood in particu-
lar regions of the brain, and it exploits the fact that 
a magnetic fi eld is disturbed diff erently based on 
the amount of oxygen in the blood. Because there 
is more oxygenated blood in regions where there is 
more neural activity, the BOLD (blood oxygenation 
level dependent) signal can be used to indirectly 
assess relative activity of brain regions (see Fig. 6.4). 
With PET, the exposure to radiolabeled compounds 
limits the frequency with which subjects can be 
tested, thus making it diffi  cult to test changes across 
time or practice in individuals.


A major advantage of fMRI is that it has far 
greater spatial and temporal resolution than PET 
(Brown, Perthen, Liu, & Buxton, 2007; Raichle 
& Mintun, 2006). Th e BOLD signal can resolve 
changes in regions as small as a cubic millimeter 
using some specialized techniques. Th is enables 
researchers to test more precise anatomical hypoth-
eses than are possible with PET or EEG measures. 
fMRI also is more temporally precise than PET, 
although the hemodynamic response still takes 
many seconds to develop. With fMRI, it is possible 


to measure BOLD signal associated with individual 
trials (Glover, 1999). Th is advance enabled a much 
wider range of experimental paradigms than were 
possible with PET. For example, one could inter-
mix trials with varying demands or eliminate trials 
in which the subject made an error. However, it 
remains the case that fMRI cannot provide the kind 
of millisecond temporal resolution that is possible 
with direct neural activity measures such as EEG or 
ECOG.


Ongoing work using fMRI methods may be able 
to gain leverage on issues that have proved  diffi  cult 
to resolve through behavioral experimentation 
alone. For example, there have been two general 
approaches to understanding how humans solve rea-
soning problems (see Evans, Chapter 8). According 
to one view, humans reason based on innate logical 
rules. According to another view (see Johnson-Laird, 
Chapter 9), we form a mental model of the premises 
of a problem and then identify solutions by scrutiniz-
ing the model. If we assume that mental logic rules 
are linguistic and propositional in nature (Braine, 
1998; Rips, 1994), one might expect that reason-
ing should engage left hemisphere regions that are 
active during syntactic processing. By the mental 
models view, solving problems that involve rela-
tions that can be represented spatially (taller-than, 
better-than) should activate visuospatial regions in 
the right hemisphere (Knauff , Fangmeier, Ruff , & 
Johnson-Laird, 2003; Knauff  & Johnson-Laird, 
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2002). At this point, existing fMRI data do not 
unequivocally support one view over the other, as 
the regions that are active during reasoning vary 
considerably depending on the task and the content 
of the reasoning problem. For example, solving syl-
logisms that are devoid of semantics such as (if P 
then Q, there is P, is there Q?) results in activation 
in left frontal-parietal pathways, whereas similar 
problems that use meaningful terms (If it is sunny, 
I ride my bike; I did not ride my bike today, is it 
sunny?) activate frontal and temporal lobe regions 
involved in semantic processing. Interestingly, when 
semantic knowledge or perceptual features of the 
problem are incongruous with the logical conclu-
sion (If it is snowing, I ride my bike; I did not ride 
my bike today, is it snowing?), activation is also seen 
in right lateral midfrontal regions and the anterior 
cingulate (Goel & Dolan, 2003; Prado & Noveck, 
2007), two areas that are implicated in cognitive 
control and confl ict resolution. Th e fact that people 
often make errors when the logical conclusion of a 
problem is inconsistent with prior knowledge (the 
belief-bias eff ect, discussed later) can be viewed as a 
failure of engagement of these control circuits.


Overall, data from fMRI studies suggest that rea-
soning does not engage a dedicated neural circuit. 
Reasoning does not necessarily activate the right 
hemisphere regions involved in visuospatial pro-
cessing, nor does it necessarily involve the same left 
hemisphere regions that are active during language 
processing (Kroger, Nystrom, Cohen, & Johnson-
Laird, 2008; Noveck et al., 2004). However, these 
regions are engaged in some studies, supporting 
the possibility that rule application and visuospa-
tial mental models can both support reasoning 
performance.


A view that is consistent with the mixed fMRI 
fi ndings is that deductive reasoning involves a set 
of fractionated neural systems, each supporting dif-
ferent forms of relational reasoning (Goel, 2007). 
For example, although conditional reasoning (such 
as if-then problems) about unfamiliar information 
appears to rely on left frontoparietal regions, rela-
tional reasoning (e.g., Abe is to the left of Bill, and 
Bill is to the left of Charles; is Abe to the left of 
Charles?) relies in part on bilateral regions of the 
brain that have been implicated in visuospatial func-
tion, including the temporal-parietal-occipital junc-
tion (Goel & Dolan, 2004; Prado, Van Der Henst, 
& Noveck, 2010). Reasoning problems that involve 
semantically meaningful materials engage left tem-
poral lobe storage sites for semantic information 


(Goel, Buchel, Frith, & Dolan, 2000), consistent 
with the specifi c defi cits in semantically meaning-
ful problems exhibited by temporal-variant FTLD 
patients described earlier (Krawczyk et al., 2008; 
Morrison et al., 2004). Th e picture that appears to 
be emerging from these studies is that humans did 
not evolve a single reasoning system, but rather mul-
tiple systems suited to diff erent problem domains 
are involved. Humans may have several reasoning 
systems at our disposal, including both rule-based 
mental logic and visuospatial mental models, and 
rely on whichever corresponding neural system is 
best suited for the problem (Prado et al., 2010).


Although fMRI studies to date do not seem to 
support any general theory of human reasoning, 
these studies together have consistently shown that 
deductive reasoning engages regions distinct from 
those involved in linguistic processing (Monti, 
Osherson, Martinez, & Parsons, 2007). While left 
hemisphere regions, including Broca’s area in the 
inferior frontal gyrus (IFG), are often activated dur-
ing deductive reasoning (Goel & Dolan, 2004), it 
is unclear if this is because language processing is 
required to understand the premises of a problem, 
or because these regions are generally important for 
syntactic processing that is common to both linguis-
tic processing and logical reasoning. Based on fMRI 
approaches that allow the hemodynamic activity to 
be identifi ed as the subject is processing diff erent 
phases of the problem, it appears that although lan-
guage areas in the frontal lobes are active for the 
initial interpretation of the premises, this activa-
tion quickly recedes to baseline, and nonlinguistic 
frontoparietal areas become active while the subject 
is actually solving the problem (Monti, Parsons, & 
Osherson, 2009). Th us, linguistic and logical rules 
used during reasoning appear to depend on distinct 
regions that occupy neighboring regions in left 
hemisphere, and fMRI data are at least making a 
good case that reasoning and thought can operate 
independently at the neural level. In addition, the 
existence of right hemisphere activation in several 
reasoning studies also suggests nonlinguistic pro-
cesses may be engaged. For example, the involve-
ment of right superior parietal lobule in these studies 
(Eslinger, et al. 2009; Goel & Dolan, 2003) is con-
sistent with the idea that reasoning often involves 
the mental representation and manipulation of 
spatial information.


Although most fMRI studies of higher cogni-
tion have aimed to elucidate the various brain areas 
important for processing, there has been increasing 
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interest in understanding how these regions work 
together. In fact, the temporal dynamics of brain 
networks may be equally as important in higher 
cognition as simple activation. A dramatic example 
involving human language processing is a study by 
Sonty, Mesulam, Weintraub, Parrish, and Gitelman 
(2007), who used fMRI in conjunction with the 
cognitive neuropsychology approach. Patients with 
primary progressive aphasia (PPA; Mesulam, 2007; 
see also note 2), a neurodegenerative disease, show 
progressive loss of language functions, including the 
ability to name words and to appreciate the seman-
tic relationships between concepts. Sonty et al. had 
patients with PPA, and age- and education-matched 
control participants, perform a semantic matching 
task (identify synonyms) and a letter-matching 
task (match nonword letter strings). Patients were 
less accurate than controls at the semantic task and 
slower on both tasks. Using fMRI, Sonty et al. found 
that several brain regions in the left hemisphere 
frequently associated with language (posterior 
fusiform gyrus, posterior superior temporal sulcus 
[Wernicke’s area], IFG [anterior Broca’s area], infe-
rior parietal lobule, intraparietal sulcus, and ventral 
premotor cortex) were more active in the semantic 
than the letter task. Interestingly, these areas were 
not less active in patients than in controls, despite 
the poorer performance in patients. However, 
when Sonty et al. examined eff ective connectivity 
between these regions using dynamic causal model-
ing (DCM; Friston, Harrison, & Penny, 2003), a 
diff erent story emerged. DCM uses a Bayesian deci-
sion algorithm to make estimates of how diff erent 
brain regions aff ect each other via mono or polysyn-
aptic interregional connections. Sonty et al. found 
that when patients were compared to controls, a sig-
nifi cant decrease was found in connectivity between 
posterior superior temporal sulcus (Wernicke’s area) 
and IFG (anterior Broca’s area), and this decrease 
correlated with reduction in performance. Th us, in 
PPA it was not a change in activation per se that 
was responsible for changes in behavior, but rather 
the eff ectiveness of communication between areas. 
It is likely that connectivity patterns aff ect capabili-
ties throughout higher cognition and may in part 
explain the dramatic individual diff erences and 
developmental patterns seen in cognitive abilities.


New Methods for Functional 
Neuroimaging


Although EEG and fMRI currently dominate 
the neuroimaging methods used to study thinking 


and reasoning, two new methods off er exciting 
possibilities for the future given their lower cost and 
better temporal resolution (relative to fMRI) and 
their superior spatial resolution (relative to EEG).


Magnetoencelphalography
Like EEG, magnetoencelphalography (MEG) 


directly measures neural activity; however, instead 
of measuring voltage, it utilizes the electromagnetic 
properties of the electrical charge associated with 
neurons to measure minute magnetic forces result-
ing from increases in neuronal fi ring (see Hansen, 
Kringelbach, & Salmelin, 2010). According to 
Faraday’s Law, magnetic forces exist perpendicular 
to current fl ow and as a result the magnetic forces 
do not spread as much as the voltage diff erences 
measured by EEG. Th us, the potential source gen-
erators for MEG signal are better constrained than 
those potentially responsible for EEG signal. Like 
EEG, MEG can be sampled with millisecond reso-
lution. Also like EEG, the participant experience is 
quite noninvasive, allowing some participant move-
ment during testing and good experimenter access 
to the participant. Like fMRI, MEG can also be 
used to examine when diff erent brain regions tend 
to sequentially activate via DCM (Kiebel, Garrido, 
Moran, Chen, & Friston, 2009). As a result, MEG 
is rapidly becoming the preferred functional neu-
roimaging technique for imaging young children 
and infants. Th us, MEG will likely be important 
for understanding early changes in language and 
reasoning. For example, MEG has recently been 
used to compare 10-year-old children and adults in 
terms of the engagement of frontoparietal networks 
during working-memory processes (Ciesielski, 
Ahlfors, Bedrick, Kerwin, & Hamalainen, 2010). 
Even though the children and adults exhibited the 
same level of performance on an n-back task, diff er-
ences in MEG signal in the two groups indicated 
that the children were relying on diff erent neural 
mechanisms compared with adults.


Functional Optical Imaging
Functional near infrared spectroscopy (fNIRS) 


involves placing infrared light emitters and detec-
tors on the scalp (see Villringer & Chance, 1997). 
Th e light penetrating the scalp is absorbed by oxy- 
and deoxyhemoglobin in the blood. Th e refl ected 
wavelengths can then be measured, and the con-
centration changes as a result of neuronal activity 
can be estimated. Unlike fMRI, the NIRS response 
can measure both oxy- and deoxyhemoglobin, 
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with millisecond accuracy; however, just as with 
fMRI there is a delay in the beginning of the sig-
nal, because both techniques rely on measuring 
the hemodynamic response. NIRS equipment is 
relatively inexpensive, and unlike fMRI it costs very 
little to run the equipment. Th us, it is possible to 
run a larger number of participants in a study and 
thus potentially capture smaller behavioral eff ects. 
However, one problem with NIRS is that it can 
only detect neuronal activity in gray matter within 
approximately 1 cm of the scalp surface. While this 
limitation may prevent using NIRS to study the 
functions of subcortical structures, regions of the 
prefrontal cortex involved in working memory and 
reasoning are readily accessible using this technique. 
Like MEG, NIRS is being used in populations who 
cannot be tested in fMRI, including infants and 
young children.


An even more recently developed technique, 
event-related optical signal (EROS; Gratton et al., 
1997), uses infrared light like fNIRS, but instead 
of measuring the hemodynamic response like fMRI 
it takes advantage of the light scattering qualities of 
neurons undergoing action potentials. Th us, EROS 
has a temporal latency (100 ms) closer to EEG and 
MEG than the multisecond latency of fMRI and 
fNIRS. Like NIRS, EROS can be sampled with 
millisecond frequency.


Tsujii and Watanabe (2010) recently used fNIRS 
to investigate the belief-bias eff ect, which has 
been explained using dual-process theory (Evans, 
Chapter 8). In this paradigm participants are asked 
to solve syllogisms in which the logical conclusions 
are either true (congruent) or not true (incongru-
ent) about the world. Th e general fi nding is that 
participants are more likely to make reasoning mis-
takes when the logical conclusions are not factually 
correct—an eff ect that is enhanced when reason-
ing is speeded. Explanations based on dual-process 
theory argue that when resources (e.g., time) are 
limited, participants defer to a fast System I heu-
ristic based on whether they believe the conclusion, 
rather than assessing whether it is logically correct. 
In contrast, when time is plentiful, participants 
use slower System II analytic processing. Tsujii and 
Watanabe used fNIRS to look at activity in right 
and left IFG, an area of the prefrontal cortex fre-
quently associated with cognitive inhibitory func-
tions, and an area they believed would be necessary 
to inhibit System I heuristic processes in order to 
choose the logically correct solutions when solving 
incongruent syllogisms. Th eir results were consistent 


with this hypothesis. Specifi cally, they found that 
right IFG increased in activity on long-incongruent 
trials relative to short-incongruent trials, and that 
right IFG activity was correlated with the accuracy 
of individual participants on incongruent trials. 
Th ese fi ndings are broadly consistent with previous 
fi ndings of right lateral prefrontal activation dur-
ing incongruent trials (Goel & Dolan, 2003), and 
they extend these results in that they demonstrate 
a relationship between IFG activity and perfor-
mance, and the ability to overcome belief-bias with 
time on each trial. Th e eff ects sizes in the Tsujii and 
Watanabe (2010) experiment were very modest, 
and they tested 48 participants in the study, some-
thing that would not have been feasible in an fMRI 
experiment due to expense.


Virtual “Lesions” Using Transcranial 
Magnetic Stimulation


Approaches such as EEG and fMRI seek to mea-
sure the output of the brain, and then correlate this 
activity with concurrent cognitive functions. Th us 
unlike cognitive neuropsychology, these approaches 
are unable to demonstrate whether this activity is 
necessary for the observed cognitive function. It is 
always possible that the activity that is measured is 
in fact supporting some incidental cognitive process. 
For example, activity associated with performance of 
a reasoning task could be related to incidental learn-
ing of the responses, or mental imagery, rather than 
the reasoning processes in question. Transcranial 
magnetic stimulation (TMS) allows the experi-
menter to alter function in a brain region and then 
measure the extent to which various cognitive func-
tions are aff ected (see Pascual-Leone, Bartres-Faz, & 
Keenan, 1999). TMS relies on the fact that a mag-
netic fi eld will induce an electric current orthogonal 
to the direction of the fi eld. Th is induction is not 
impeded by the scalp or skull, so an electromagnetic 
coil held at the surface of the head can induce cur-
rent in the brain tissue below. When TMS is admin-
istered as repetitive pulses, the eff ects of the current 
can be long lasting. In most experimental studies, 
TMS is used to disrupt function. However, if dif-
ferent stimulus intensities are used, it can also be 
used to enhance function. TMS given for extended 
periods over several sessions has been shown to be an 
eff ective treatment for some neurological and psy-
chiatric disorders, as it appears to induce functional 
changes in activity (Wassermann & Lisanby, 2001).


Similar to the limitations of NIRS and EROS, 
a major disadvantage of the TMS technique is that 
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it is currently only possible to apply stimulation to 
regions on the surface of the brain that are accessible 
to the fi eld generated by a coil. While thinking and 
reasoning certainly make use of subcortical struc-
tures, the frontoparietal network is clearly of great 
importance and accessible to TMS. For example, 
Tsujii et al. (2010) were able to follow up their NIRS 
study described previously using repetitive TMS to 
disrupt the region in the right IFG they found to 
be active when subjects needed to inhibit semantic-
based heuristic processing to solve reasoning prob-
lems. As predicted, repetitive TMS applied to the 
right IFG interfered with performance on incongru-
ent trials, thus enhancing the belief-bias eff ect.


TMS can be used in conjunction with neuroim-
aging techniques to examine whether regions of 
activation detected are in fact necessary for task per-
formance. However, several important questions may 
be impossible to address with TMS, such as the inter-
actions between cortical and subcortical structures in 
thinking (e.g., cortico-striatal loops) or the infl uence 
of emotion on thinking mediated by the amygdala.


Computational Modeling of Neural Systems
Computational modeling has greatly contrib-


uted to the development and testing of theories of 
thinking and reasoning at the computational and 
algorithmic levels of analysis (see, e.g., Doumas 
& Hummel, Chapter 5; Rips et al., Chapter 11; 
Buehner & Cheng, Chapter 12; Holyoak, Chapter 
13; Koedinger and Roll, Chapter 40). Relatively 
little eff ort, however, has focused on understand-
ing thinking and reasoning at the implementation 
level. Most implementation-level modeling of brain 
circuits has been based on connectionist architec-
tures (e.g., Braver, Barch, & Cohen, 1999; O’Reilly, 
2006), sometimes augmented with Bayesian deci-
sion rules. While these architectures and algorithms 
can capture many System I types of learning, they 
fail to capture many System II forms of thinking 
and reasoning that require explicit representation 
of relations (see Doumas & Hummel, Chapter 5). 
Notable exceptions include Anderson and colleagues 
(Anderson, Albert, & Fincham, 2005; Anderson 
et al., 2004) ACT-R model of problem solving, and 
Hummel and Holyoak’s (1997, 2003) LISA model 
of relational reasoning.


ACT-R is a symbolic production system com-
puter model of human cognition, including problem 
solving. ACT-R serves as a high-level programming 
language, including many basic assumptions about 
how cognition works but also allowing users to add 


additional task-specifi c assumptions. ACT-R can 
make predictions for such indicators of task per-
formance as response time or accuracy. Although 
ACT-R was not designed with brain architecture in 
mind, researchers have recently attempted to map 
several of ACT-R’s basic functions to brain areas, 
and then to use this information to match fMRI 
activation patterns to the functioning of the model 
as it solves a complex problem, such as the Tower 
of Hanoi (see Bassok & Novick, Chapter 21). In 
a series of studies that attempted to isolate cogni-
tive processes in ACT-R with relatively simple tasks, 
Anderson et al. (2005) associated a posterior parietal 
brain region with changes in problem representa-
tion, a prefrontal brain region with retrieval of task-
relevant information, and an area in primary motor 
cortex with programming of manual responses.


Hummel and Holyoak’s LISA model (1997, 
2003; see also Doumas & Hummel, Chapter 5, and 
Holyoak, Chapter 13) is a symbolic-connectionist 
model that aims to provide a unifi ed account of ana-
logical retrieval, mapping, inference, and relational 
generalization. LISA solves the relational binding 
problem by a form of dynamic binding imple-
mented via temporal synchrony. Temporal syn-
chrony is a fundamental property of neural circuits, 
as evidenced by the rhythmic oscillations evident in 
raw EEG signals. Th e use of temporal synchrony 
as a binding mechanism was fi rst demonstrated 
via single-cell recording in cat visual cortex (Gray, 
Engel, Konig, & Singer, 1992), and it has been pro-
posed as a general binding mechanism in the brain 
(see Singer, 1999). LISA uses temporal synchrony 
to bind relational representations in working mem-
ory. Specifi cally, propositional structures like chase 
(cat, mouse) are “thought about” in LISA by fi ring 
semantic units capturing what it is to chase, and 
to be a cat, at the same time; and conversely fi ring 
units capturing what it is to be chased, and to be a 
mouse, at the same time, but out of synchrony with 
chase (cat). See Morrison, Doumas, and Richland 
(2011) for a recent detailed description of LISA’s 
functioning using these types of representations.


While the early papers on LISA remained agnos-
tic regarding the neural substrate of diff erent func-
tions in the model, cognitive neuroscience studies 
provide a basis for some conjectures (see Fig. 6.5). 
Based on the previously discussed study by 
Fuster, Bauer, and Jervey (1985), it appears likely 
that DLPFC is involved in activating represen-
tations for objects and relations that are main-
tained in posterior cortex (Fig. 6.5b). Th is process 
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likely also requires the involvement of IFG to 
inhibit competing representations (Cho et al., 
2010). LISA assumes that propositions are stored 
in long-term memory as conjunctive codes, per-
haps in anterior temporal cortex (Morrison et al., 


2004), with the hippocampus serving to form and 
later retrieve the conjunctive codes. Th e process of 
analogical mapping appears to be dependent on 
rostrolateral prefrontal cortex (Fig. 6.5d; Bunge, 
Helskog, & Wendelken, 2009; Bunge, Wendelken, 


(a) (b)


(c) (d)


proposition token
unit in WM


subproposition
(role-binding)


relation unit
object unit


semantic unit
rapid-learning
mapping unit
rapid-learning
mapping connection


active unit
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unit in WM


inhibitory connection


proposition unit
in LTM


(e)


Fig. 6.5 LISA in the brain. (a) Networks responsible for relational representations in long-term memory are likely located in anterior 
temporal cortex, with their distributed semantic units found in regions responsible for sensation and perception, language, and spatial 
processing. (b) Th inking about a proposition (e.g., loves (Bob, Debbie)) in LISA entails forming dynamic proxy units (Duncan, 2001) 
in prefrontal cortex (PFC). LISA fi res separate subpropositions (e.g., lover+ Bob) and their connected object (e.g., Bob) and relation 
(e.g., loves) units synchronously. Th ese units pass activation to their static counterparts in long-term memory, eff ectively bringing long-
term memory representations into active working memory (Cowan, 1995; Fuster et al., 1985). Subpropositions for a given proposition 
alternate being activated in working memory through a process of reciprocal activation and inhibition (i.e., black-and-white units in 
fi gure would oscillate out of synchrony with one another). (c) An analog’s activation is computed by the rapid-learning mapping units 
by integrating (over time) the activations of all propositions in that analog. Because of the distributed nature of representations in LISA, 
more than one potential recipient analog may initially be activated. Th e probability that a given analog will be retrieved from long-term 
memory is proportional to its activation divided by the sum of the activations of all analogs. (d) During the pattern of synchronous 
fi ring, activation spreads through semantic units in posterior regions of the cortex and gradually activates analogous units in the recipi-
ent. Once again dynamic proxy units form in prefrontal cortex. Rapid-learning mapping units in prefrontal cortex (Assad et al., 1998; 
Cromer, Machon & Miller, 2010) track synchronously active units between the driver and recipient analogs via Hebbian learning 
and thus learn analogical mappings. Although in this fi gure only proposition units are shown connected via a rapid-learning mapping 
unit, all dynamic proxy units in prefrontal cortex (i.e., proposition, subproposition, object, relation) are hypothesized to connect to 
analogous units via these mapping-unit neurons. (e) Higher order relations (propositions taking propositions as fi llers) activate more 
anterior regions of prefrontal cortex (e.g., Kroger et al., 2002), most likely because of the greater need to track analogical mappings via 
rapid-learning mapping units.
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Badre, & Wagner, 2005; Nikitin & Morrison, 
2011). Th e role of the rostrolateral prefrontal cor-
tex (RLPFC) in reasoning appears to increase with 
the complexity of the task-relevant relations (Fig. 
6.5e; Kroger et al., 2002). Th e anterior cingulate 
is also important for confl ict monitoring, particu-
larly in preparation of a decision concerning map-
ping (Cho et al., 2010; Kroger et al., 2002; Kroger 
et al., 2008).


Th e Role of the Frontal Lobes in 
Human Intelligence


A consistent fi nding across the range of method-
ologies employed in cognitive neuroscience is that 
the frontal lobes play a crucial role in high-level cog-
nitive abilities (Cabeza & Nyberg, 2000; Duncan & 
Owen, 2000). But while the role of the frontal lobes 
in intellectual function is fundamental, it is also cir-
cumscribed. Intelligence has been typically under-
stood as being of two diff erent forms: crystallized 
intelligence, including semantic knowledge; and 
fl uid intelligence, which supports abstract reasoning, 
especially in novel situations. Fluid and crystallized 
intelligence are diff erentially aff ected by aging and 
brain damage, indicating diff erent neural substrates. 
Whereas patients with degenerative disease involv-
ing the temporal lobes exhibit impaired knowledge 
of concepts and categories (Krawczyk et al., 2008; 
Miller, 2007; Morrison et al., 2004), patients with 
frontal lobe involvement show defi cits in problem 
solving (Holyoak & Kroger, 1995). Frontoparietal 
circuits are active during fMRI scanning while 
subjects perform fl uid reasoning tasks, such as 
the Raven’s Progressive Matrices (Kroger et al., 
2002; Prabhakaran, Smith, Desmond, Glover, & 
Gabrieli, 1997). It appears that people with a high 
degree of fl uid intelligence further engage regions 
including the DLPFC and posterior parietal lobule 
when problems become more complex, whereas 
individuals with low fl uid intelligence scores acti-
vate these regions more than those with high fl uid 
intelligence when solving easier problems but do 
not show this increase when problems become more 
complex (Perfetti et al., 2009). It is as if moderately 
diffi  cult problems “saturate” this frontoparietal sys-
tem in those with low fl uid intelligence. High fl uid 
intelligence may be characterized by the ability to 
eff ectively engage these circuits.


Th e comparative anatomy of the frontal lobes, 
and the fact that they are more highly developed 
in humans than in other animals, supports the 
role for the frontal lobes in cognitive abilities that 


are most highly developed in humans (Robin & 
Holyoak, 1995). Th e posterior part of the frontal 
lobes includes motor cortical regions, while more 
anterior, prefrontal regions have more abstract func-
tions. Given the large size of the prefrontal cortex, it 
seems likely that diff erent subregions have diff erent 
functions. While there are distinct cytoarchitectonic 
subregions, these regions are heavily interconnected, 
suggesting cooperation.


Data from neuroimaging studies often show a 
great deal of convergence in terms of the regions 
that are activated in the prefrontal cortex. A number 
of diff erent tasks involving cognitive control, which 
includes processes such as resolving response con-
fl ict, generation, working-memory manipulation, 
and categorization, all appear to activate a common 
set of regions in the lateral prefrontal cortex, dorsal 
anterior cingulate, and often the premotor cortex 
(Duncan & Owen, 2000). An increasingly popular 
method used to defi ne circuits is to assess functional 
connectivity by measuring the correlation of BOLD 
signal in diff erent brain regions (Cole & Schneider, 
2007). For example, activity in the DLPFC and the 
anterior cingulate is correlated during task perfor-
mance, and also when the subject is at rest and not 
performing any task. Th ese fi ndings indicate that 
these regions are interconnected and comprise part 
of a functional network for cognitive control. Th is 
network may subserve some process that is common 
to a diverse set of tasks requiring cognitive control. 
On the other hand, it may be that this network sup-
ports several diff erent functions. If the latter is the 
case, it may prove diffi  cult to pinpoint the cognitive 
functions of the prefrontal cortex because these cir-
cuits contribute fl exibly to cognition.


Th e cognitive control network comprises a large 
area of cortex. According to one characterization of 
the prefrontal cortical control network, there is a 
hierarchical organization of lateral prefrontal cortex 
such that the more caudal regions, such as premo-
tor cortex, are involved in response selection based 
on sensory stimuli, whereas more anterior regions, 
such as the DLPFC, are necessary when the appro-
priate response depends on the context. When 
action depends on retrieved episodic memories, the 
most anterior regions of the lateral cortex, includ-
ing the frontal pole, are activated. By this view, the 
successive layers exert control over each action plan 
(Koechlin, Ody, & Kouneiher, 2003). In this way, 
behavior can be modifi ed based on varying levels 
of complexity that depend on the task demands 
(Robin & Holyoak, 1995).
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In addition to a cognitive control network, other 
prefrontal regions appear to be activated under 
other circumstances. Medial and orbital regions 
appear to be engaged when tasks have emotional or 
social components (Price, Carmichael, & Drevets, 
1996). In addition, the RLPFC, the most anterior 
part of the prefrontal cortex, appears to have func-
tions distinct from those of lateral prefrontal cortex. 
A major topic in the cognitive neuroscience of the 
frontal lobe is the delineation of the contribution of 
the RLPFC (Bunge et al., 2009; Christoff , Ream, 
Geddes, & Gabrieli, 2003). As discussed in the 
hierarchical model of cognitive control, this region 
becomes important when information retrieved 
from episodic memory is necessary for forming an 
action plan. Th is region is frequently engaged dur-
ing episodic memory retrieval (Lepage, Ghaff ar, 
Nyberg, & Tulving, 2000), but it is also active 
while solving reasoning problems that do not have 
much of a memory retrieval component. According 
to one view, the RLPFC becomes engaged when 
the problem requires the integration of multiple 
relations (Cho et al., 2010; Wendelken & Bunge, 
2010); while according to another view, this region 
becomes engaged when the relations are suffi  ciently 
abstract (Christoff , Keramatian, Gordon, Smith, 
& Madler, 2009). As with the lateral regions, the 
RLPFC may play multiple roles in cognition. An 
important direction for future studies is the meta-
analysis of neuroimaging data in order to identify 
commonalities in activation patterns across studies.


Conclusions and Future Directions
Methods in contemporary cognitive neurosci-


ence range from those that have been in use for 
more than a century (cognitive neuropsychology) 
to those still undergoing development today. While 
each technique is better suited to address certain 
types of questions than others, convergent evidence 
from multiple methods has been most eff ective in 
moving theory forward. Because of the importance 
of the frontal lobes in complex cognition, their rela-
tive accessibility is a boon to researchers using tech-
niques that are limited to the cortical surface. As 
a more complete understanding of the workings of 
the prefrontal cortex emerges, perspectives on the 
nature of thinking will be constrained, or perhaps 
new perspectives will arise.


Understanding how the brain implements 
human thinking and reasoning is just in its infancy. 
Th e next 10 years promise to be very exciting as 
the fi eld develops with the use of new methods 


and analysis techniques. We believe that the funda-
mental challenge to this pursuit is to move beyond 
localist conceptions of brain function toward an 
understanding of how brain networks develop and 
operate. Th inking and reasoning are the pinnacles 
of human cognition and doubtless draw on many 
diff erent cognitive functions. Understanding how 
these cognitive functions are harnessed is critical to 
a fuller understanding of human thought. To get to 
this point, we believe cognitive neuroscience needs 
to continue to develop in three core areas.


Cortical Connectivity
Methods for studying when and how brain regions 


communicate with each other are at the heart of 
this greater pursuit. Techniques like dynamic causal 
modeling have provided a way to assess connectiv-
ity using fMRI data at a macrodynamic scale; how-
ever, we need techniques to study how brain regions 
communicate at the temporal scale of the timing 
of neurons. Fortunately, methods such as EEG and 
MEG and possibly NIRS or EROS provide oppor-
tunities to examine real-time temporal dynamics.


Integration of Spatial and Temporal 
Functional Imaging


While methods like EEG and MEG provide 
great hope for investigating the temporal dynamics 
of brain circuits, they have intrinsic limitations for 
understanding where signals are originating in the 
brain. Ultimately, researchers interested in under-
standing brain dynamics will have to develop meth-
ods to use spatial localization techniques, such as 
fMRI, NIRS, or EROS, to target regions of inter-
est, which will help to provide confi dence in source 
localization using EEG and MEG.


Neurocomputational Approaches
Given the complexity of neural systems, we will 


certainly need principled ways of generating hypoth-
eses about how they function in the service of think-
ing and reasoning. Computational modeling has 
been the great friend of thinking and reasoning in 
the past, helping us to develop and test models at 
the algorithmic and representation levels of analysis. 
In the coming years models will need to evolve to 
achieve realistic neural plausibility and thereby help 
to make predictions about how neural circuits work 
together in the service of higher cognition. Th is 
will almost certainly involve a merging of diff erent 
approaches, including symbolic, connectionist, and 
Bayesian representations and algorithms.







86 neurocognitive methods in higher cognition


Acknowledgments
Th e authors would like to thank Keith Holyoak and Slava 


Nikitin for helpful comments on an earlier draft of the chapter 
and the American Federation of Aging/Rosalinde and Arthur 
Gilbert Foundation and the Loyola University Chicago Dean of 
Arts and Sciences for their generous support (RGM) during the 
preparation of this manuscript.


Notes
1. Terminology in cognitive neuroscience is frequently rather 


confusing because of the interdisciplinary origins of the fi eld. 
In this chapter we use the term “cognitive neuropsychology” to 
refer to studies of brain-damaged patients, which are frequently 
based on the logic of single or double dissociations (see Fig. 6.2). 
Cognitive neuropsychology should not be confused with the fi eld 
of clinical neuropsychology, which is based on the psychometric 
appraisal of cognitive function. Th e cognitive neuropsychology 
approach is also sometimes referred to as “behavioral neurology.”


2. Frontotemporal lobar degeneration (FTLD) is the newer 
nomenclature for a syndrome previously referred to as fronto-
temporal dementia (Miller, 2007). Th e umbrella of FTLD also 
frequently includes patients diagnosed with primary progres-
sive aphasia (PPA; Mesulam, 2007). Patients primarily with 
damage in anterior to dorsolateral frontal cortex are typically 
referred to as either frontal-variant or behavioral-variant and 
have symptoms consistent with traditional frontal lobe syn-
dromes (i.e., disinhibition, poor judgment, loss of motivation, 
executive and working-memory defi cits). Patients with damage 
in anterior temporal cortex, particularly the temporal poles, are 
frequently referred to as temporal-variant, semantic dementia, 
or semantic-subtype PPA. Patients diagnosed with FTLD have 
a range of diff erent postmortem pathologies, including Pick’s 
disease, cortical basal degeneration and sometimes Alzheimer’s 
disease.
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The analysis of creativity in all its forms is beyond the competence of any one accepted discipline.  It 
requires a consortium of talents:  Psychologists, biologists, philosophers, computer scientists, artists, 
and poets would all expect to have their say.  That “creativity is beyond analysis” is a romantic illusion 
we must now outgrow. 
 Peter Medawar, Nobel Prize winning Immunologist 
 
 


 


Description 
During the last sixty years scientists have explored the personality traits, mental processes, and brain functions 
that allow people to exhibit creative behavior.  In this course we will survey a variety of different theories of 
creativity drawing on cognitive, developmental, personality and social psychology and neuroscience.  We will 
consider artistic, scientific and cultural creativity, making extensive use of reading and film to encounter 
creators and their products directly and through the minds of their students and scholars.  Together we will 
reflect on our own creative processes via discussion and writing and engage in a group study of a living 
eminent creative individual here in Chicago. 


Goals 
As a result of being a part of this learning community I hope that you will: 


1. Develop a personal working definition of creativity and use it to evaluate creative production within a 
given domain and field. 


2. Be able to describe several different ways that psychologists study the topic of creativity 


3. Become more familiar with the creative personality 


4. Describe sociocognitive mechanisms important for the success of the creative individual 


5. Work better in groups to foster new ideas and approaches to problems 


6. Be better able to take creativity communicate new information to groups of people 


Materials 
The following books are required for the course and are available at the Loyola University Bookstore: 


1. GARDNER:  Gardner, H. (1993). Creating minds:  An anatomy of creativity sen through the lives of Freud, 
Einstein, Picasso, Stravinsky, Eliot, Graham, and Gandhi.  New York:  Basic Books.  – head of project zero 
at Harvard University, Gardner was the originator of a well known theory of multiple intelligences.  Herein 
he takes us for a tour of personality and cognitive perspectives on several of the most creative individuals 
from human history.   


2. ANDREASEN:  Andreasen, N.C. (2005). The creative brain:  The science of genius. London, UK:  Penguin 
Books LTD. – Andreasen is a MD, PhD (English Literature) cognitive neuroscientist who has studied 
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creativity for nearly 40 years and was one of the first people to use modern methods to study the relation 
between mental illness and creativity. She provides an overview of (neuro)cognitive approaches to 
creativity, as well as one of the best introduction chapters to the brain that I’ve ever read. 


3. Readings underlined on the course schedule will be available as PDF files on Blackboard. To logon go to: 
https://blackboard.luc.edu/webapps/login/  or simply go to the luc.edu homepage, click on 
Resources>Technology and then Access 24/7>Blackboard and login in with your UNIVERSAL ID and 
PASSWORD.  


Assignments & Assessment 


1. Participation and Attendance (10pts). I expect you to be in class (there will be a sign-up sheet and it is 
your responsibility to initial it whenever you are in class) and to actively participant while in class during 
class discussions, and in your group both in and out of class.  


2. What’s Creative Blog (25pts).  A goal of the course is encourage you to open your eyes to creative 
discoveries and people all around you. A day almost never goes by when I am not struck by an amazing 
idea, invention, or discovery in the news.  Find them and share them…what’s creative? Why is it creative? 
Do other’s in the field agree? What lead’s the person to the discovery, invention, or idea? What principles 
from the course may have been in play in the discovery, or even it’s reception in the public. This is your 
individual chance to share some or all of this with the world. 


During the semester you will be responsible for making three posts and three comments on other’s posts.  
Your posts may feature three different creative products or instead you may go in depth into one.  
Remember this is the psychology of creativity so you should focus not just on the product, but also the 
creators and their creative process. To help you stay on track I’ve put deadlines for the posts and 
comments on the course schedule. 


To facilitate the sharing I have set up a real world (not Blackboard) blog:  whatscreativeluc.blogspot.com  
You will receive an email at your luc.edu email account in the next week asking you to submit a non-
luc.edu email (e.g., gmail, yahoo, hotmail).  You will then receive a message at that email with an invitation 
to the blog.  Please follow that link and set up your account.  Always use this account to post to the blog. 


Remember this is an open blog so invite your friends and family to visit the blog (you can invite using 
Facebook or Twitter if you like or just email them the URL). You can also use your browser or an RSS 
reader to subscribe. 


To receive credit for your blog entries you must paste the URL of your post or comment to the assignment 
sheets under the blog heading in Blackboard.  This must be done before midnight on the day indicated on 
the schedule.  You will loose one grade for each day your post is late, so please make sure to post by the 
deadline. 


3. Great Mind Presentation (25pts). We will be considering the lives of seven “great minds” discussed in the 
GARDNER book.  These individuals (i.e., Freud (psychology), Einstein (physics), Picasso (visual art), 
Stravinsky (music), Elliot (literature), Graham (modern dance), and Gandhi (politics)) demonstrated “Big C” 
creativity in their various domains of work. As a part of the class you will work in groups of 4-5 students to 
consider one of these individuals in depth and help the class answer the question, Why are we talking 
about this person in this class? To answer this question your group would likely consider what this person 
did and why we consider it creative.  You will also want to consider if there where particular things about 
this person’s environment or thought processes that helped them to be creative. Your presentation should 
incorporate other course material and you should also look for additional material in the literature relevant 
to helping us understand what the person did and how. Given the multifaceted approach of Gardner to 
these individuals you will also want to consider the reaction of the field to this individual’s life and work. 


Your group will have 30-45 minutes on the day indicated on the course schedule to facilitate the classes’ 
consideration of these issues. What should your group do to lead the class?  That is entirely up to you!  
This is a course concerning creativity…so BE CREATIVE.  DON’T BORE US! When planning, try to think 
of ways to make the learning experience interactive for the entire class.  You may create a film, write a play 
or opera, make a music video, do a demonstration, lecture, lead a discussion, run an experiment, etc. Most 
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likely you will want to use a combination of these approaches to use your time effectively and keep it 
interesting. 


Everyone in the group should be involved in creating the project, but you may have different roles to build 
on your individual strengths.  I will ask that you hand in a brief description describing who did what on the 
day of your presentation.  This should be signed by all of the group members. 


4. Real World Creativity Presentation (40pts). During the last two class sessions (including the final exam 
time) you will work in your same small group of students to make a class presentation on a notable creative 
person based here in Chicago.  It is your group’s responsibility to identify this individual, and have them 
agree to share their time and work with you (start looking for this person IMMEDIATELY and feel free to 
ask for suggestions).  This person SHOULD NOT be a member of the Loyola community…reach outside 
into the great city of Chicago, home to many, many creative individuals. The person should have made 
some type of creative product (a new method of growing giant goose livers?) you can share with the class.  
Your study should be in on an individual.  They can work in a group or some type of collaboration, but 
ultimately your story is about them and what they did (this is psychology after all). This person’s creative 
product needs to be public as you will look for evidence of how it has been accepted in the field. 


The intent of the project is to allow you as a group to try your hands at the methods of studying creativity 
we have been reading about, particularly in Gardner. As in the your Gardner presentation you will want to 
address what this person has done and why we should consider it creative as well as consider what factors 
contributed to this persons development as a creative individual. You have an advantage over Gardner, in 
that you are going to choose a living person who you can talk to.  This is closer to the method used by 
Csikszentmihayli in his book, Creativity: Flow and the psychology of discovery and invention (I’ve put his 
interview questions on the course website). Your presentation should incorporate the foundational course 
material whenever applicable and also reach outside of the assigned course material where appropriate.  
Make sure to address the field’s reaction to the work (and person) and try to help us understand that. What 
you do for your presentation is wide open, but it should be accessible and encourage engagement with the 
class just like your Gardner presentation…don’t go out with a fizzle…give us a BANG! 


Expectations 


1. Academic conduct:  All students are expected to abide by the academic integrity policies outlined in the 
Loyola University Undergraduate Studies Catalog (e.g., online information at).  Each individual student is 
expected to complete his/her work in the course in an honest and ethical manner.  Furthermore, you may 
not submit a paper or assignment for this class that has already been submitted by you in another class.   
All forms of academic misconduct (including but not limited to cheating; plagiarism; tampering with 
materials, grades, or records; aiding in academic misconduct) will not be tolerated, and acts of cheating 
and plagiarism will be punishable by failure in the respective assignment/quiz.  In addition, university policy 
states that instructors must report all forms of academic misconduct to their departmental chairperson.  The 
chairperson is required to report all forms of academic misconduct to the dean’s office, and all forms of 
academic misconduct are recorded.  The administration may impose additional sanctions against the 
student including expulsion from the university. The consequences of academic misconduct go beyond the 
imposed sanctions.  For example, consider the following process for application to medical or law school 
and how these schools would use records of academic misconduct in their decision to accept or reject 
applicants.  As part of a general policy in the selection process, medical and law schools contact the 
administration at the applicant’s undergraduate institution to inquire about instances of academic 
misconduct.  Any record of academic misconduct on the part of the applicant is reported to the medical or 
law school, which would then likely translate into a rejection.  


2.  You are expected to attend every class and be prepared to discuss the assigned readings.  Many of our 
class goals are dependent on your participation in in-class activities.  Your success, as well as the success 
of your classmates is thus dependent on your presence and active participation. To enforce this 
expectation we will take attendance every day and this will be a part of your grade (see below). If you come 
to class more than 15 minutes late or leave more than 15 minutes early this will count as a half absence for 
that day.  
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Students who wish to observe their religious holidays need to notify me within the first two weeks of the 
semester of the date(s) when they will be absent so that course accommodations can be made. If you do 
not do this these absences will be recorded and counted towards your grade. 


Student athletes are responsible for providing their travel schedule to me within the first two weeks of class 
or these absences will be recorded and counted towards your grade.  You will be responsible for all work 
missed during your absence. 


Extended absences from class because of severe illnesses or family or personal emergencies may keep 
students away from class for extended periods.  Such situations will be resolved on a case-by-case basis.  
Students who are absent from a significant number of classes due to one of these causes may want to 
consider taking the course at another time. 


3. A significant way you will be exposed to new information in this course is through regular reading 
assignments. Assigned readings must be read BEFORE the class for which they are assigned. As you 
read try to outline or concept map the information you are reading.  Also write down questions you have 
about the material and questions based on the material you can ask each other.   


4. Class participation and discussion are mandatory for all students. I expect you to participate verbally in 
class by asking and answering questions and contributing to discussion.  I also expect you to participate in 
in-class activities including various group activities.  


5. I also expect you to maintain respectful behavior towards all course members as consistent with the Loyola 
Student Promise (http://www.luc.edu/judicial/thepromise.shtml). Please do not talk when others are 
speaking, or interrupt during discussion. Please consider other’s perspectives and try to be constructive 
when providing feedback and critiques.  We will all (including the professor and TA) turn off our cell 
phones at the beginning of class. If your phone rings during class please gather your belongings 
and leave for the day.  This will count as an absence.  Reading email or instant messaging on your 
phone or on a computer is also not appropriate during class.  Please focus your attention on what is 
happening in class and not on things outside of class. 


8. Late assignments and/or papers will be graded down according to the number of days that the paper is 
late, with the exception of unforeseen emergencies and extenuating circumstances with documentation 
and only at the discretion of the instructor.  There will be a deduction of 10% of the total possible 
points for each day that the paper or assignment is late (e.g., 10% point deduction if the paper is 
one day late, 20% point deduction if the paper is two days late, and so on). Assignments are due at 
the beginning of class.  Thus if you submit the assignment to Blackboard after class or later that day it will 
be considered 1 day late.  Thus, please attempt to submit the assignment the night before class. PLEASE 
observe the deadlines for assignments and papers. 


9. General e-mail policy: I reply to e- mails within 1 to 2 business days, with the exception of when I am away 
on university business.  Typically I will check class email first thing in the morning and around 6p. Please 
make sure you spell my e-mail address correctly (rmorrison@luc.edu).   


10. Students with disabilities who require accommodations for access and participation in this course must be 
registered with the Services for Students with Disabilities (SSWD) office. Please contact SSWD at 773-
508-7714 (http://www.luc.edu/sswd/index.shtml), and see me immediately. All students with special needs 
are expected to fulfill all course requirements. 
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Grading.  Final Grades will be assigned as follows: 
  
 A: 93-100% 
 A-: 90-92.9%   
 B+: 87-89.9%   
 B: 83-86.9% 
 B-: 80-82.9%  
 C+: 77-79.9%   
 C: 73-76.9% 
 C-: 70-72.9% 
 D+: 67-69.9% 
 D: 60-66.9% 
 F: less than 60%  
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* Underlined readings to be available on Blackboard 
 


 


Week Date In Class Readings* Due 


1 1/19 Course Introduction & Syllabus 
Introduction to methods in psychology 
Latin Liver 


GARDNER Ch. 1 
ANDREASEN Ch. 1 


 


2 1/26 What is Creativity and how can we measure it?  
Meet your group 
Sketches of Frank Gehry 


GARDNER Ch. 2 
ANDREASEN Ch. 2 
Kaufman & Beghetto  
Sternberg et al 
Simonton 


 


3 2/2 How are people creative? 
Group Time  
Sketches of Frank Gehry 
 


Smith & Ward 
Ward 
Ward, Finke, & Smith   
Gentner et al          
Weisberg 


Read Gardner Chapter for your group 


4 2/9 The Brain and Creativity 
Group Time 
 


ANDREASEN, Ch. 3 & 6,  
vanSteenburgh et al. 
Sacks  
 


Blog: First Post 


5 2/16 Creative Personality 
Dog Town and Z-Boys 
 


Csikszentmihalyi  
Barron & Harrington 
Lubart & Sternberg 


Blog: First Comment 


6 2/23 Play 
Tim Brown 


GARDNER Ch. 4 
Russ_etal 
Sawyer 
Melcher 


Great Mind:  Einstein 
Final Project Topic Identified 


7 3/1 Unconscious 
Danielson Familie 


GARDNER Ch. 3 
Kris 
Cai et al. 
Zhong et al. 


Great Mind:  Freud 
Blog: Second Post 


8 3/8 SPRING BREAK NO CLASS   
9 3/15 Motivation GARDNER Ch. 9 


ANDREASEN Ch. 5 
Collins & Amabile 


Great Mind:  Gandhi 
Blog: Second Comment 
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* Underlined readings to be available on Blackboard 
 


Week Date In Class Readings Due 


10 3/22 Collaboration 
The Secret of Life 


GARDNER Ch. 8 
Uzzi & Shapiro 
Bennis 
Hagendoorn 


Great Mind: Graham 
 


11 3/29 Prodigies 
Group Time 
 


GARDNER Ch. 5 
Feldman  
Gladwell 


Great Mind: Picasso 
Final Project Proposal Due 
 


12 4/5 Mental Illness 
A Beautiful Mind 


GARDNER Ch. 7 
ANDREASEN, Ch. 4 
Russ  
Kaufman & Baer 
Keri 


Great Mind: Eliot 
Blog: Third Post 


13 4/12 Culture 
Group Check-In on Final Projects 


GARDNER Ch. 6 
Lubart 
Raina 
Krumhansl and Lerdahl 


Great Mind:  Stravinsky 
Blog: Third Comment 


14 4/19 Group Time & Wrap Up GARDNER Ch. 10 & Epilogue  


15 4/26 Four Group Presentations    


16 5/3 FINAL:  Remaining Three Group Presentations    


     
 
 
DATES ARE TENTATIVE.  ASSIGNMENT DUE DATES MAY CHANGE DURING THE SEMESTER!  I will communicate changes both in class and 
also on Blackboard. 
 
19 January 2012 
 
 
 
 
 








Robert G. Morrison                    
Loyola University Chicago


Leonidas A.A. Doumas
University of Hawaii at Manoa                                                


Valerie Flores
Loyola University Chicago 


 Lindsey E. Richland                        
University of Chicago	  


Geometric Analogy Task


Hosenfeld et al. (1997) developed a geometric 
analogy task with problems of varying complexity 
created using relations familiar to children (e.g., 
above/below).  They administered the task to 6 year 
old children eight times over the course of one year. 
They described three groups of children who differed 
in their learning profiles.


  Hosenfeld et al. (1997) repeatedly administered a geometric analogy task to 6-8 year olds
  Results indicated three distinct learning profiles among children 
  Using DORA (Doumas et al., 2008) and LISA (Hummel and Holyoak, 2003)  we simulated 


Hosenfeld et al.’s results in two parts:   (1) learning relational representations, and            
(2) geometric analogy task performance


Simuluation 1
 DORA's learning algorithm coupled with variation in inhibition level during learning accounted 


for the development of structured relational representations from unstructured examples
Simulation 2
 Using the representations generated by DORA under varying inhibition levels we used LISA to 


solve the analogy problems using the same inhibition levels for each group


Simulation 1:  Learning Relations
  Started DORA with representations of 100 


objects attached to random sets of features
  Defined 5 transformations each consisting 


of 2 features (2 for each role of a relational 
transformation)


  Each object was attached to the features of 
between 2 and 4 of these relations


  Presented DORA with sets of objects 
selected at random, allowed to to compare 
and learn from these objects


  As DORA learned new representations it 
also used these representations to make 
comparisons


  On each trial we selected between 2 and 6 
representations and let DORA compare them


  We ran DORA with 3 inhibition levels 
(Morrison, Doumas, & Richland, 2011)
  Inhibition level 1: .4 ± .2
  Inhibition level 2: .6 ± .2
  Inhibition level 3: .8 ± .2
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Simulation 2:  Analogy
  Learned representations from Simulation 1 


were placed in LISA’s Long-Term Memory 
(LTM)


  LISA compared the A and B terms to retrieve 
relevant predicates from LTM


  LISA uses the retrieved predicates to 
represent A, B, and C and choice terms


  LISA maps A and B in driver to C and 
possible D choices in recipient


  Whatever maps to B term is chosen as 
answer


  If no choice maps to B, then LISA “guesses”


Inference in LISA/DORA


Predicate Refinement


Making Multi-Place Relations 


Predicate Discovery Predicate Recognition
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Loyola Undergraduate Research Opportunities Program Distinguished Mentor Award, Honorable 
Mention (2011) 


Fellowship from the National Institute of Mental Health for the Yearly Workshop in the Event-
Related Potential Technique at University of California, Davis (1R25MH080794-01 Steve Luck 
PI; 2008) 


National Research Service Award from the National Institute of Aging to study Mechanisms of 
Aging and Dementia (T32AG020506, John Disterhoft PI; 2007- 2009) 


Individual National Research Service Award from the National Institute of Mental Health to study 
Working Memory and Inhibition in Analogical Reasoning (Individual Award F31MH064244-
01A1; 2002-2004) 


National Research Service Award from the National Institute of Mental Health to study 
Developmental Cognitive Science (Training Grant T32MH019926-05; Rochel Gelman PI; 1999-
2000)  


Support 


IDPH, Alzheimer’s Disease Research Fund Grant       1/1/2012-12/31/2012 $34,958 
Electrophysiology of category learning in Alzheimer's Disease 
Role: Principal Investigator 


 
Loyola University Summer Stipend 6/1/2012-8/15/2012 $7,000 


Electrophysiology of Category Learning in Super Agers 
 Role: Principal Investigator 


Rosalinde and Arthur Gilbert Foundation 7/1/2011-6/30/2013 $99,988 
American Federation of Aging Research/New Investigator in Alzheimer’s Disease Award       
 Electrophysiology of Category Learning in Mild Cognitive Impairment 
 Role: Principal Investigator 


Loyola Undergraduate Research Opportunities Program 9/1/2011-4/30/2012 $1,900 
 Provost Fellowship: Nirav Patel – student 
 The Role of Inhibition in Determining Political Ideology 
 Role: Sponsor 


Loyola Undergraduate Research Opportunities Program 5/15/2011-8/30/2011 $1,500 
 Provost Fellowship: Miraj Chokshi – student 
 Neurocorrelates of Relational and Featural Similarity Processing 
 Role: Sponsor 


Loyola Undergraduate Research Opportunities Program 5/15/2011-8/30/2011 $1,900 
 Provost Fellowship: Matt Kmiecik – student 
 Electrophysiology of Verbal Analogical Reasoning 
 Role: Sponsor 


Loyola University, Multidisciplinary Development Grant       7/1/2011-6/30/2012 $25,000 
 Is political ideology hardwired? Testing political variables in the brain 
 Role: co-Principal Investigator 


Loyola Undergraduate Research Opportunities Program 9/1/2010-5/1/2011 $2,000 
 Provost Fellowship: Miraj Chokshi – student 
 The Effect of Personal Perceived Power on Reasoning Strategy Selection 
 Role: Sponsor 


Carbon Undergraduate Research Fellowship Program 9/1/2010-5/1/2012 $15,000 
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 Carbon Fellowship: Brian Sweis – student 
 The Behavioral and Neurochemical Analysis of the Effects of Chronic Stress on Mental Health 
 Role: Co-sponsor 
IDPH, Alzheimer’s Disease Research Fund Grant       10/1/2009-9/30/2010 $30,000 
 Electrophysiology of category learning in Alzheimer's Disease 
 Role: Principal Investigator 


NIA, Northwestern Alzheimer's Disease Core Center 10/1/2009-9/30/2010 $28,000
Electrophysiological of Category Learning in Patients with Mild Cognitive Impairment 


 Role:  Principal Investigator; Awarded and then unfunded because of institution change 


SBIR OSD03-DH07 ONR, Gregory Thompson (PI) 2006-2007  
 Medical Training for Force Mobilization and Disaster Response 
 Role: Consultant 


SBIR OSD01-CR11 ONR, Gregory Thompson (PI) 2002-2004 
 An Intelligent System for Case-Based Instruction  
 Role: Consultant  


Memberships in Professional Organizations: 
Association for Psychological Science 
Cognitive Development Society 
Cognitive Neuroscience Society 
Cognitive Science Society  
Psychonomic Society, Associate 
Society for Neuroscience 
 


B. Publications 
 


Morrison, R.G. (in press). Analogical reasoning: Models of development. In H. Pashler (Ed.), 
Encyclopedia of the mind. Thousand Oaks, CA:  Sage Publications. 


Morrison, R. G. (in press). Problem solving. In M. Aminoff & R. Daroff (Eds.), The encyclopedia of 
the neurological sciences (2nd Edition). San Diego: Academic Press.  


Holyoak, K.J., & Morrison, R.G. (Eds.) (2012). Oxford Handbook of Thinking and Reasoning.  New 
York, NY: Oxford University Press. 


Holyoak, K.J., & Morrison, R.G. (2012). Thinking and reasoning: A reader’s guide. In K.J. Holyoak 
& R.G. Morrison (Eds.), Oxford Handbook of Thinking and Reasoning. New York: Oxford 
University Press. 


Morrison, R.G., & Knowlton, B.J. (2012). Cognitive neuroscience of higher cognition. In K.J. 
Holyoak & R.G. Morrison (Eds.), Oxford Handbook of Thinking and Reasoning. New York: 
Oxford University Press. 


Morrison, R.G., Doumas, L.A.A., & Richland, L.E. (2011). A computational account of children's 
analogical reasoning:  Balancing inhibitory control in working memory and relational 
representation. Developmental Science, 14(3), 516-529. doi:10.1111/j.1467-7687.2010.00999.x 


Richland L.E., Chan, T-K., Morrison, R.G., & Au, T.K-F. (2010). Young children’s analogical 
reasoning across cultures: Similarities and differences. Journal of Experimental Child 
Psychology, 105, 146-153. 


Richland, L.E., & Morrison, R.G. (2010). Is analogical reasoning just another measure of executive 
functioning? Frontiers in Human Neuroscience, 4, 180. 
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Morrison, R.G., & Cho, S. (2008). Neurocognitive process constraints on analogy:  What changes 
to allow children to reason like adults? Behavioral and Brain Sciences, 31, 391-392. PMID: 
18662450  


Krawczyk, D. C., Morrison, R. G., Viskontas, I., Holyoak, K. J., Chow, T. W., Mendez, M., Miller, 
B.L., & Knowlton, B. J. (2008). Distraction during relational reasoning:  The role of prefrontal 
cortex in interference control. Neuropsychologia, 46, 2020-2032. PMID: 18355881  


Lu, H., Morrison, R.G., Hummel, J.E., & Holyoak, K.J. (2006). Role of gamma-band 
synchronization in priming of form discrimination for multi-object displays. Journal of 
Experimental Psychology:  Human Perception and Performance, 32, 610-617. PMID: 16822127  


Richland, L.E., Morrison, R.G., & Holyoak, K.J. (2006). Children’s development of analogical 
reasoning: Insights from scene analogy problems. Journal of Experimental Child Psychology, 
94, 249–273. PMID: 16620867 


Morrison, R.G. (2005).  Thinking in working memory.  In K.J. Holyoak & R.G. Morrison (Eds.), 
Cambridge Handbook of Thinking and Reasoning (pp. 457-473).  New York, NY: Cambridge 
University Press. 


Holyoak, K.J., & Morrison, R.G. (2005).  Thinking and reasoning:  A readers guide.  In K.J. Holyoak 
& R.G. Morrison (Eds.), Cambridge Handbook of Thinking and Reasoning.  (pp. 1-9). New York, 
NY: Cambridge University Press. 


Holyoak, K.J., & Morrison, R.G. (Eds.) (2005). Cambridge Handbook of Thinking and Reasoning.  
New York, NY: Cambridge University Press.  


Morrison, R.G., Krawczyk, D., Holyoak, K.J., Hummel, J.E., Chow, T., Miller, B., & Knowlton, B.J. 
(2004). A neurocomputational model of analogical reasoning and its breakdown in 
frontotemporal lobar degeneration. Journal of Cognitive Neuroscience, 16, 260-271. 
doi:10.1162/089892904322984553 


Viskontas, I.V., Morrison, R.G., Holyoak, K.J., Hummel, J.E., &  Knowlton, B.J.,  (2004) Relational 
integration, inhibition and analogical reasoning in older adults. Psychology and Aging, 19, 581-
591. doi:10.1037/0882-7974.19.4.581 


Morrison, R. G., & Holyoak, K. J. (2003). Problem solving. In M. Aminoff & R. Daroff (Eds.), The 
encyclopedia of the neurological sciences (Vol. 1, pp. 60-62). San Diego: Academic Press.  


Morrison, R.G., & Wallace, B.  (2001). Imagery vividness, creativity, and the visual arts. Journal of 
Mental Imagery, 25, 135-152.  


Spellman, B.A., Holyoak, K.J., & Morrison, R.G. (2001).  Analogical priming via semantic relations.  
Memory & Cognition, 29, 383-393. PMID: 11407415 


 
C. Conference Proceedings 


Morrison, R.G., Bharani, K., Chihade, D., Nuechterlein, K., Weintraub, S., Reber, P.J., & Paller, 
K.A. (2011). Category learning brain potentials as neurocognitive markers for pathologic aging.  
Alzheimer’s & Dementia, 7(4), S32-33. 


Morrison, R.G., Bharani, K., Chihade, D., Nuechterlein, K., Weintraub, S., Reber, P.J., & Paller, 
K.A. (2011). Category learning brain potentials as neurocognitive markers for pathologic aging.  
Alzheimer’s & Dementia, 7(4), S216. 


Doumas, L. A. A., Morrison, R. G., & Richland, L. E. (2010).  Differences in development of 
analogy across cultures: A computational account.  Proceedings of the Thirty-Second Annual 
Conference of the Cognitive Science Society. 
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Doumas, L.A.A., Morrison, R.G., & Richland, L.E. (2009). The development of analogy: Task 
learning and individual differences. Proceedings of the Thirty-First Annual Conference of the 
Cognitive Science Society  (pp. 3133-3138). Mahwah, NJ:  Erlbaum. 


Morrison, R.G., Reber, P., & Paller, K.A. (2009). Dissociation of category-learning mechanisms via 
brain potentials. Proceedings of the Thirty-First Annual Conference of the Cognitive Science 
Society (pp. 3076-3081).  Mahwah, NJ:  Erlbaum. 


Morrison, R.G., Doumas, L.A.A., & Richland, L.E. (2006). The development of analogical 
reasoning in children:  A computational account.  Proceedings of the Twenty-eighth Annual 
Conference of the Cognitive Science Society (pp. 603-608).  Mahwah, NJ:  Erlbaum.  


Thompson, G., Morrison, R.G., Holyoak, K.J., & Clark, T.K. (2006). Evaluation of an online 
analogical patient simulation program.  Proceedings of the Nineteenth IEEE International 
Symposium on Computer-Based Medical Systems (pp. 623-628).  Los Alamitos, CA:  IEEE 
Computer Society.  


Richland, L.E., Morrison, R.G., & Holyoak, K.J. (2004). Developmental Change in Analogical 
Reasoning:  Evidence from a Picture-Mapping Task. Proceedings of the Twenty-seventh Annual 
Conference of the Cognitive Science Society  (pp. 1149-1154). Mahwah, NJ: Erlbaum. 


Morrison, R.G., Krawczyk, D., Knowlton, B.J., Holyoak, K.J., Boone, K.B., Chow, T., & Mishkin, 
F.S. (2001). Relational reasoning and semantic inhibition in human prefrontal cortex. Brain & 
Cognition, 47, 292-296. 


Morrison, R.G., Holyoak, K.J., & Truong, B. (2001). Working memory modularity in analogical 
reasoning. Proceedings of the Twenty-fourth Annual Conference of the Cognitive Science 
Society (pp. 663-668).   Mahwah, NJ: Erlbaum. 


Morrison, R.G., Holyoak, K.J., & Spellman, B.A. (2000). Analogical priming in a word naming task. 
Proceedings of the Twenty-second Annual Conference of the Cognitive Science Society (pp. 
1045).   Mahwah, NJ: Erlbaum. 


 
D. Manuscripts under Review 


Doumas, L.A.A., Morrison, R.G., & Richland, L.E. (2012). Individual differences in relational 
learning and analogical reasoning over time: A computational approach. Manuscript under 
review. 


Sweis, B.M., Bharani, K.L. & Morrison, R.G.  (2012). The time course of inhibition in analogical 
reasoning:  An event-related potential approach. Manuscript under review. 


 


E. Manuscripts in Preparation 
Bharani, K., Paller, K.A., Reber, P.J., Weintraub, S., & Morrison, R.G. (2012). Electrophysiology of 


rule-based category learning as a function of age.  Manuscript in preparation. 


Knowlton, B.J., Morrison, R.G., Hummel, J.E., & Holyoak, K.J. (2012). Toward a neural system for 
relational reasoning. Manuscript invited for submission to Trends in Cognitive Science. 


Morrison, R.G., Nikitin, V., & Bharani, K.L. (2012). Neurocorrelates of analogical mapping:  An 
event-related potential approach.. Manuscript in preparation. 


Morrison, R.G., Bharani, K., Reber, P., & Paller, K.A. (2012). Neural dissociations in category 
learning:  An electrophysiological approach. Manuscript in preparation. 
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Educational Media 


Morrison, R.G. (Producer), & Bergman, C.E. (Director). (2005). Retrieval:  A journey into memory 
[Motion Picture]. United States: Xunesis. http://www.xunesis.org/Retrieval.html 


Morrison, R.G. (Producer/Director), & Ray, R. (co-Producer). (2006). Virtual Lab Tours:  Volume 1 
[CD-ROM]. United States: Xunesis. 


G. Conference Presentations 
Doumas, A., Morrison, R.G., & Richland, L.E. (2012, August). Computational perspectives on the 


role of comparison in structure learning: Developmental, learning science, and computational 
perspectives. Symposium proposal for the 34th Annual Cognitive Science Society, Sapporo, 
Japan. 


Sweis, B.M., Bharani, K.L. & Morrison, R.G.  (2012, August). The time course of inhibition in 
analogical reasoning:  An event-related potential approach. Paper submitted for the 34th Annual 
Cognitive Science Society, Sapporo, Japan. 


Wendell, D.G., Matland, R.E., & Morrison, R.G. (2012, August).  Inhibitory response in the political 
brain.  Paper proposal submitted for annual meeting of American Political Science Association. 
New Orleans, LA.  


Morrison, R.G., (2012, July). Processing dynamics in analogical reasoning:  Developmental, 
neuropsychological, neuroimaging, and computational evidence. Talk to be presented at the 6th 
International Conference on Thinking, London, England. 


Morrison, R.G., (2012, July). Analogical reasoning. Symposium organized for the 6th International 
Conference on Thinking, London, England. 


Wendell, D.G., Matland, R.E., & Morrison, R.G. (2012, July).  Using electroencephalography to 
measure inhibition in political ideologues.  Paper proposal submitted for annual meeting of 
International Society of Political Psychology.  Chicago, IL. 


Wendell, D.G., Matland, R.E., & Morrison, R.G. (2012, April).  Neural correlates of political ideology 
and self-regulation.  Paper to be presented at annual meeting of Midwest Political Science 
Association.  Chicago, IL. 


Hare, S., Molony, J., McCarthy, S., Brandstatt, K., Skiadopoulos, L., Bharani, K.L. & Morrison, R.G. 
(2012, March). Insight follows incubation in the Remote Associates Test. Poster accepted for 
the Cognitive Neuroscience Society Annual Meeting, Chicago IL. 


Morrison, R.G., Kmiecik, M., & Bharani, K.L. (2012, April). When analogy is like priming:  The N400 
in verbal analogical reasoning. Poster accepted for the Cognitive Neuroscience Society Annual 
Meeting, Chicago IL. 


Sweis, B.M., Bharani, K.L. & Morrison, R.G. (2012, April). Relational complexity and relational 
distraction modulate response-locked event-related potentials in analogical reasoning. Poster 
accepted for the Cognitive Neuroscience Society Annual Meeting, Chicago IL. 


Bharani, K., Weintraub, S., Reber, P.J., Paller, K.A., & Morrison, R.G.,  (2012, March). Category 
learning brain potentials as neurocognitive markers for pathologic aging. Poster to be presented 
at the Chicago Area Undergraduate Research Symposium, Chicago, IL. 


Molony, J., Brandstatt, K., Skiadopoulos, L., Hare, S., McCarthy, S., Bharani, K.L. & Morrison, R.G. 
(2012, March). Insight follows incubation in the Remote Associates Test. Poster to be presented 
at the Chicago Area Undergraduate Research Symposium, Chicago, IL. 
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Kmiecik, M., Morrison, R.G., & Bharani, K.L. (2012, March). When analogy is like priming:  The 
N400 in verbal analogical reasoning. Poster to be presented at the Chicago Area 
Undergraduate Research Symposium, Chicago, IL. 


Sweis, B.M., Veverka, K.K., Bawa, G.S., Dhillon, E.S., Morrison, R.G., Lucas, L.R. (2012, March). 
Individual differences in the effects of chronic stress on memory: Neuropeptide Y and anxiety as 
biobehavioral correlates of resiliency. Poster to be presented at the Chicago Area 
Undergraduate Research Symposium, Chicago, IL. 


Sweis, B.M, Bawa, G.S., Veverka, K.K., Dhillon, E.S., Morrison, R.G., & Lucas, L.R. (2011, 
October). Repeated stress impairs or enhances spatial memory depending on individual coping 
differences in stress reactivity and anxiety. Poster presented at the Society for Neuroscience 
Annual Meeting, Washington D.C. 


Morrison, R.G., Doumas, L.A.A., Flores, V. & Richland, L.E. (2011, October). Individual differences 
in executive functions explain longitudinal development trends In analogical reasoning. Poster 
presented at the Cognitive Development Society.  Philadelphia, PA. 


Morrison, R.G., Bharani, K., Chihade, D., Nuechterlein, K., Weintraub, S., Reber, P.J., & Paller, 
K.A. (2011, July). Category learning brain potentials as neurocognitive markers for pathologic 
aging.  Poster presented at the Alzheimer’s Imaging Consortium, Paris, France. 


Morrison, R.G., Bharani, K., Chihade, D., Nuechterlein, K., Weintraub, S., Reber, P.J., & Paller, 
K.A. (2011, July). Category learning brain potentials as neurocognitive markers for pathologic 
aging.  Poster presented at the International Conference on Alzheimer’s Disease, Paris, France. 


Bharani, K., Chihade, D., Nuechterlein, K., Weintraub, S., Paller, K.A., Reber, P.J., & Morrison, 
R.G.  (2011, April). Electrophysiology of rule-based category learning as a function of age.  
Abstract presented at the 17th Annual Alzheimer Day at Northwestern University’s Cognitive 
Neurology and Alzheimer’s Disease Center, Chicago, IL. 


Bharani, K., Chihade, D., Nuechterlein, K., Weintraub, S., Paller, K.A., Reber, P.J., & Morrison, 
R.G.  (2011, April). Electrophysiology of rule-based category learning as a function of age.  
Poster presented at the Cognitive Neuroscience Society Annual Meeting, San Francisco, CA. 


Nikitin, S., & Morrison, R.G. (2011, April). Analogical Reasoning in Human Prefrontal Cortex:  An 
Event-Related Potential Approach. Poster presented at the Cognitive Neuroscience Society 
Annual Meeting, San Francisco, CA. 


Richland, L. E., Morrison, R. G., & Doumas, L. A. A. (2011, March).  Executive functioning in 
children's analogical reasoning. Paper presented at the Society for Research in Child 
Development. Montreal, Canada. 


Doumas, L. A. A., Morrison, R. G., & Richland, L. E. (2010, August).  Differences in development 
of analogy across cultures: A computational account.  Poster presented at the Thirty-Second 
Annual Conference of the Cognitive Science Society. Portland, Oregon. 


Morrison, R.G., Lucas H., Florczak, S., James, M., Wingo, J., & Paller, K.A. (2010, April). Brain 
Potentials Reflect Changes in Memory with Age. Poster presented at the Cognitive 
Neuroscience Society Annual Meeting, Montreal, Canada. 


Morrison, R.G., Reber, P., & Paller, K.A. (2009, October). Brain potentials dissociate category-
learning mechanisms. Poster presented at the Society for Neuroscience, Chicago, IL. 


Doumas, L.A.A., Morrison, R.G., & Richland, L.E. (2009). The development of analogy: Task 
learning and individual differences. Poster presented at the Thirty-First Annual Conference of 
the Cognitive Science Society.  Amsterdam, Netherlands. 
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Morrison, R.G., Reber, P., & Paller, K.A. (2009). Dissociation of category-learning mechanisms via 
brain potentials. Poster presented at the Thirty-First Annual Conference of the Cognitive 
Science Society. Amsterdam, Netherlands. 


Morrison, R.G. (2009, July). Implementing analogy in the brain: A computational approach to 
Neuropsychological Results. Talk presented at the 2nd International Analogy Conference, 
Central and East European Center for Cognitive Science, New Bulgarian University, Sofia, 
Bulgaria. 


Richland, L.E., Doumas, L.A.A., & Morrison, R.G. (2009, July). Implementing. Talk presented at 
the 2nd International Analogy Conference, Central and East European Center for Cognitive 
Science, New Bulgarian University, Sofia, Bulgaria. 


Morrison, R.G., Reber, P., & Paller, K.A. (2009, April). Electrophysiological decomposition of 
category-learning mechanisms. Poster accepted for presentation at the Fifteenth International 
Congress on Event-Related Potentials of the Brain, Bloomington, Indiana. 


Morrison, R.G., Reber, P., & Paller, K.A. (2009, March). Electrophysiological dissociation of 
category learning mechanisms. Poster presented at the Cognitive Neuroscience Society Annual 
Meeting, San Francisco, California 


Morrison, R.G., & Reber, P.J., & Paller, K.A. (2008, November). Neurophysiological dissociation of 
rule-based and information integration category learning mechanisms. Poster presented at the 
49th Annual Meeting of the Psychonomic Society, Chicago, IL.  


Doumas, L.A.A., & Morrison, R.G., & Richland, L.E. (2008, November). A computational account of 
the development of structured thought. Poster presented at the 49th Annual Meeting of the 
Psychonomic Society, Chicago, IL.  


Thompson, G., Morrison, R.G., Milne, C. & Holyoak, K.J. (2008, July). Multi-faceted E-learning:  
Comparison of methods study #2. Poster and Talk presented at the International Association of 
Medical Science Educators, Salt Lake City, UT. 


Morrison, R.G., Reber, P., & Paller, K.A. (2008, May). Using event-related potentials to dissociate 
category-learning mechanisms. Poster presented at the Association for Psychological Science 
20th Annual Convention, Chicago, IL. 


Morrison, R.G., Reber, P., & Paller, K.A. (2008, May). Dissociation of rule-based and information 
integration category learning:  An event-related potential approach. Poster presented at the 
Cognitive Neurology & Alzheimer's Disease Center’s Alzheimer’s Day Poster Session, Chicago, 
IL. 


Morrison, R.G., Reber, P., & Paller, K.A. (2008, April). Dissociation of rule-based and implicit 
category learning:  An electrophysiological approach. Poster presented at the Cognitive 
Neuroscience Society, San Francisco, California. 


Doumas, L.A.A., & Morrison, R.G. (2007, November). Modeling process differences in implicit and 
explicit category learning:  A symbolic-connectionist approach. Poster presented at the 48th 
Annual Meeting of the Psychonomic Society, Long Beach, California.  


Morrison, R.G., Doumas, L.A.A., & Richland, L. (2007, November). Cross Cultural Cognitive 
Differences in Analogical Reasoning:  A Computational Account. Poster presented at the 48th 
Annual Meeting of the Psychonomic Society, Long Beach, California.  


Morrison, R.G., Doumas, L.A.A., & Richland, L. (2007, November). Inhibition vs. Relational 
Knowledge constraints in Children’s Analogical Reasoning:  A symbolic-connectionist approach. 
Poster presented at the Fifth Biennial Meeting of the Cognitive Development Society, Santa Fe, 
New Mexico. http://www.morrisonlab.org/publications/morrison_etal_CDS_Poster_2007.pdf 
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Morrison, R.G. (2006, November). Beyond the passive video experience:  Challenges for research 
on new approaches in video for psychology education. Paper presented 36th Meeting of the 
Society for Computers in Psychology, Houston, Texas. 


Morrison, R.G., Doumas, L.A.A., & Richland, L.E. (2006, July). The development of analogical 
reasoning in children:  A computational account.  Paper presented at the Twenty-ninth Annual 
Conference of the Cognitive Science Society, Vancouver, Canada. 


Thompson, G., Morrison, R.G., Holyoak, K.J. &  (2006, June). Evaluation of an Online Analogical 
Patient Simulation Program. Paper presented at the IEEE International Symposium on 
Computer-Based Medical Systems:  Advances in Medical Simulation, Salt Lake City, Utah. 


Morrison, R.G., Lu, H., Holyoak, K.J., & Hummel, J.E. (2005, November). Asynchronous priming in 
the gamma band facilitates discrimination of Kanizsa-type forms. Poster presented at the 46th 
Annual Meeting of the Psychonomic Society, Toronto, Canada. 


Thompson, G., Morrison, R.G., & Holyoak, K.J. (2005, June). MedulatorTM analogical reasoning 
study:  Evaluation of an online case-based learning tool. Talk presented by Gregory Thompson 
at the Slice of Life conference sponsored by the Academy of American Medical Colleges), 
Portland, OR. 


Morrison, R.G. (2005, May). Retrieval.  Invited presentation at the 17th Annual American 
Psychological Society Conference, Los Angeles, CA. 


Morrison, R.G., & Bergman, C.E. (2005, May). Analogy into the world: Cuing learning in everyday 
life using narrative film.  Poster presented at the Teaching Institute of the 17th Annual American 
Psychological Society Conference, Los Angeles, CA.  


Richland, L.E., Morrison, R.G., & Holyoak, K.J. (2004, November). Development of Analogical 
Reasoning: Inhibitory Control and Working Memory. Poster presented at the 45th Annual 
Meeting of the Psychonomic Society, Minneapolis, MN. 


Richland, L.E., Morrison, R.G., & Holyoak, K.J. (2004, August). Developmental Change in 
Analogical Reasoning:  Evidence from a Picture-Mapping Task. Talk read by Lindsey Richland 
at the Twenty-seventh Annual Conference of the Cognitive Science Society, Chicago, IL. 


Richland, L.E., Morrison, R.G., & Holyoak, K.J. (2003, October). Working memory and inhibition 
constraints on children's analogical reasoning. Poster presented at the 3rd Annual Meeting of the 
Cognitive Development Society, Park City, UT.  


Morrison, R.G., Viskontas, I., & Hummel, J. (2003, April). A computational account of working 
memory and inhibition changes in analogical reasoning during normal aging. Poster presented 
at the Cognitive Neuroscience Society Annual Meeting, New York, NY. 


Krawczyk, D., Morrison, R.G., Holyoak, K.J.,  Chow, T.W., Mendez M., & Knowlton, B.J., (2003, 
April). The role of prefrontal cortex in inhibiting competing perceptual and semantic information 
in relational reasoning. Poster presented at the Cognitive Neuroscience Society Annual 
Meeting, New York, NY. 


Morrison, R.G., Holyoak,  K.J., Ash, A., & Erickson, E. (2002, November). The role of working 
memory in analogical reasoning. Talk read by Keith Holyoak at the Annual Meeting of the 
Psychonomic Society, Kansas City, MO. 


Stevens, G., Morrison, R.G., & Stark, R. (2002, November). Neural-network model of a directed 
forgetting working memory task. Poster presented at the Annual Meeting of the Psychonomic 
Society, Kansas City, MO. 
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Morrison, R.G., Hummel, J., & Holyoak, J. (2002, April). A computational account of working 
memory and inhibition in analogical reasoning. Poster presented at the Cognitive Neuroscience 
Society Annual Meeting, San Francisco, California. 


Krawczyk, D., Morrison, R.G.,  Holyoak, K.J.,  Chow, T.W., Miller, Bruce L., & Knowlton, B.J., 
(2002, April). Analogical reasoning and inhibition in prefrontal cortex. Poster presented at the 
Cognitive Neuroscience Society Annual Meeting, San Francisco, California. 


Morrison, R.G., Macdonald, J.W., & Bjork, R.A. (2001, November). Active suppression in the 
management of working memory.  Poster presented at the Annual Meeting of the Psychonomic 
Society, Orlando, FL. 


Morrison, R.G., Holyoak, K.J., & Truong, B. (2001, August). Working memory modularity in 
analogical reasoning.  Talk delivered at the Twenty-third Annual Conference of the Cognitive 
Science Society, Edinburgh, UK. 


Krawczyk, D., Morrison, R.G.,  Holyoak, K.J.,  Chow, T.W., Miller, Bruce L., & Knowlton, B.J., 
(2001, March). Reasoning about picture analogies in prefrontal cortex. Poster presented at the 
Cognitive Neuroscience Society Annual Meeting, New York, NY.  


Morrison, R.G., Krawczyk, D., Holyoak, K.J.,  Chow, T.W., Miller, Bruce L., & Knowlton, B.J., 
(2001, March). Semantic inhibition and analogical reasoning in human prefrontal cortex. Poster 
presented at the Cognitive Neuroscience Society Annual Meeting, New York, NY.  


Morrison, R.G., Holyoak, K.J., & Spellman, B.A. (2000, August). Analogical priming in a word 
naming task.  Poster presented at the Twenty-second Annual Conference of the Cognitive 
Science Society, Philadelphia, PA. 


Morrison, R.G., Krawczyk, D., Knowlton, B.J., Holyoak, K.J., Boone, K.B., Chow, T., & Mishkin, 
F.S. (2000, March). Relational reasoning and semantic inhibition in human prefrontal cortex. 
Poster presented at  the 10th Annual Rotman Research Institute Conference, Toronto, Ontario. 


Allen, P.A., Pickle, J., Lien, M-C, Groth, K., & Morrison, R.G.  (1997, November). A Three-Stream 
Model of Visual Word Recognition.  Paper presented at the Annual Meeting of the Psychonomic 
Society, Philadelphia, PA. 


H. Invited Presentations 
 


Morrison, R.G. (2012). The role of inhibition in analogical reasoning:  Developmental, 
neuropsychological, neuroimaging, and computational evidence. Analogical Reasoning Keynote 
Address 6th International Conference on Thinking, University of London, July 4. 


Morrison, R.G. (2012). Predicting pathologic aging: Behavioral and electrophysiological biomarkers 
for Alzheimer’s disease. Keynote Address 2012 Chicago Area Undergraduate Research 
Symposium, Chicago, March 3. 


Morrison, R.G. (2012). Active learning in Neuroscience:  Student made Films as a Means to Deep 
Learning, Focus on Teaching and Learning 2012, Center for Ignation Pedagogy, Loyola 
University Chicago, January 12. 


 Morrison, R.G. (2011). Cognitive neuroscience methods in developmental psychology. Psychology 
Department, Loyola University Chicago, November 7. 


Morrison, R.G. (2011). Predicting Alzheimer’s disease:  Behavioral & electrophysiological 
biomarkers. Neuroscience 300, Biology Department, Loyola University, September 13. 


Morrison, R.G. (2011). Human memory in normal and pathological aging. Neuroscience Institute, 
Stritch School of Medicine, Loyola University Chicago, May 10. 
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Morrison, R.G. (2010). Electrophysiology of Category Learning in Alzheimer’s Disease. Alzheimer's 
Disease Research Fund, Illinois Department of Public Health, Chicago IL, October 21. 


Morrison, R.G. (2010). Predicting Alzheimer’s disease:  Behavioral & electrophysiological 
biomarkers. Neuroscience 300, Biology Department, Loyola University, October 5. 


Morrison, R.G. (2010). Presentation of Research Interests. Neuroscience Institute Retreat, Loyola 
University, March 13. 


Morrison, R.G. (2009). Predicting Alzheimer’s disease:  Behavioral & electrophysiological 
biomarkers. Neuroscience 300, Biology Department, Loyola University, November 11. 


Morrison, R.G. (2009). Reasoning with memory: Neuropsychological, neuroimaging, developmental 
and computational evidence. Psychology Department, Loyola University, March 16. 


Morrison, R.G. (2009). How does analogy work?  Neurocognitive, Developmental and 
Computational Evidence. Psychology Department, Hope College, February 11. 


Morrison, R.G. (2008). Neural dissociations in category learning: An event-related potential 
approach. Northwestern University Interdisciplinary Neuroscience Retreat, September 9. 


Morrison, R.G. (2008). Dissociation of rule-based and information integration category learning: An 
event-related potential approach. Mechanisms of Aging and Dementia Training Day. 
Northwestern University Medical School, March 13. 


Morrison, R.G. (2007). Concourse:  An interdisciplinary discussion.  School of the Art Institute of 
Chicago, May 13. 


Morrison, R.G. (2007). Analogical reasoning in working memory:  Developmental, neurocognitive 
and computational evidence.   


  Psychology Department, Macalester College, March 22 
  Psychology Department, St. Lawrence University, February 8 
  Psychology Department, Columbia University, January 30 
  Psychology Department, Kalamazoo College, January 23 
  Cognitive Science Department, Case Western Reserve University, January 16 
  Psychology Department, Union College, January 11 
  Psychology Department, College of the Holy Cross, December 11, 2006 


Morrison, R.G. (2006). Digital video and artificially intelligent multimodal expert systems:  Training 
and teaching applications in psychology. Respondent. Society for Computers in Psychology, 
Houston, TX. November 16. 


Morrison, R.G. (2006). Analogical reasoning in working memory:  Developmental, neurocognitive 
and computational evidence.  Psychology Department, University of Illinois at Urbana-
Champaign, Urbana IL. September 22. 


Morrison, R.G. (2005). Analogical Reasoning: From neurocognition to education.  Psychology 
Department, University of Illinois at Chicago, Chicago IL. November 7. 


Morrison, R.G. (2005,). Retrieval. 17th Annual American Psychological Society Conference, Los 
Angeles, CA. May 27. 


Morrison, R.G. (2005). New concepts in educational media:  The use of story-based film in teaching 
science.  Communications Department, North Park University, Chicago, IL. February 8. 


Morrison, R.G. & Krawczyk, D.C. (2003). Reasoning and problem solving in the human brain. 
Frontotemporal Dementia Clinic and Research Program, University of Southern California, 
Rancho Los Amigos, CA. January 4. 
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Morrison, R.G. (2001). Working memory and analogical reasoning in human prefrontal cortex. 
Cognition and Brain Unit, MRC, Cambridge University, Cambridge, UK. August 16.  


Morrison, R.G. (2001). Working memory and inhibition in analogical reasoning. Department of 
Cognitive Science, University of California, Irvine, Irvine, CA. November 28.   


 
I. Editorial Activities 


Holyoak, K.J., & Morrison, R.G. (Eds.)  (2012). The Oxford handbook of thinking and reasoning.  
New York:  Oxford University Press. 


Holyoak, K.J., & Morrison, R.G. (Eds.)  (2005). The Cambridge handbook of thinking and reasoning.  
Cambridge, UK:  Cambridge University Press. 


Ad Hoc Reviewer or Commentator for the following peer-reviewed publications: 
 Behavioral and Brain Sciences 
 Brain Research 
 Cambridge University Press (Books) 
 Cognitive Psychology 
 Human Brain Mapping 
 Journal of Cognitive Neuroscience 
 Journal of Experimental Child Psychology 
 Journal of Experimental Psychology: General 
 Journal of Experimental Psychology:  Learning, Memory, & Cognition  
 Memory & Cognition 
 Neuropsychologia 
 Neuroscience 
 Oxford University Press (Books) 
 Proceedings of the Cognitive Science Society 
 Thinking & Reasoning 
 


J. Teaching Experience 


Loyola University Chicago, Department of Psychology, Assistant Professor 


Undergraduate Faculty, College of Arts and Sciences 


Psychology 314: Experimental Psychology – Cognition – syllabus available on request (Fall 
2009, Spring 2010, Spring 2011). Experimental methods allow psychologists to move 
beyond mere speculation and intuition to build theories of how people think based on the 
scientific method. You have previously learned about many of these theories and perhaps a 
few of the methods in your Cognitive Psychology course. During this course you will further 
your skills to design experiments to answer your own questions. To meet this goal, in this 
course you will participate in a variety of experiments used by cognitive psychologists to 
address questions about attention, memory and reasoning.  You will also learn to analyze 
these experiments and practice presenting your results in the ways commonly used by 
experimental psychologists. 


Psychology 398/382: Cognitive and Behavioral Neuroscience –syllabus available on request 
(Fall 2010, Fall 2011). The field of cognitive neuroscience, officially just over 30 years old, 
has revolutionized the way psychologists study the mind and its disorders.  Building on the 
older disciplines of behavioral neurology and physiological psychology, cognitive 
neuroscience adds a broad change of new methods that provide spatial and temporal views 
of neural processing as well as innovative techniques to alter brain structure or functioning.  
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Together these methods add to the traditional experimental methods of psychological 
science to allow us to move beyond mere speculation and intuition to build theories of how 
people think based on the scientific method and importantly constrained by mechanisms 
and representations consistent with how the brain processes information. In this course the 
methods of cognitive neuroscience including genetics, brain imaging (e.g., single unit 
recording, EEG/ERP/ERO, fMRI, PET, MEG) and dissociation-based techniques such as 
behavioral neurology and TMS. You will also become familiar with the structure of the 
human brain. Putting these together we will then consider a broad range of topics in higher 
human cognition including: object recognition, memory, emotions, social cognition, 
language, attention, consciousness, reasoning & problem solving and decision making. 
Thus, this course will survey a broad range of topics mainly through lecture presentations 
including video.  However, you will be expected to learn much from the assigned readings. 
You will also have a unique opportunity to learn to apply the course material through making 
a video of your own. 


Honors 204:  Science & Society:  Psychology of Creativity –syllabus available on request 
 (Spring 2011, Spring 2012). During the last sixty years scientists have explored the 


personality traits, mental processes, and brain functions that allow people to exhibit creative 
behavior.  In this course we will survey a variety of different theories of creativity drawing on 
cognitive, developmental, personality and social psychology and neuroscience.  We will 
consider artistic, scientific and cultural creativity, making extensive use of reading and film to 
encounter creators and their products directly and through the minds of their students and 
scholars.  Together we will reflect on our own creative processes via discussion and writing 
and engage in a group study of a living eminent creative individual here in Chicago. 


Graduate Faculty College of Arts & Sciences & Neuroscience Graduate Program Faculty 


Psychology 435: Information Processing/Seminar in Cognitive Neuroscience–syllabus available 
on request (Spring 2010, Spring 2012). The way that information is represented and 
processed in the brain is central to a broad range of topics in psychological science.  In this 
course we will consider how the methods of cognitive neuroscience including brain imaging 
(e.g., EEG/ERP/ERO, fMRI, MEG) and dissociation-based techniques such as 
neuropsychology and TMS, have revolutionized the exploration of these topics.  We will pay 
particular attention to how these techniques can be used to understand higher-level 
cognition during development and in questions related to social psychology and 
psychopathology.  Class participants will be introduced to these techniques, read, present, 
and discuss results from the primary literature, and also have an opportunity to develop an 
idea relating to their own research incorporating one or more of these methods. 


School of the Art Institute of Chicago; Liberal Arts Department – Adjunct Professor 


Behavior & Genetics – Syllabus and Student Evaluations available on request 
Understanding how genetics influences our mind and behavior has progressed more in the 
last ten years than in the rest of human history combined and the pace continues to 
accelerate.  This rapid progress necessitates that every human being understand their 
genetic organization and its implications at a much more advanced level to be able to make 
important personal, reproductive, medical, political and ethical decisions in the future.  Using 
primary and secondary scientific literature as well as readings from the popular press 
reading this course provides an introduction to the molecular and quantitative methods of 
contemporary behavioral genetics, a field at the crossroads of biology, cognitive science, 
neuroscience, and psychology. The also provides an introduction to psychological 
measurement. I taught this course during Spring 2007. 


Psychology of Creativity – Syllabus and Student Evaluations available on request 
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During the last eighty years psychologists have explored the traits and processes that help 
people be creative. Drawing on cognitive, social and personality psychology as well as 
neuroscience, this course surveys a variety of different models of creativity. We consider 
both artistic and scientific creativity, making extensive use of primary and secondary 
literature and both feature and documentary film to encounter creators and their products 
directly. Students reflect on their own creative processes via both writing and creative 
production. I taught this course during Spring 2008. 


University of California, Los Angeles; Psychology Department – Teaching Associate/Assistant 


Psychology 120:  Core Class in Cognitive Psychology.     
 Responsible for weekly lectures, exam design, grading and advising for 100 students.  Mean 


Student Evaluation Ratings:  8.10 (9.00 maximum rating) (Simon/Cheng, 1999) 


Psychology 121:  Laboratory in Cognitive Psychology . 
 Responsible for syllabus design, lecturing, grading and student supervision.   
 Created student’s guide to the SuperLabTM program.   
 My mean Student Evaluation Ratings:  8.09 (9.00 maximum rating)  
 (Holyoak, 1999; Livesay, 1999; Holyoak, 2000; Holyoak, 2001) 
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K. Students Supervised 
Loyola Graduate  


(Thesis Committee1; Philosophy2, Political Science3) 


Meghan Cole, Valerie Flores, Stephanie Hare2, Vanessa Raschke, Liz Tominello, Sandra 
Vanegas1, Dane Wendell3, Jana Wingo, Arie Zakaryan 


Loyola Undergraduate  
(Psyc 389/Neuroscience 302 Mentor1; Psyc 397 Mentor2; Psychology 399 Mentor3; Psyc 
369/370 Mentor4; Biology 396 Mentor5; Carbon Scholar Mentor6; Provost Fellow Mentor 7) 


Dan Cunninghan1 (2009-2010), Krishna Bharani1 (2009-2011), Kelly Brandstatt3 (2010-2012), Ryan 
Brisson3 (2011-2012), Dietta Chihade5 (2010-2011), Miraj Chokshi3,7 (2009-2012), Andrew Cirt, 
(2009-2011),  Elise Gagnon3 (2011-2012), Mirinda James (2009-2010), Matt Kmiecik3,7 (2010-
2012), John Molony 3 (2011-2012), Kevin Nuechterlein1 (2010-2011), Slava Nikitin1 (2009-2010), 
Nirav Patel3,7 (2010-2012), Puja Patel2 (2010), Izabelle Rymut3 (2011-2012), Rebecca Shukhman4 
(2011-2012), Leonidas Skiadopoulos3 (2011-2012), Brian Sweis4,6 (2009-2012) 
 
Post- Baccalaureate 


Dan Cunningham (2010-2011), Kalen Flynn (2012), Sean McCarthy (2011-2012), Slava Nikitin 
(2010-2011) 


Northwestern Graduate 
(Thesis Committee*) 


Donna Bridge* 


Northwestern Undergraduate 
(Provost Fellowship*) 


Courtney Clark, Ian Dorish* 


UCLA Undergraduate 


Alex Antoniu, Arden Ash, Arun Bahl, Jennifer Behrman, Ilya Bendich, Angela Chan, Sarah Duni, 
Erik Erickson, Karen Fox, Robin Gruver, Laura Ha, Chris Hall, Billy Huang, Francesqca 
Jimenez, Genna Kersten, Amanda Kowolski, Winston Kwong, Suh-Kyung Lee, Jeff Loeffelholz, 
Krystal Long, James MacDonald, Makoto Otsuka, Steven Pranoto, Scott Rosnick, Tannaz 
Sassoni, Maria Selah, Ji Son, Roshaun Stanisai, Leah Swalley, Angie Thornton, Bao Truong, 
Ofillio Vigil, Christine Vu. 


L. Service Activities 
2012 Grant Selection Committee—Alzheimer’s Disease Reaseach Fund—Illinois 


Department of Health 


2011-2012 Program Committee – 6th International Conference on Thinking                 
University of London, Birkbeck College 


2011-2012 Search Committee – Neuroscience 


2011-2012 Neuroscience Institute Retreat Committee – Stritch School of Medicine 


2011-2012 Executive Committee – Department of Psychology 


2011-2012 Executive Committee – Neuroscience Institute, Stritch School of Medicine 


2011-2012 Faculty Advisor – Loyola University Chicago Neuroscience Society 
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2011-2012 Faculty coordinator – Brain Points (brainpoints.blogspot.com) – a blog written by 
the Loyola neuroscience community featuring current events in neuroscience 


2011 Cofounded Chicago Memory Group – a group of professors and their labs from 
Loyola University Chicago, Northwestern University, University of Chicago, 
University of Illinois at Chicago, University of Illinois at Urbana/Champaign 


2011 Hosted Neuroscience Society Banquet speaker Dr. Dan Schacter 


2011 Organized and hosted inaugural meeting of the Chicago Memory Group at the 
Watertower Campus 


2011 Hosted Brain Bug’s author Dr. Dean Buonomono for a talk sponsored by the 
Neuroscience Society and the Interdisciplinary Neuroscience Program 


2011 Testified on behalf of the Illinois Department of Public Health for the General 
Assembly’s Health & Healthcare Disparities Committee 


2011 Ad Hoc Classroom Technology Consultant to the Associate Provost 


2011 Monday meetings for redesign of graduate program – provided research on 
graduate course utilization 


2011 Co-Organized Symposium on Analogical Reasoning at the Society for Research 
in Child Development 


2010-2011 Executive Committee – Department of Psychology 


2010-2011 Executive Committee – Neuroscience Institute, Stritch School of Medicine 


2009-2010 Search Committee – Pediatric Neuropsychology, Clinical Psychology Program 


2009-2010 Executive Committee – Department of Psychology 


Northwestern University 


One Northwestern Initiative – Post-Doctoral representative on the Centers subcommittee 
One Northwestern was an initiative aimed at examining the entire structure of the life and 
biomedical sciences at Northwestern and making recommendations to transform it to meet 
the needs of the 21st century. The “Centers, Institutes, and Departments Committee” was 
charged with finding ways to foster cross department collaboration, enabling  faculty  and  
students to be fully engaged  and  to  reach their potential within an institution that places 
great value on science excellence and innovation.  Partly due to my record of successful 
collaboration, I was nominated to serve on this committee for one year as the sole Post-
Doctoral representative amongst the participating faculty and administrators from a variety 
of different Northwestern departments. 


University of California, Los Angeles 


Redesign of UCLA Cognitive Psychology Laboratory 
While a graduate student at UCLA, I served on a committee charged with redesigning the 
cognitive teaching laboratory in Franz Hall.  This involved acting as a consultant in the design 
of a 21 computer networked facility driven off of a common network server.  The system 
allowed for quick deployment of laboratory experiments across all of the laboratory computers.  
Integrated software included SuperLab, MatLab, and SPSS as well as a variety of 
programming environments used for Computational Modeling courses.  I was chosen to be a 
part of the committee because of my past experience in research manangement, experience 
with maintaining a 15 computer cognitive laboratory and also because of my extensive 
experience as a teaching assistant in the cognitive laborator 
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M. Graduate Advisor 
Keith J. Holyoak-University of California, Los Angeles 
 


N. Post-Doctoral Advisor 
Ken A. Paller – Northwestern University 
 


O. References 
 


Keith J. Holyoak, PhD* John E. Hummel, PhD*    
Distinguished Professor Professor 
University of California, Los Angeles University of Illinois, Urbana/Champaign 
Department of Psychology Department of Psychology 
310-206-1646 217-265-6090 
holyoak@lifesci.ucla.edu jehummel@cyrus.psych.uiuc.edu   


 
Barbara J. Knowlton, PhD* Robert A. Bjork, PhD* 
Professor Distinguished Professor and Chair 
University of California, Los Angeles University of California, Los Angeles 
Department of Psychology Department of Psychology 
310-825-5917 310-825-57028 
knowlton@psych.ucla.edu rabjork@psych.ucla.edu  


 
Ken A. Paller, PhD* Paul J. Reber, PhD* 
Professor of Brain, Behavior, & Cognition Associate Professor, Psychology 
Director, Cognitive Neuroscience Program Northwestern University  
Northwestern University 847-467-1624  
847-467-3370  preber@northwestern.edu 
kap@northwestern.edu   


Elizabeth Wright, PhD   Michael Rogalski  
Associate Professor of Liberal Arts   President, Board of Directors 
School of the Art Institute of Chicago  Xunesis 
312-345-3764  773-791-5874 
ewright@saic.edu  mrogals@sbcglobal.net 


*Recommendation letters available on request. 








Cognitive and Behavioral Neuroscience Professor Teaching Assistant 
Psychology 382 Robert (Bob) Morrison Valerie (Val) Flores  
 rmorrison@luc.edu vflore1@luc.edu
 Coffey 244 Coffey LL6B  
 Office Hours: Office Hours: 
 Wednesdays 2-4pm Thursdays 1-2pm 
 or by appointment or by appointment 


 
Prerequisites 


Introductory Psychology (101). A student’s lack of appropriate course prerequisites constitutes grounds for 
being withdrawn from the class at any time. 
 


Materials 


I will make use of Blackboard during this course.  To logon go to: https://blackboard.luc.edu/webapps/login/  or 
simply go to the luc.edu homepage, click on Resources>Technology and then Access 24/7>Blackboard and 
login in with your UNIVERSAL ID and PASSWORD.  All the links in this document can be found there so you 
don’t need to type them in. 
 
Required Readings:  


 
Buonomano, D. (2011). Brain bugs: How the brain's flaws shape our lives. New York:  W. W. Norton & 


Company 
 
Gazzaniga, M.S., Ivry, R.B., & Mangun, G.R. (2009). Cognitive neuroscience:  The biology of the mind, 3rd 


Ed. New York:  W.W. Norton & Company. 
 
Purves, D. et al., (2008). Principles of Cognitive Neuroscience. Sunderland, MA:  Sinauer Associates.  


Chapters 24 & 25 will be provided as pdf files on Blackboard. 
 
Sacks, O. (1985). The Man Who Mistook His Wife For A Hat: And Other Clinical Tales. New York: 


Touchstone Books. 
 
 
Computer Software: 


 
To help improve your knowledge of cortical neuroanatomy we will be using a software tool developed at the 
University of Toronto called “Functional Neuroanatomy” (Version 2.1).  This is a Windows only software 
package available for free download at: 


 
http://video.med.utoronto.ca/neuronotes/index.php?option=com_content&view=article&id=4:fu
nctional-neuroanatomy&catid=1:multimedia-learning-tools 


 
My apologies to the Mac users (I’m one), but the software does work fine on the Mac if you have a copy of 
windows installed with either Bootcamp, Parallels, or VMfusion.   
 
We will begin using this Software on Thursday, September 9, so please make sure to install it on a 
computer you have access to prior to class that day. 


 
 


 


Course Description and Goals 


The field of cognitive neuroscience, officially just over 30 years old, has revolutionized the way psychologists 
study the mind and its disorders.  Building on the older disciplines of behavioral neurology and physiological 



https://blackboard.luc.edu/webapps/login/

http://www.amazon.com/Brain-Bugs-Brains-Flaws-Shape/dp/0393076024/ref=ntt_at_ep_dpt_1

http://video.med.utoronto.ca/neuronotes/index.php?option=com_content&view=article&id=4:functional-neuroanatomy&catid=1:multimedia-learning-tools

http://video.med.utoronto.ca/neuronotes/index.php?option=com_content&view=article&id=4:functional-neuroanatomy&catid=1:multimedia-learning-tools
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psychology, cognitive neuroscience adds a broad change of new methods that provide spatial and temporal 
views of neural processing as well as innovative techniques to alter brain structure or functioning.  Together 
these methods add to the traditional experimental methods of psychological science to allow us to move 
beyond mere speculation and intuition to build theories of how people think based on the scientific method and 
importantly constrained by mechanisms and representations consistent with how the brain processes 
information. 


In this course the methods of cognitive neuroscience will include genetics, brain imaging (e.g., single unit 
recording, EEG/ERP/ERO, fMRI, PET, MEG) and dissociation-based techniques such as behavioral neurology 
and TMS. You will also become familiar with the structure of the human brain. Putting these together we will 
then consider a broad range of topics in higher human cognition including: object recognition, memory, 
emotions, social cognition, language, attention, consciousness, reasoning & problem solving and decision 
making. 


Thus, this course will survey a broad range of topics mainly through lecture presentations including video.  
However, you will be expected to learn much from the assigned readings. You are also expected to look for 
cognitive neuroscience in the real world and will have the opportunity to share what you learn through a blog 
and video you will make with a small group of your classmates. 


 


 
Expectations 


1. Academic conduct:  All students are expected to abide by the academic integrity policies outlined in the 
Loyola University Undergraduate Studies Catalog (e.g., online information at).  Each individual student is 
expected to complete his/her work in the course in an honest and ethical manner.  Furthermore, you may 
not submit a paper or assignment for this class that has already been submitted by you in another class.   
All forms of academic misconduct (including but not limited to cheating; plagiarism; tampering with 
materials, grades, or records; aiding in academic misconduct) will not be tolerated, and acts of cheating 
and plagiarism will be punishable by failure in the respective assignment/quiz.  In addition, university policy 
states that instructors must report all forms of academic misconduct to their departmental chairperson.  The 
chairperson is required to report all forms of academic misconduct to the dean’s office, and all forms of 
academic misconduct are recorded.  The administration may impose additional sanctions against the 
student including expulsion from the university. The consequences of academic misconduct go beyond the 
imposed sanctions.  For example, consider the following process for application to medical or law school 
and how these schools would use records of academic misconduct in their decision to accept or reject 
applicants.  As part of a general policy in the selection process, medical and law schools contact the 
administration at the applicant’s undergraduate institution to inquire about instances of academic 
misconduct.  Any record of academic misconduct on the part of the applicant is reported to the medical or 
law school, which would then likely translate into a rejection.  


2.   You are expected to attend every class and be prepared to discuss the assigned readings.  Many of our 
class goals are dependent on your participation in in-class activities.  Your success, as well as the success 
of your classmates is thus dependent on your presence and active participation. To enforce this 
expectation we will take attendance every day and this will be a part of your grade (see below). If you come 
to class more than 15 minutes late or leave more than 15 minutes early this will count as a half absence for 
that day.  


Students who wish to observe their religious holidays need to notify me within the first two weeks of the 
semester of the date(s) when they will be absent so that course accommodations can be made. If you do 
not do this these absences will be recorded and counted towards your grade. 


Student athletes are responsible for providing their travel schedule to me within the first two weeks of class 
or these absences will be recorded and counted towards your grade.  You will be responsible for all work 
missed during your absence. 



http://www.luc.edu/academics/catalog/undergrad/reg_academicintegrity.shtml
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Extended absences from class because of severe illnesses or family or personal emergencies may keep 
students away from class for extended periods.  Such situations will be resolved on a case-by-case basis.  
Students who are absent from a significant number of classes due to one of these causes may want to 
consider taking the course at another time. 


3. A significant way you will be exposed to new information in this course is through regular reading 
assignments. Assigned readings must be read BEFORE the class for which they are assigned. As you 
read try to outline or concept map the information you are reading.  Also write down questions you have 
about the material and questions based on the material you can ask each other.   


4. Class participation and discussion are mandatory for all students. I expect you to participate verbally in 
class by asking and answering questions and contributing to discussion.  I also expect you to participate in 
in-class activities including various group activities.  


5. I also expect you to maintain respectful behavior towards all course members as consistent with the Loyola 
Student Promise (http://www.luc.edu/judicial/thepromise.shtml). Please do not talk when others are 
speaking, or interrupt during discussion. Please consider other’s perspectives and try to be constructive 
when providing feedback and critiques.  We will all (including the professor and TA) turn off our cell 
phones at the beginning of class. If your phone rings during class please gather your belongings 
and leave for the day.  This will count as an absence.  Reading email or instant messaging on your 
phone or on a computer is also not appropriate during class.  Please focus your attention on what is 
happening in class and not on things outside of class. 


6. You MUST take exams on the date they are scheduled.  Athletes must communicate schedule conflicts 
within the first two weeks. If you are very sick on the day of the exam you must email me prior to class and 
provide a doctors note.  You will receive an opportunity to take the exam late, but the grade will not count 
(you will receive the same score as the average of your two other exams).  Failure to take the exam on the 
scheduled day will result in a zero for the exam (resulting in a two grade reduction for the course). 


7. General e-mail policy: I reply to emails within 1 to 2 business days, with the exception of when I am away 
on university business.  Typically I will check class email first thing in the morning and around 6p. Please 
make sure you spell my e-mail address correctly (rmorrison@luc.edu).  To ensure a timely response 
please put psyc382 in the subject line of the email. 


8. Students with disabilities who require accommodations for access and participation in this course must be 
registered with the Services for Students with Disabilities (SSWD) office. Please contact SSWD at 773-
508-7714 (http://www.luc.edu/sswd/index.shtml), and see me immediately. All students with special needs 
are expected to fulfill all course requirements. 


 


 


Assignments & Assessment (100pts total) 


1. Attendance (10pts). As mentioned previously it is essential you attend class every day.  You are also 
expected to participate in class discussions, ask and answer questions, and do in-class activities. You 
are also expected to read assigned readings before class as indicated in the syllabus.  To ensure that 
this happens, 10% of your grade will be made up of attendance and participation.  If you are more than 
15 minutes late for class or leave more than 15 minutes early you will receive half credit for that day’s 
attendance. I also reserve the right to give short-answer pop quizzes on reading material and previous 
lecture material if I feel the class is not keeping up with reading.  You will loose approximately 1/3 of a 
pt for each class absence. 


2. Exams (60pts). There will be three exams during the course given during the class period on the days 
indicated in the syllabus.  All three exams will be mainly multiple choice with some short answer. 
EVERY EXAM WILL BE CUMMULATIVE! Thus, there will be material from the first module on the 
second exam and material from the first and second module on the third exam.  The reason for this is 
two-fold.  First, the material in this class builds on prior material, so to have the exams any other way 
makes no sense.  Second, the most robust finding in all of cognition is that of spacing in memory.  



http://www.luc.edu/judicial/thepromise.shtml
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When you space practice of information you are learning you WILL remember it better in the future.  
Cramming does not pay, particularly in this class because of the way it is designed. 


3. Neuroanatomy Quiz (10pts). A working knowledge of cortical neuroanatomy is important throughout 
this course.  You will be expected to understand basic principles of navigation (e.g., anterior/posterior; 
rostral/caudal; dorsal/ventral), name a small number of neural structures from a variety of different 
images (e.g., gross anatomy; diagrams; CT/MRI), and appreciate the connectedness of major 
functional circuits (e.g., language; vision).  We will have one quiz that specifically tests this knowledge, 
but the knowledge will also be essential throughout the course, including on all three exams. 


4. Blog (8 pts).  A goal of the course is to help you become a consumer of research on the brain and 
cognition.  While much of this information is communicated in the scientific literature, there is a steady 
flow of information in the public media.  Some of that information can be trusted and some cannot.  
Frequently one news item seems to contradict others resulting in information whiplash in the general 
public.  What appears to cure Alzheimer’s disease one day is the worst thing for you the next.  This is 
because the definition of news is something new.  This is not what we are interested in as scientists. 
Remember that in psychology (and neuroscience) we typically operate via inferential statistics that 
accepts a 5% error rate (remember p < .05?).  This means that 1 in 20 studies might be wrong.  But 
guess what, when that study hits the news media, its news, because it differs from previous findings! In 
many cases the previous 18 findings were not news because they found the same thing as the first 
study.  Thus, the golden rule is metaanalysis.  How does the current finding fit in with what has gone 
before.  Particularly when you read something on the internet the first thing you should do is see what 
other people asking the same type of question have found…that’s pretty easy to do thanks to things like 
Google or better yet Google Scholar. 


Your job in this assignment is to blog for your classmates, friends, and family about new 
studies related to our course material. Start with a news item, reference it, check it out, and 
comment on the finding. To facilitate this we have set up a blog for the class: brainpoints.blogspot.com. 
This blog will go on indefinitely. You will always be allowed to contribute as a current member and then 
alumni of the class. Feel free to share the link with family and friends. In the next couple of days you will 
receive an invitation to the blog.  If you don’t have one already, you will need to have a google login, 
which is easy to set up.  Once you have accepted the invitation you can set up a secret word so you 
can post by simply emailing to your googlelogin.secretword@blogger.com   


During the semester you will be responsible for making one unique new post to the blog and 
three comments to other posts.  The news item you reference in your unique post must be from 
2011.  Your comments will be on posts by other students, not your own unique post. 


There are many great places to look for news articles to start from including but not limited to: 


 The New York Times  http://www.nytimes.com/pages/science/index.html?partner=rss&emc=rss 


 Christian Science Monitor http://rss.csmonitor.com/feeds/science  


 The Wall Street Journal http://online.wsj.com/search/term.html?KEYWORDS=science&mod=DNH_S 


 Time Magazine http://www.time.com/time/science 


 National Geographic http://science.nationalgeographic.com/science/ 


 Scientific American http://www.scientificamerican.com/ 


 Press Releases and News Services 
http://esciencenews.com/taxonomy/term/12/0 
http://ksjtracker.mit.edu/ 
http://www.sciencedaily.com/ 


 
There are many other blogs doing this type of thing, please do not cite them directly and 
remember NOT TO PLAGIARIZE.  Plagiarizing other blogs is grounds for failing the course. 


5. Final Project (12pts). You will work with several other students to develop a short film to illustrate a 
core principle covered in the class.  This could be structured around a neurologic interview with one of 
you (or a friend) being the patient and one being the neurologist or it can be more of a skit format 



mailto:googlelogin.secretword@blogger.com
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showing daily cognition and containing a brief didactic section explaining how this type of cognition is 
processed in the brain.  As you think about what you want to present and how you want to present it 
think about how Oliver Sacks does this in “The Man Who Mistook His Wife for a Hat”. Sacks works 
beyond the neurologic case at hand to relate broader principles of cognition, but more importantly what 
it means to be human. The final project is to be posted to YouTube before the last class (Friday, 
December 8) at which time we will watch them as a class and discuss them.  The final film should be 
approximately 5 minutes and not longer than 10 minutes. 


Grading.  Final Grades will be assigned as follows: 
  
 A: 93-100% 
 A-: 90-92.9%   
 B+: 87-89.9%   
 B: 83-86.9% 
 B-: 80-82.9%  
 C+: 77-79.9%   
 C: 73-76.9% 
 C-: 70-72.9% 
 D+: 67-69.9% 
 D: 63-66.9% 
 D-: 60-62.9% 
 F: less than 60%  
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WEEK DATE CLASS TOPIC/ACTIVITY READING DUE  
   Gazaniga Buonomano/Purves/Sacks 
 


 
 1 8/30 Introduction Chapter 1 Buonomano – Chapter 1 
  9/1 Cellular Mechanisms and Cognition  Chapter 2 (pp. 19 – 53; 56-58 only)   
 
 2 9/6 Neuroanatomy Chapter 3 (pp. 59 – 88; 96-109 only)    
  9/8 Neuroanatomy: Mesulam Guest Lecture  Buonomano – Chapter 2   
   
 3 9/13 Methods of Cognitive Neuroscience Chapter 4 Sacks - Part One: Introduction  
  9/15 Methods of Cognitive Neuroscience  Buonomano – Chapter 3 
    
 4 9/20 Neuroanatomy Quiz 
   Methods of Cognitive Neuroscience     
  9/22 Methods of Cognitive Neuroscience  Sacks - Part Two, Three, & Four:  
     Introduction 
      
 5 9/27 Exam I   
  


  
  9/29 Object Recognition Chapter 6 (pp. 207-213; 217-256 only)  
 
 6 10/3 Evening Review of Exam I 
  10/4 Object Recognition  Sacks – Chapter 1, 24   
  10/6 Learning and Memory Chapter 8 (pp. 312-356; 361-363 only)  
 
 7 10/11 FALL BREAK -- NO CLASS   
  10/13 Learning and Memory  Sacks – Chapter 2, 12, 23  
   
 8 10/18 Learning and Memory  Buonomano – Chapter 4  
   Introduce final project 
  10/20 Emotion Chapter 9 Buonomano – Chapter 5 
 
 9 10/26 Emotion  Sacks – Chapter 11 
  10/28  Language Chapter 10 (pp. 392-395, 423-444 only) 
       
 10 11/1 Language  Sacks – Chapter 9 
  11/3 Exam II 
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WEEK DATE CLASS TOPIC/ACTIVITY READING DUE  
   Gazaniga Buonomano/Purves/Sacks 
 


     
 11 11/7 Evening Review of Exam II 
  11/8 Attention and Consciousness Chapter 12  
  11/10 Attention and Consciousness  Buonomano – Chapter 7 
     Sacks – Chapter 15 - 18 
 12 11/15 Cognitive Control Chapter 13 
  11/17 Cognitive Control  Sacks – Chapter 13, 21   
      
 13 11/22 Group Meetings about Final Project  
 
  11/24 THANKSGIVING – NO CLASS 
  
 14 11/29 Cognitive Control  Purves et al., Chapter 25 
     Sacks- Chapter 10 
     Buonomano – Chapter 6 
  12/1 Decision Making  Purves et al., Chapter 24 
       
 
 15 12/6 Decision Making    Buonomano – Chapter 9 
  12/8 Film Screening  
      
Final    12/13 9am Exam III 
 
  


 
 
DATES ARE TENTATIVE. I will communicate changes both in class and also on Blackboard. 
 
29 August 2011 
 
 








Differences in the development of analogy across cultures: A computational account
Leonidas A.A. Doumas                     Robert G. Morrison                    Lindsey E. Richland


                        University of Hawaii at Manoa                      Loyola University Chicago                       University of California, Irvine


     Background
 Past accounts of the development of analogical reasoning have focused either on the development of knowledge representation (e.g., Goswami, 


2001; Gentner & Rattermann, 1991) or on changes in working memory capacity (e.g., Halford, 2005)
 We have previously argued that inhibitory control in working memory is an important part of analogical processing that likely develops during 


childhood (Morrison, Doumas, & Richland, 2006)
 Here we demonstrate that a model combining the dual constraints of developing relational representations and changes in working memory 


capacity provides a good fit of data on analogical development from across cultures


DORA Model 


 DORA (Discovery of Relations by Analogy; Doumas et al., 2008) is a theory of how we learn relational (i.e., structured) representations from 
unstructured input


 DORA is based on the LISA model (Hummel & Holyoak, 1197, 2003) model of analogy (and “matures” to take LISA as a special case—i.e., 
DORA develops into LISA through learning)


 Starting with representations of objects attached to features, DORA learns structured representations (fig.1) of single-place predicates (figs. 
2-3) and multi-place relations (fig.4) through a process of comparison-based intersection discovery


 Accounts for over 20 phenomena from the literature on children’s and adults’ relation learning and relational reasoning as well as the 30+ 
phenomena accounted for by LISA


Figure 1: Binding 


Hosenfeld et al. (1997) developed a geometric 
analogy task with problems of varying complexity 
created using relations familiar to children (e.g., above/
below).  They administered the task to 6 year old 
children eight times over the course of one year. They 
described three groups of children who differed in their 
learning profiles.


Discussion 


 We used DORA's learning algorithm to account for the development of structured relational representations from unstructured examples
 DORA’s relation learning accounts for variations in performance on problems with increased relational complexity by 4 year olds from the US 


and Hong Kong 
 The development of relational (i.e., structured) thought is a likely a product of both maturational changes in frontal lobe function (e.g., 


inhibition/working memory) and changes in relational knowledge as a  result of experience
 Changes in knowledge are sufficient to account for cross-cultural similarities and differences in performance by children on analogy problems
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Part 2:  Simulating Richland et al. (2006, 2010)
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Figure 2:  Predicate Discovery


Figure 3:  Predicate Refinement


Figure 4: Making Multi-Place Relations 


Simulations
 Richland et al. (2006, 2010) developed an analogy task that manipulates relational complexity and featural distraction (figure 6) and tested children in US and Hong Kong


 Results indicated an effect of featural distraction in both US and Hong Kong children, but relational complexity only among US children


 We used DORA to simulate the findings of Richland et al. (2006, 2010)


 Main theoretical assumption we are testing is that the differences in performance on relationally complex tasks is due to more refined relational representations NOT greater WM


 We simulated the results in two parts: (1) learning relational representations, and (2) simulation of the Richland et al. analogy task


Hong Kong
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1-Relation
No distracter


1-Relation
Distracter


2-Relation
No distracter


2-Relation
Distracter


Relative proportion relational to non-relational features
(0 to 1 normalized)


 Started DORA with representations of 100 objects attached to random sets of features
 Defined 4 relations each consisting of 2 roles
 Each role consisted of 3 features (e.g., for chase relation, but chaser and chased roles are 


defined by 3 features)
 Each object was attached to the features of between 1 and 3 of these relations (chosen at 


random)
 Presented DORA with sets of objects selected at random, allowed to to compare and learn 


from these objects
 As DORA learned new representations it also used these representations to make 


comparisons
 On each trial we selected between 2 and 4 representations and let DORA compare them
 Reflecting the finding that children we ran DORA with reducled inhibition levels (Morrison, 


Doumas, & Richland, 2006)
 Inhibition level = .7 ± .1
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Part 1:  Learning Relations


Figure 4: Lateral inhibition and WM 


!


Figure 6: Examples of scene analogy problems from Richland et al.


 Simulation used representations of scene 
problems composed of relations DORA 
learned during part 1


 The theoretical assumption we are testing is 
that the differences in performance on 
problems with greater relational complexity 
in Hong Kong children is due to more 
refined relational representations


 Simulated US children using representations 
DORA had learned after 400 iterations


 Simulated Hong Kong children using 
representations DORA had learned after 
800 iterations


 DORA was presented with and compared 
the A and B terms and attempted to map 
elements


 Whatever maps to B term is chosen as 
answer


 Take what DORA mapped in the target 
object as DORA’s answer to the problem


 If no choice maps to B, then DORA 
“guesses”
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the appropriate layers and interleaved the appropriate control
process at just the right time to ensure that each of the necessary
relations was picked out in turn. How else could it be that the
model never cycled through the same relation twice, or searched
for a nonexistent element and became stuck?


In contrast, structural alignment assumes that inferences involve
facts from the base that are connected to matching higher-order
relations between base and target (Clement & Gentner 1991).
This systematic relational structure and the preference for systema-
ticity thus provide constraints on inferences such that structural
accounts can function even with rich natural concepts and
without any external direction. In addition, the inferences can
easily be incorporated into the representation of the target domain.


The authors of the target article try to head off criticisms of this
variety by suggesting that explicit mappings (and presumably infer-
ences) could be carried out by different processes than the more
implicit processes that find correspondences between domains.
The authors use the example of semantic priming in language to
illustrate their point. If their suggestion turns out to be correct,
then it is those processes that could form the basis for a new
theory of analogy. Therefore, the theory posited by the authors
may help us to understand some of the sub-processes that are
recruited during analogical processing, but it is not actually a
theory of analogical processing itself. Indeed, it is worth noting
that semantic priming is not taken to be a theory of language;
rather, it is understood to be a sub-process that is used in language.


If there were no computational models of analogical reasoning
that encompassed both mapping and inference processes, and if
those models had never been applied to both developmental and
adult data, then it might be reasonable to divide these processes
into separate components and assume that two distinct models
are required to account for them. However, models like the Struc-
ture-Mapping Engine (SME) (Falkenhainer et al. 1989) and Learn-
ing and Inference with Schemas and Analogies (LISA) (Hummel &
Holyoak 1997) are designed to account for both analogical mapping
and inference, and both models are able to make use of higher-
order relations in their domain representations. Furthermore, as
the target article notes, SME has been applied to developmental
tasks (Gentner et al. 1995). Thus, it seems unparsimonious to
assume that analogical reasoning abilities begin with processes
that cannot ultimately perform the variety of tasks that are clearly
part of the repertoire of older children and adults.


Although a developmental approach to analogy has the poten-
tial to offer great value, it must ultimately point the way toward
adult analogical competence in order to actually deliver that
value. That is, to be a successful developmental account, a
theory must begin at a reasonable starting point and demonstrate
the path/process through which the system progresses to reach
the known end state. The ARP theory does not explain full com-
petence, and cannot, in principle, be extended to do so without it
becoming a part of a larger theory.


Neurocognitive process constraints on
analogy: What changes to allow children to
reason like adults?
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Abstract: Analogy employs a neurocognitive working-memory (WM)
system to activate and bind relational representations, integrate


multiple relations, and suppress distracting information. Analogy
experiments exploring these processes have used a variety of methodologies
including dual tasks, neuropsychology, and functional neuroimaging, as
well as experiments with children and older adults. Collectively, these
experiments provide a rich set of results useful in evaluating any model
of analogy and its development.


Analogy involves a structured comparison, or mapping, between
one situation (source) and another (target). For instance, a rea-
soner may be given a problem such as:


bird:nest::bear: ? _


and be asked which word, CAVE or HONEY, completes
the analogy. To choose CAVE, the participant would need to
realize that birds live in nests as bears live in caves while not
being distracted by the fact that bears eat honey. Using
several priming tasks, Spellman et al. (2001) investigated
whether analogy might just be a consequence of the organiz-
ation of concepts in semantic memory. They found that unlike
traditional semantic priming, “analogical” priming was not auto-
matic and instead required the participant to direct attention to
relations between word pairs. This suggested that controlled
retrieval of a bound relation into working memory (WM) may
be a necessary process for analogical reasoning. Subsequent
experiments demonstrated that WM was indeed important for
analogical mapping (e.g., Morrison et al. 2001), as well as rela-
tional binding (see Morrison 2005), a finding confirmed using
functional magnetic resonance imaging (fMRI; Bunge et al.
2005).


WM is also important for suppressing distracting information,
such as irrelevant semantic associates or featural similarities
likely to enter WM during analogical retrieval and mapping.
Waltz et al. (2000) demonstrated that adults performing a seman-
tically rich scene-analogy task shifted from preferring analogical
to featural mappings under WM dual-tasks. Using the same task,
Morrison et al. (2004) found that frontal patients with damage to
WM areas showed a similar pattern. Morrison et al. also devel-
oped an A:B::C:D or D0 verbal analogy task that required partici-
pants to choose between D (analogically correct choice) and D0


(foil), which were both semantically related to the C term of
the analogy. When the foil was more semantically associated to
the C term than was the correct choice, frontal patients per-
formed near chance. In contrast, semantic dementia patients
who exhibited profound decrements in relational knowledge
performed poorly on all of the verbal analogies regardless
of the degree of semantic association between C:D and C:D0.
Using the same task, Cho et al. (2007b) found that individuals
who scored higher on the Raven’s Progressive Matrices (RPM)
showed greater fMRI activation increase in neural areas,
including the prefrontal and visual cortices, on trials in which rea-
soners had to reject foils that were highly associated with the C
term. This finding suggests that there are neural regions whose
level of activation for interference resolution during analogical
reasoning relates to individual differences in fluid intellectual
capacity.


Many real-world analogies, as well as reasoning tasks devel-
oped for psychometric purposes such as the RPM and People
Pieces Analogy task (PPA; Sternberg 1977b), require integration
of multiple relations to map more relationally complex analo-
gies. Numerous fMRI studies (e.g., Christoff et al. 2001;
Kroger et al. 2002) have shown increasing levels of activation
in anterior prefrontal cortex for more relationally complex
RPM problems, a finding consistent with a neuropsychological
study with frontal patients (Waltz et al. 1999). Using an adap-
tation of the PPA task, Viskontas et al. (2004) found that
older adults showed decrements in both relational integration
and relational distraction. Using this same task, Cho et al.
(2007a) found that executive resources are shared between rela-
tional integration and interference resolution during analogical
reasoning. In an fMRI follow-up study, Cho et al. (2007c)
found partially overlapping but distinct regions within inferior
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frontal gyri (IFG) showing sensitivity to each component
process of analogical reasoning. Separate regions that showed
exclusive sensitivity to each component process were also
identified within IFG. In addition, the degree of activation
increase in the right ventral IFG during trials in which partici-
pants had to integrate three relations (compared to one)
was greater for individuals whose performance accuracy was
higher.


Although the above studies do not directly deal with the
development of analogy during childhood, they do clearly
demonstrate several component processes involved in analogical
reasoning that are dependent on prefrontal cortex, an area of the
brain that actively develops throughout childhood (Diamond
2002). In an effort to explore these processes directly in chil-
dren, Richland et al. (2006) developed a scene-analogy task
manipulating both relational complexity and featural distraction.
Even 3-year-olds could solve simple (one-relation, no-distraction)
problems, but they had difficulty if the problem required inte-
gration of multiple relations or ignoring a featurally similar
object. Similarly, Wright et al. (2007) performed an fMRI
study with children using another semantically rich visual
analogy task, and found that brain activation in areas associated
with relational integration was the best predictor of analogy
performance. Wright et al. also found that these areas, which
are not associated with semantic retrieval (Bunge et al. 2005),
become more and more engaged over the same time period
in which children dramatically improve in their ability to solve
more relationally complex problems (Richland et al. 2006).


We are highly sympathetic with the target article’s efforts to
computationally model the development of analogy, and we cer-
tainly don’t dispute the importance of relational knowledge in
development. However, we believe that a successful model of
development must (1) explain how knowledge representation
and process constraints interact to produce the changes in
analogy observed in children, including increases in ability to
perform relational integration and resist featural distraction;
and (2) explain how an architecture consistent with the
demands of adult analogical reasoning develops. Unfortunately,
the connectionist model described in the target article does not
meet these requirements. In contrast, Morrison and collabor-
ators have used LISA (Learning and Inference with Schemas
and Analogies; Hummel & Holyoak 1997; 2003), a neurally plaus-
ible model of analogical reasoning, to successfully simulate many
of the developmental and neuropsychological results discussed in
this commentary (e.g., Morrison et al. 2004; 2006; Viskontas et al.
2004).


We believe that the development of analogical reasoning is
best conceptualized as an equilibrium between children’s rela-
tional knowledge and their current processing ability. As children
mature, their prefrontal cortices more efficiently implement WM
and thereby can process more complex analogies. However,
more efficient relational representations can impose fewer pro-
cessing demands at any given age, which is why a child who
becomes an expert in a given domain can show rapid progress
even though the child’s WM system has not improved (Morrison
et al. 2007). This framework can account for the observed
changes in children’s analogical reasoning, as well as subsequent
changes in analogy during normal and abnormal human aging. It
can also be simulated in symbolic-connectionist models of rela-
tional learning and reasoning (e.g., Doumas et al. 2008;
Hummel & Holyoak 1997; 2003).


ACKNOWLEDGMENTS
Generous support for the authors was provided by the Northwestern
University Mechanisms of Aging and Dementia Training Grant funded
by the National Institute of Aging (2T32AG020506; RGM), the Office
of Naval Research (SBIR OSD03-DH07; RGM), and the Kwanjeong
Educational Foundation (SC).


Relational priming plays a supporting but not
leading role in adult analogy-making


doi:10.1017/S0140525X08004627


Alexander A. Petrov
Department of Psychology, Ohio State University, Columbus, OH 43210.


apetrov@alexpetrov.com


http://alexpetrov.com


Abstract: Leech et al.’s analysis adds to an emerging consensus of the
role of priming in analogy-making. However, their model cannot scale
up to adult-level performance because not all relations can be cast as
functions. One-size-fits-all accounts cannot capture the richness of
analogy. Proportional analogies and transitive inferences can be made
by nonstructural mechanisms. Therefore, these tasks do not generalize
to tasks that require structure mapping.


Leech et al. argue forcefully that adult-level models of analogy-
making must make contact with the developmental constraint.
This argument cuts both ways: Developmental models must
also make contact with adult-level capability. We argue that
although relational priming does play a role in adult analogical
reasoning, it does not play the leading role that Leech et al.
suggest.


Relational priming. The role of priming in analogical reasoning
is well documented empirically (e.g., Kokinov 1990; Schunn &
Dunbar 1996). It also features prominently in several models,
including Associative Memory-Based Reasoning (AMBR)
(Kokinov 1994; Kokinov & Petrov 2001) and Copycat (French
1995; Hofstadter 1984; Mitchell 1993). All of these models
implement priming as residual activation. The present proposal
thus adds to an emerging consensus of the importance of
priming and of its underlying mechanism.


Not all relations can be cast as functions. Leech et al. claim
that “for the purposes of analogy it may be sufficient to concep-
tualize relations as transformations between items” (sect. 2.2,
para. 2). The main idea is to cast each binary relation R(a,b) as
an equivalent univariate function1 b ¼ FR(a). The model uses
hand-coded representations, rep, such that rep(FR(a)) ¼ rep(a)þ
FR(a)) ¼ rep(a)þ rep(R). The authors argue this is beneficial
because “relations do not have to be represented explicitly, avoid-
ing the difficulties of learning explicit structured representations”
(sect. 5.1.1, para. 1). However, this benefit comes at the cost of
rendering the model incapable of scaling up to adult-level
performance.


The problem is that a relation can be cast as a function only if it
is deterministic: that is, if for each a there is precisely one b that
satisfies R(a,b) (Halford et al. 1998). Many important relations
violate this condition. Consider the transitive inference task: tal-
ler(Ann,Beth), taller(Beth,Chris)! taller(Ann,Chris). Now, if
the relation taller(a,b) is cast as a function b ¼ shrink(a), the
query shrink(Ann) ¼ ? becomes ambiguous. There are tech-
niques for supporting nondeterministic functions in connection-
ist networks (e.g., Hinton & Sejnowski 1986) that can be
incorporated into the model. However, the priming account
faces a deeper challenge: Why should Chris be produced as
the answer to the above query after the system has been
primed with Beth ¼ shrink(Ann)?


Many relationships in the world are indeed near-deterministic
transformations such as bread! cut bread. It is an important
developmental constraint that young children find such regular,
familiar relations easier to deal with (e.g., Goswami & Brown
1989). These strong environmental regularities shape coarse-
coded distributed representations that can support generaliz-
ation and inference (Cer & O’Reilly 2006; Hinton 1990; Rogers
& McClelland 2004; St. John & McClelland 1990). The target
article demonstrates the utility of relational priming in these
cases. However, there are also relationships such as left of that
are quite accidental and changeable. To process them, the
brain relies on sparse conjunctive representations (McClelland


Commentary/Leech et al.: Analogy as relational priming
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Retrieval: Nick Breckenridge works with
photos to try and piece together his
memory in Retrieval


August 2005
Volume 18, Number 8


Silver Screen Psychology
A distraught father sorts through mementos of his missing daughter, replaying in memory the last conversation
he had with her before her disappearance. But gradually his memories change, and we no longer know what is
real and what is imagined. If it sounds more like the premise of a Hollywood film than a tool forteaching the
psychological science of memory — then good, that's the whole point.


The short film, called Retrieval, which had its Los
Angeles premiere at the APS 17th Annual Convention in
May, is the creation of Xunesis, a Chicago- based studio
that aims to devise what co-founder Robert Morrison
called "innovative ways to do science education."


In the film, the main character, Nick Breckenridge,
successively recalls segments of his heated final
argument with his daughter Amber — a conversation in
which he commanded her not to go abroad — and his
memory gradually transforms their interaction into
something much different and less conflicted As Nick
successively edits and reedits their encounter in his
memory, he repeatedly utters the refrain, "How do you
remember?" Retrieval and its companion learning
module, which includes interviews with psychology's
memory superstars Robert Bjork, Elizabeth Loftus, and
Daniel Shacter, is designed to answer that question.


The film offers an innovative visual representation of how memory works in a room criss-crossed with clothes
lines on which Nick Breckenridge hangs and continually rearranges photos, clippings, and other bits of memory
flotsam, to capture the evolving nature of memory. According to Bjork, "We don't just replay [memory] the way
a tape recorder would. We reconstruct it." In the teaching module, Loftus explains that Nick's gradually altered
memory reflects a process of autosuggestion. Although the themes of the film are easily untangled in
discussion after the fact, or when watching the learning module, its approach is still much more indirect and
challenging than a standard lecture or textbook. "[Students] have to work for it a bit, which is good," Morrison
said.


Morrison, who has a PhD in cognitive neuroscience from UCLA, sees Retrieval as a model for future projects
on different psychological science topics. He plans to do a project on behavioral genetics, for example, and
already is in production on a series of "virtual lab tours" that will expose students to the workings of a
psychology lab.


Find other articles by this author.



bob

Highlight






The student run Loyola Neuroscience Society was fortunate to offer several special events and speakers for its members and the Loyola community throughout the fall semester. On September 18th, a Neuroscience Society team participated in the Walk to End Alzheimer's hosted by the Alzheimer's Association at Montrose Harbor. Our team had a very successful turnout of 28 walkers, and blew past its initial fundraising goal of $1,500 for a total of $2,175 in donations.

In November, the Neuroscience Society organized visits from two fascinating guest speakers. On the 10th, Dr. Dean Buonomano of UCLA, visited to give a presentation about his recent book, “Brain Bugs.” The talk shed light on many of the simple errors in judgment, logic, and calculation that our brains are consistently prone to make due to their evolution and how these errors affect our day-to-day lives. The presentation was both engaging and informative, and was very well-attended and well-received by students and faculty. The following week, the Neuroscience Society hosted a memorable talk with Alex Lemon, poet and author of the memoir “Happy”. As he read and discussed passages from “Happy,” Alex gave the audience a compelling look into his college years and how they were disrupted by a sudden stroke. During the event, Alex told stories and answered students' questions to convey the experience of going through a neurological injury and surgery from a patient's perspective.

Finally, the semester ended on December 2nd with the Second Annual Neuroscience Banquet, which was held to benefit the Alzheimer's Association. This year's keynote speaker was Harvard professor Dr. Daniel Schacter, who presented his talk titled “The Seven Sins of Memory.” Reservations for the event increased to 120, compared to 80 last year's banquet, including thirteen professors from Loyola as well as Rush, Northwestern, and UIC. We hope that all who attended enjoyed the banquet, and that we can continue to improve on its success in coming years. Overall, the fall semester featured an interesting variety of events, and we hope that they have helped to increase the Neuroscience Society's presence on campus and that they have been a great experience for the students and faculty who participated.
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bstract


We compared the reasoning performance of patients with frontal-variant frontotemporal lobar degeneration (FTLD) with that of patients with
emporal-variant FTLD and healthy controls. In a picture analogy task with a multiple-choice answer format, frontal-variant FTLD patients
erformed less accurately than temporal-variant FTLD patients, who in turn performed worse than healthy controls, when semantic and perceptual
istractors were present among the answer choices. When the distractor answer choices were eliminated, frontal-variant patients showed relatively


reater improvement in performance. Similar patient groups were tested with a relational-pattern reasoning task that included manipulations of one
r two relations and both perceptual and semantic extraneous information. Frontal-variant patients showed performance deficits on all tasks relative
o the other subject groups, especially when distracted. These results demonstrate that intact prefrontal cortex (PFC) is necessary for controlling
nterference from perceptual and semantic distractors in order to reason from relational structure.


2008 Elsevier Ltd. All rights reserved.
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. Introduction


Reasoning requires the coordinated activity of several brain
egions. The subprocesses of reasoning include manipulation
f information in working memory, formation of transient
onnections between individual problem elements, and inhibi-
ion of inappropriate responses. These cognitive processes are
hought to be governed largely by the prefrontal cortex (PFC)
D’Esposito et al., 1995; Fuster, 2000; Smith & Jonides, 1999;

allis, Anderson, & Miller, 2001).
Patients with frontotemporal lobar degeneration (FTLD) have


form of dementia that causes atrophy to cortical regions within


∗ Corresponding author at: Center for BrainHealth®, The University of Texas
t Dallas, 2200 Mockingbird Lane, Dallas, TX 75235, United States.
el.: +1 972 883 3234; fax: +1 214 905 3026.
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he frontal and temporal lobes (Knibb, Kipps, & Hodges, 2006;
osen et al., 2002; Snowden, Neary, & Mann, 2007). Onset of
ortical atrophy may begin in either the frontal or anterior tem-
oral regions and progress to include both areas, but instances
an be found in which cortical damage is restricted to either
he frontal or temporal lobes (Chow, Miller, Boone, Mishkin, &
ummings, 2002). In such cases it is possible to dissociate the
atient groups based on behavioral and cognitive symptoms and
euroimaging. Frontal and temporal variants of FTLD provide
odels that can assist us in better characterizing the contribu-


ions of the PFC to reasoning performance, and specifically to
xamine the role of the PFC in control of interference from
istracting information during relational reasoning.


Prior studies indicate that frontal-variant FTLD (fvFTLD)


eads to reasoning deficits that can be characterized as fail-
res in manipulating and integrating multiple relations in order
o solve problems (Waltz et al., 1999). In addition, deficits
n interference control also contribute to relational reasoning



mailto:daniel.krawczyk@utdallas.edu

dx.doi.org/10.1016/j.neuropsychologia.2008.02.001

bobby

Text Box

Robert G. MorrisonLoyola University ChicagoDepartment of Psychology



bobby

Line



bobby

Line







sych


i
f
M
R
H
a
p
T
H
h
c
I
F
r
T
i
w
i


i
c
1
b
W
p
i
m
A
R
2


d
l
p
R
c
i
1
e
d
s
l
c
r
w
c
e


h
r
c
t
r
i
f
i
P


f
f
b
o
s
r
c
s
P
2


s
A
P
m
B
&
(
a
P
g
t
P
t
s
p
s
i
(
f
r
c
&
S


t
f
C
d
s
s
l
a
r
1
H
1
F
A
t
D
e
t


D.C. Krawczyk et al. / Neurop


mpairments in fvFTLD patients (Morrison et al., 2004). Inter-
erence control is an important aspect of relational reasoning (see


orrison, Doumas, & Richland, 2006; Morrison et al., 2004;
ichland, Morrison, & Holyoak, 2006; Viskontas, Morrison,
olyoak, Hummel, & Knowlton, 2004), as it is necessary to


void compelling semantic or perceptual matches that com-
ete with matching based on relational structure (Gentner &
oupin, 1986; Holyoak & Koh, 1987; Krawczyk, Holyoak, &
ummel, 2004, 2005; Markman, 1997). While the PFC has
istorically been considered to be important for inhibitory pro-
esses that may underlie interference control (Butter, 1969;
verson & Mishkin, 1970; Miller & Cohen, 2001; Quintana,
uster, & Yajeya, 1989; Shimamura, 2000), this function has had
elatively little direct investigation in the domain of reasoning.
he current investigation specifically tests the extent to which


nterference control is important for visual reasoning tasks in
hich suppressing semantically and perceptually related items


s essential for accurate performance.
Studies of the neural underpinnings of relational reasoning


nitially focused on the PFC and its contribution to the ability to
oordinate attention and working memory (Holyoak & Kroger,
995; Robin & Holyoak, 1995). Several of these studies were
ased on the framework advanced by Halford (e.g. Halford,
ilson, & Phillips, 1998), which quantifies relational com-


lexity of information as the number of variables that must be
ntegrated in order to solve a problem. The relational complexity


etric has been applied to reasoning studies in development (e.g.
ndrews & Halford, 2002; Birney, Halford, & Andrews, 2006;
ichland et al., 2006), aging (Viskontas, Holyoak, & Knowlton,
006), and chromosomal disorders (Fales et al., 2003).


This approach is exemplified by studies in which PFC-
amaged subjects were compared to other subject groups that
acked frontal impairments. Waltz et al. (1999) tested fvFTLD
atients on a version of the Raven’s progressive matrices (RPM;
aven, 1941), and a transitive inference task. The RPM has been
onsidered to encapsulate many of the skills that comprise fluid
ntelligence (Duncan et al., 2000; Snow, Kyllonen, & Marshalek,
984). Notably, this task requires the ability to maintain differ-
nt pieces of relational information (about changes in different
imensions) and integrate them to form a solution. Findings
howed that frontal-damaged groups failed selectively on prob-
em types that required the integration of multiple relations,
ompared to those problems in which only one relation was
equired for a correct solution. Similar findings were obtained
ith frontally impaired Alzheimer’s disease patients on matri-


es problems and relational working memory problems (Waltz
t al., 2004).


Recent studies (Morrison et al., 2006; Viskontas et al., 2004)
ave suggested that developmental and patient differences in
elational reasoning as characterized by relational complexity
an best be accounted for by variation in inhibitory con-
rol, a suggestion consistent with the importance of PFC in
elationally complex reasoning. The involvement of the PFC


n analogical and relational reasoning studies has received
urther support from neuroimaging studies. Early studies
nvestigated the neural correlates of variations of the RPM.
rabhakaran, Smith, Desmond, Glover, and Gabrieli (1997)


a
t
h
p
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ound predominantly PFC and parietal lobe activation in an
MRI study of this task. Similar results have been reported
y Christoff et al. (2001) and Kroger et al. (2002), both
f whom reported anterior rostrolateral PFC regions to be
electively active for the most complex matrix problems that
equired integrating across several dimensions. Relational pro-
essing has also been shown to activate PFC in neuroimaging
tudies of geometric and mathematical reasoning (Melrose,
oulin, & Stern, 2007; Prabhakaran, Rypma, & Gabrieli,
001).


Recent functional neuroimaging studies of analogical rea-
oning have revealed evidence of further PFC specialization.
cross several studies, investigators have reported left-anterior
FC activation that appears to be selective for the relational
apping aspect of analogical reasoning (Bunge, Wendelken,
adre, & Wagner, 2005; Green, Fugelsang, Kraemer, Shamosh,
Dunbar, 2006; Luo et al., 2003). In one study, Bunge et al.


2005) found both left-anterior and ventrolateral PFC areas to be
ssociated with processing analogies; however, the ventrolateral
FC alone was also sensitive to word association strength, sug-
esting that this region was more involved in semantic retrieval
han relational integration. The other studies also found broad
FC activation in response to processing analogy problems, but


he anterior portion of the PFC has been found to be most sen-
itive specifically to the relational demands of the tasks. This
attern of findings indicates that relational reasoning appears to
electively recruit rostrolateral PFC, but that the process overall
nvolves more of the PFC as well as relevant posterior regions
Wharton et al., 2000). This movement toward separation of
unction of PFC areas in complex reasoning is consistent with
ecent theoretical claims that the PFC can be divided into subpro-
essing regions linked by an anterior control system (Christoff


Owen, 2006; Koechlin, Ody, & Kouneiher, 2003; Koechlin &
ummerfield, 2007).


A second important feature of many tasks that are sensi-
ive to frontal impairments is the need to control interference
rom extraneous information. For example, in the Wisconsin
ard Sorting Test the tendency to respond based on a consistent
imension must be suppressed in order to shift response dimen-
ions at the appropriate time. Similar impairments have been
hown in both the human and animal literature with reversal
earning deficits following PFC damage, in which responses to
previously rewarded stimulus must be suppressed in order to


espond correctly to a previously unrewarded stimulus (Butter,
969; Iverson & Mishkin, 1970; O’Doherty, Kringelbach, Rolls,
ornak, & Andrews, 2001; Rolls, Hornak, Wade, & McGrath,
994). In a prior study we demonstrated that frontal-variant
TLD patients show a specific deficit in solving two-choice
:B::C:D style verbal analogy problems when a semantic dis-


ractor item, closer in association to the C term than the correct
term, was presented as a possible answer choice (Morrison


t al., 2004). Furthermore, we showed in a picture analogy
ask that fvFTLD patients tended to provide many perceptu-


lly similar answers, rather than analogical answers, compared
o healthy control subjects. This aspect of analogical reasoning
as received relatively little direct investigation in PFC-impaired
atients.







2 psych


f
t
s
p
s
t
t
t
w
g
fi
w
o
B
t
w
g
I
f
e
m
s
s
t
d
t
w


i
f
S
r
e
i
e


i
a
t
c
t
o
t
t
o
d
t
c


f
o
t
g
t
d
t


2


2


w
g
t
s
f
R
i


T
P


M


C


E


W


S


022 D.C. Krawczyk et al. / Neuro


The current study seeks to more precisely characterize
vFTLD deficits in relational reasoning problems that involve
he need to suppress semantic and perceptual distractors. In the
tudy of Morrison et al. (2004), we demonstrated that fvFTLD
atients show deficits in verbal analogy performance due to close
emantic distractor items, and independently demonstrated that
hey tended to match to perceptually similar items over rela-
ional items in a separate picture analogy task. A limitation of
he latter task was that it utilized a free-choice procedure, in
hich participants looked for what they considered to be the
enerally best match, but were not specifically required to try to
nd relational analogy matches. Thus, it was not clear if patients
ere actually impaired in suppressing distracting information,
r if this information was simply very salient to the patients.
ecause we did not include both semantic and perceptual dis-


ractors in the same analogy task, we were unable to determine
hether semantic or perceptual sources of distraction introduce
reater task difficulty for patients with frontal lobe impairments.
n Experiment 1 we addressed these issues by directly testing
rontal- and temporal-variant FTLD (tvFTLD) patients on an
xplicit analogy task requiring subject to try to make relational
atches, while simultaneously including both perceptual and


emantic distractors as answer choices. Further, we re-tested
everal of the subjects at a later time with a version of the task
hat eliminated semantic or perceptual distractors in order to
etermine whether fvFTLD patients would show an increase in
he ability to give relational answers when sources of distraction
ere removed.
As noted earlier, prior reasoning tasks have focused on the


ntegration of multiple relations as a critical aspect of task per-
ormance that requires intact PFC (Waltz et al., 1999, 2004).
everal attempts have been made to study the interaction of


elational complexity and distraction in development (Morrison
t al., 2006; Richland et al., 2006; Viskontas et al., 2004) and
n healthy young adults (Cho, Holyoak, & Cannon, 2007); how-
ver, possible interactions have yet to be systematically studied


o
w
t
p
o


able 1
articipant characteristics for Experiment 1: picture analogies


easure fvFTLD patients tvFTLD patie


Distractor set No-distractor set Distractor set


n M n M n M


haracterizing
Age 10 61.00 5 57.00 6 60.00
Education 10 15.10 5 16.40 6 17.75
MMSE 10 25.90 5 25.40 6 26.17


xecutive
WCST 7 36.00 3 32.00 1 14.00
Stroop A 6 62.50 1 77.00 1 36.00
Stroop B 5 71.60 0 – 1 29.00
Stroop C 5 108.25 0 – 1 88.00


orking memory
Digit Fwd 8 7.25 3 8.67 3 6.67
Digit Bkwd 7 4.43 2 4.50 3 5.67


emantic memory
BNT (60 items) 7 74.43% 2 78.5% 1 83.00%

ologia 46 (2008) 2020–2032


n patient populations. In Experiment 2 we present data from
relational-pattern task that requires subjects to detect rela-


ional changes in one or two dimensions and integrate these
hanges to answer the problems. The problems are similar to
he Raven’s matrices task, but are somewhat simpler and involve
nly one or two levels of relational complexity. In addition
o the relational complexity manipulation, we added seman-
ic and perceptual information extraneous to the problems in
rder to test the hypothesis that fvFTLD patients will show a
eficit on problems involving distracting information, and to
est whether this deficit specifically interacts with relational
omplexity level.


While this paper focuses on assessing the reasoning per-
ormance of fvFTLD patients, we also consider the impact
f tvFTLD on reasoning performance. We hypothesize that
vFTLD patients will show some impairment on picture analo-
ies due to their loss of semantic knowledge. They are less likely
o show impairments based on distraction and overall we pre-
icted that their performance on both tasks would be superior to
hat of fvFTLD patients.


. Methods (Experiment 1)


.1. Participants


The characteristics of all participants are summarized in Table 1. Patients
ere recruited on the basis of neurological diagnoses of FTLD following the
uidelines of Neary et al. (1998). The classification of patients as frontal or
emporal variant was made using imaging data and cognitive and behavioral
ymptoms (SPECT, PET, or structural MRI). MMSE scores were above 20
or all participants. This experiment received approval from the Institutional
eview Boards of UCLA, UCSF, and USC and has therefore been performed


n accordance with the ethical standards laid down in the 1964 Declaration


f Helsinki. All participants provided informed consent to participate. There
ere no significant differences in age or education among any of the par-


icipant groups. A subset of the participants were tested at their homes and
aid $10 for their participation, while others were tested at a clinic as part
f a battery of cognitive testing. Two problem sets were used in Experiment


nts Healthy controls


No-distractor set Distractor set No-distractor set


n M n M n M


4 60.00 10 64.00 8 61.00
4 17.25 10 16.95 8 17.19
4 25.75 – – – –


1 14.00 – – – –
0 – – – – –
0 – – – – –
0 – – – – –


3 6.67 – – – –
3 5.67 – – – –


1 97.00% – – – –
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, the distractor set and the no-distractor set. The distractor set was com-
leted by 10 fvFTLD patients, 6 tvFTLD patients, and 10 healthy control
articipants. The no-distractor set was completed by 5 of the 10 fvFTLD
atients, 4 of the 6 tvFTLD patients, and 8 of the 10 healthy control sub-
ects. This difference in participant numbers between the two problem sets
as due to the fact that we had initially begun testing the patients with the
istractor set before developing the no-distractor set for comparisons in perfor-
ance.


.2. Materials


Picture analogy problems were presented in the format A:B::C:D, where
he D item was absent and needed to be completed with one of four answer
hoices presented beneath the problem (see Fig. 1A). The A and B items
e.g. sandwich and lunchbox) were presented to the left of a vertical line.
he C item (hammer) and a question mark were presented to the right of


his line. There were four answer choices presented below the problem in
ll instances. Two versions of the problem set were presented, the distrac-
or set and the no-distractor set. A subset of the analogy problems were


odified versions of problems from the Goranson Analogy Test (Goranson,
002).


The distractor set consisted of 16 problems. Answer choices included the
orrect analogical answer (the toolbox in Fig. 1A), a semantically related dis-
ractor item that came from the same semantic category as the C item of the
nalogy (the nail), a perceptually related distractor that looked similar to the


item (the gavel), and an unrelated distractor item that had no strong rela-
ionship to the C item (the ribbon). The specific ordering of answer choices
as randomized throughout the problem set and the order of presentation was


andomized across all participants. The serial position of the answer choices


as counterbalanced such that each answer type appeared an equal num-
er of times in each of the answer choice positions throughout the problem
et. Refer to Appendix A for a complete list of the items used in the prob-
ems.


ig. 1. A sample problem from the picture analogy set. (A) Analogy item from
he distractor set—sandwich:lunchbox::hammer:? in which the answer choices
re the correct analogical answer (toolbox), an unrelated item (ribbon), a per-
eptual distractor (gavel), and a semantic distractor (nail). (B) Representation of
he same problem from the no-distractor set. Note that three unrelated answer
hoices have replaced the three incorrect answer choices shown in (A).
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The no-distractor set was identical to the first set with two exceptions: the
orrect answer appeared in a different spatially ordered position among the
nswer choices than it had in the distractor set, and the semantic and perceptual
ncorrect answer choices used in the distractor set were replaced with items
nrelated to the C term of the problem (the chicken and witch in Fig. 1B).
he no-distractor set was also presented in a new randomized order across all
articipants. The correct analogical answer appeared an equal number of times
n each of the answer choice positions. Refer to Appendix B for a complete list
f the items used in the no-distractor problems.


.3. Procedure


Participants were initially tested on the distractor set. All instructions and
roblems were presented on a laptop computer positioned at a comfortable dis-
ance from the participant. The experimenter read a series of instructions stating
hat the participant should think about the relationship between the first two
ictures to the left of the vertical line, and consider what would go with the
hird picture to the right of the vertical line to complete a similar relationship.
articipants were instructed that they would first see each problem and should
onsider what they thought the relationship between the items to the left of the
ertical line was, and that after a brief amount of time (2 s) the answer choices
ould appear beneath the problem. Two example problems were included during


he instruction period. After each practice problem the experimenter explained
hich answer was correct and clarified the inter-item relationships that made it


he correct answer. Following the instructions, participants completed the dis-
ractor set. The experimenter pointed to each picture item presented in each
roblem and named it in order to clarify what each picture represented. Partici-
ants chose their answer by pointing to the choice on the screen or saying their
nswer choice aloud. The experimenter entered the key corresponding to the
hosen answer.


The No-Distraction condition followed a delay of 30–45 min during which
he participant completed an unrelated cognitive task. The same instructions
ere presented to the participants in the no-distractor set condition as they had


eceived for the distractor set condition. The example problems were the same,
ut included three unrelated incorrect choices along with the correct analogical
nswer (refer to Fig. 1B). Following the instructions, participants completed the
o-distractor set using the same procedure that had been used in the distractor
et condition.


.4. Statistics


Differences in accuracy between the different patient groups on the distractor
roblem set were evaluated using analyses of variance with Bonferroni-corrected
ost hoc tests to determine whether specific differences were robust. Additional
NOVAs were carried out to test whether other answer choices were signif-


cantly different among the groups. Performance on the no-distractor set was
ompared to that on the distractor set using a repeated-measures ANOVA, while
pecific within-group comparisons were made using Bonferroni-corrected post
oc tests.


. Results (Experiment 1)


.1. Distractor set


Fig. 2 shows the mean percentages of different answer
hoices made by each of the participant groups. The number
f correct analogical answers was initially compared among
he three participant groups using a one-way ANOVA, which
evealed a significant difference among the three groups,
(2, 23) = 17.91, p < .001. Bonferroni-corrected post hoc tests


p < .05) showed that normal controls provided a significantly


reater percentage of correct answers than both fvFTLD patients
nd tvFTLD patients. In addition, tvFTLD patients provided
ore correct answers than fvFTLD patients. These findings


stablish that both patient groups showed lowered performance
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Fig. 2. Results of the distractor set in the picture analogy task. fvFTLD patients
reported fewer correct answers compared to tvFTLD patients and healthy con-
trols. tvFTLD patients also showed decreased correct responding relative to
h
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ealthy controls. Furthermore, only fvFTLD patients failed to report more cor-
ect matches than semantic distractor matches.


n the analogy task, with fvFTLD patients showing the greatest
mpairment.


We conducted similar analyses on the other answer cate-
ories (semantic distractor, perceptual distractor, and unrelated
tem). In these analyses we found a significant difference among
he participant groups for number of semantic distractors, F(2,
3) = 11.57, p < .001, with Bonferroni post hoc tests (p < .05)
evealing that fvFTLD patients made more semantic distractor
hoices than healthy controls. No other differences were signif-
cant for the semantic distractor items. A significant difference
as also found for perceptual distractor items, F(2, 25) = 3.41,
= .05, with Bonferroni post hoc tests revealing that fvFTLD
atients made more perceptual distractor choices than healthy
ontrols. There were no significant differences among unre-
ated answer choices among any of the participant groups. These
esults indicate that fvFTLD patients were especially prone to
aking errors that involved choosing either the semantic or per-


eptual distractor item relative to control subjects. In addition,
emporal-variant patients tended to select distractor items at


greater level than normal controls, perhaps due to semantic
eficits.


To further test our hypothesis that fvFTLD patients would
e particularly susceptible to making errors based on semantic
elatedness, we conducted dependent-samples t-tests compar-
ng the numbers of semantic errors to correct analogical answers
ithin each subject group. These analyses revealed that fvFTLD
atients showed no significant difference between the percent-
ge of correct analogical answers (M = 49%) and incorrect
emantic distractor answers (M = 36%), t(9) = 0.90, p = .39.
hese differences were significant for tvFTLD patients (ana-


ogical M = 73%, semantic M = 20%), t(5) = 5.29, p < .01, and
or healthy control participants (analogical M = 98%, semantic


= 2%), t(9) = 51.00, p < .001. This pattern of results supports


he hypothesis that control of semantic interference is a cogni-
ive function supported by the PFC, as only the frontal-variant
atients failed to provide reliably more analogically correct
nswers than semantic distractor answers.


2
R
i
o
w


ig. 3. Mean improvement in correct analogical answers from the distractor
et to the no-distractor set in the picture analogy task. Only fvFTLD patients
howed a reliable improvement between the two sets with distractors removed.
rror bars denote standard error of the mean.


.2. No-distractor set


The number of analogically correct answers was compared
mong the three subject groups using a 3 (group) × 2 (test
ession) repeated-measures ANOVA. This analysis revealed


significant main effect of test, F(1, 14) = 50.59, p < .001
nd a significant task by group interaction, F(2, 14) = 16.11,
< .001. Bonferroni-corrected post hoc tests (p < .05) revealed


hat normal controls provided significantly more correct answers
M = 100%) than frontal-variant FTLD patients (M = 84%). No
ther comparisons were significant. These data are summarized
n Fig. 3.


We further analyzed the degree of improvement between
ests for the three subject groups using Bonferroni-corrected
ependent-samples t-tests (p < .05). These analyses revealed
significant improvement for fvFTLD patients, who gave a


reater number of analogical answers on the no-distractor set
ompared to the distractor set, t(4) = 5.03, p < .01. There were
o reliable differences in improvement for the other participant
roups. This result indicates that fvFTLD patients disproportion-
tely benefited from the absence of distraction from perceptually
nd particularly semantically related answers in the no-distractor
et. This finding is consistent with the hypothesis that a source
f performance failure in reasoning in fvFTLD patients is the
nability to suppress related but incorrect answers.


. Methods (Experiment 2)


.1. Participants


The characteristics of the 17 participants are summarized in Table 2. Three
f the fvFTLD patients and two of the tvFTLD patients had also participated in
xperiment 1. Patients with FTLD were recruited on the basis of neurological
iagnosis following the guidelines of Neary et al. (1998). The extent of dam-
ge to either the frontal or temporal cortex was determined using imaging data
SPECT, PET, or structural MRI). Mini-mental Status Exam scores were above


0 for all participants. This experiment received approval from the Institutional
eview Boards of UCLA, UCSF, and USC and has therefore been performed


n accordance with the ethical standards laid down in the 1964 Declaration
f Helsinki. All participants provided informed consent to participate. There
ere no significant differences in age or education among any of the participant
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Table 2
Participant characteristics for Experiment 2: relational-pattern reasoning task


Measure fvFTLD patients tvFTLD patients Healthy controls


n M n M n M


Characterizing
Age 9 58.89 4 61.50 6 59.00
Education 9 16.50 4 18.13 6 17.75
MMSE 9 26.22 4 25.50 6 –


Executive
WCST 2 43.00 1 9.00 – –
Stroop A 2 69.50 0 – – –
Stroop B 0 – 0 – – –


Working memory
Digit Fwd 6 6.83 3 6.00 – –
Digit Bkwd 7 3.75 2 5.50 – –
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emantic memory
BNT (60 items) 2 78.5%


roups. Frontal-variant participants were first screened to determine whether
hey could reliably solve one-relation/no distraction problems in the practice
hase prior to the task. Participants were either tested at their home and paid
10 for their participation, or in a clinic environment as part of a cognitive testing
attery.


.2. Materials


A set of 80 relational-pattern reasoning problems was presented in this
ask. Each problem followed the same format, showing three cartoon pic-
ures of a person with arrows indicating that the cartoons should be viewed


rom left to right (see Fig. 4). There were four versions of cartoon peo-
le that appeared in equal numbers in the problem set. Each problem
eatured one version of a cartoon person exclusively. Two male and two
emale cartoon people were used in the problems. The males wore red and
lue clothes, respectively, and the females wore green or magenta clothes.


T
i


f
s


ig. 4. Examples of the relational-pattern reasoning problems. (A) Representations o
hange, a one-relation color change, and a two-relation change in which both size
nstances in which person 1 and 2 change, but person 3 does not.

100% – –


lothing color was fixed for each cartoon character. The variations of cloth-
ng color and gender of the cartoon people were included to make the
ask less-reliant upon perceptual features only, and to discourage persever-
tive responding based on specific features of the stimuli in the patient
roups.


Problems were constructed to include one-relation and two-relation prob-
ems. One-relation problems showed either a size change, in which the cartoon
erson started small and became progressively larger in the next two images
see Fig. 4A), or showed a color change in which the cartoon person’s outfit
tarted in a light shade and became progressively darker shades of the same
olor in the next two images (see Fig. 4A). Two-relation problems showed both
ize and color shade changes in the same three cartoon images (see Fig. 4A).


he problems were counterbalanced so that each of the four cartoon people was


ncluded in 25% of the problems within each relational and distraction category.
Participants had to judge whether a complete relation change occurred


or all relations present in each problem. For example, a “true” one-relation
ize problem showed the cartoon person starting small and becoming larger


f different types of “true” problems from the task showing a one-relation size
and color change. (B) Representations of different “false” problems showing
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n each image (see Fig. 4A), or starting with light shade clothes and becom-
ng darker in each image. A “false” one-relation problem showed a change
ccurring from the first cartoon image to the second, but no change occur-
ing from the second cartoon to the third (see Fig. 4B). For “true” two-relation
roblems both relations showed complete patterns (both size and color shade
ould change progressively from the first to the third cartoon image). In
“false” two-relation problem, the cartoon person showed a complete pat-


ern for one relation (e.g. size), but an incomplete pattern for the other
e.g. color shade; refer to Fig. 4B). Problems were counterbalanced so that
ize and color shade represented the false relation an equal number of
imes in the one-relation and two-relation problems. In addition, the prob-
em set included 40 relationally true problems and 40 relationally false ones;
hese appeared in equal proportions for one-relation and two-relation prob-
ems.


.3. Semantic-Distraction


In addition to relational change, several subsets of the problems included
istracting clothing or accessories added to the three cartoon people. These
ccessories were included in order to provide a relatively familiar source of
istraction from the correct relational answer to the problems. One semantic-
istraction (S-D) problem subset consisted of 32 problems to which two
heme-related accessories were added to each cartoon person in the problem.
or example, there was a firefighter theme that showed the first character
ith a fire hose and coat, the second with a fire hat and axe, and the third
ith a fire extinguisher and boots. Refer to Appendix C for a list of the


heme-related items that were added to the cartoon people. In addition to the
refighter theme there was a western theme, a fishing theme, and a baseball


heme.
An additional 32 S-D problems were constructed by including theme-related


lothing in each of the three people in a given problem. For example, one such
roblem included the western theme clothing in which each cartoon person
ore a separate version of the western clothing (see Appendix C). It should
e noted that in this case the western theme unifies the three people; how-
ver, the specific clothing items were never repeated in these problems to
void additional perceptual similarity. A subset of 16 of the S-D problems
as theme consistent meaning that a particular theme clothing set appeared


or each of the three cartoon people (e.g. all fishing-themed, see Fig. 5A).
he remaining 16 S-D problems were theme-inconsistent, meaning the theme-


elated clothing accessories for the first two cartoon people were from the
ame category (e.g. all fishing-themed), but the clothing theme was differ-
nt for the third cartoon person (e.g. firefighter-themed, see Fig. 5A). This
anipulation enabled us to include problems in which the theme-related acces-


ories would aid participants in solving them (relationally true/theme-consistent
nd relationally false/theme-inconsistent problems), as well as problems in


hich the theme-related accessories would hinder participants (relationally


rue/theme-inconsistent and relationally false/theme-consistent problems). The
-D problems were counterbalanced so that an equal number of relationally


rue and relationally false problems appeared with theme-consistent and theme-
nconsistent accessories.


i
t
p
o
w


ig. 5. Examples of the types of distracting information included in the relational-p
eople having extraneous clothing from the same class of items (e.g. fishing gear)
erceptually distracting information involved all people wearing identical outfits (e.g
ut one of the three having perceptually different accessories than the others.
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.4. Perceptual-Distraction


Thirty-two perceptually distracting (P-D) items were included in the problem
et. In these cases three identical sets of accessories were included for each car-
oon person in the problem. For instance all three cartoon people may have had
cowboy hat and a lasso. These problems were either perceptually consistent,
ith all three people wearing identical accessories (see Fig. 5B), or perceptually


nconsistent, with one person wearing a different set of items from the same
heme (e.g. person 1 and person 2 wore a baseball hat and held a baseball, while
erson 3 wore a baseball shirt and held a baseball bat; see Fig. 5B). As with
he S-D problems, the use of consistent and inconsistent distractor accessories
llowed us to construct 16 perceptually consistent problems in which the distrac-
or items could potentially help participants to solve the problems (relationally
rue/perceptually consistent and relationally false/perceptually inconsistent), as
ell as 16 perceptually inconsistent problems that potentially led participants


way from the correct answer (relationally true/perceptually inconsistent and
elationally false/perceptually consistent problems). The P-D problems were
ounterbalanced so that an equal number of relationally true and relationally false
roblems appeared with perceptually consistent and perceptually inconsistent
ccessories.


.5. Procedure


Participants were initially told that they would see three pictures of a
erson that should be viewed from left to right on the screen and that they
hould look for all of the ways that the person changes. The experimenter
hen showed examples of the one-relation change problems and described the


anner in which each change occurred. The experimenter further explained
hat both color and size may change in one problem and an example of this
ype was shown. Participants were then told that they should respond “true”
f all changes were complete in the problem. Examples of true one-relation
roblems in which size or color changed were shown. An example of a true
wo-relation problem was also shown. Participants were next told that they
hould respond “false” to any problem in which any of the changes were
ot complete. Examples of one-relation color and size problems were then
hown, as was an example of a false two-relation problem. The experimenter
ully explained the types of changes and why each one was either true or
alse, as well as pointing out the visual characteristics that should be attended
o.


At this time the participant completed a practice phase consisting of 10
roblems. Included in this practice phase were examples of each type of problem
hat would be encountered in the actual test, including both one-relation and two-
elation problems, each type of true and false problem, each type of one-relation
hange, and each of the four cartoon people. After this phase, participants were
hown example problems with the S-D and P-D accessories and were told to


gnore the accessories when they appeared and to answer the problems based on
he instructions given previously. Participants then completed a second practice
hase consisting of 10 representative problems based on answer type and number
f relational changes present. Half of the problems in this set were S-D and half
ere P-D. The experimenter answered participant questions about the problems


attern reasoning problems. Semantically distracting information included all
, or from different classes of items (e.g. fishing gear and fire-fighting gear).
. baseball caps and gloves), or all people wearing semantically related outfits,
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nd explained each answer during the practice phases. The full 80 problem set
as then completed.


. Results (Experiment 2)


We tested for differences in performance among the differ-
nt subject groups and levels of relational complexity using an
nalysis of variance with Bonferroni-corrected post hoc tests.
his was followed up with specific tests of the frontal patient
erformance using the d’ statistic, which is sensitive to detect-
ng response criteria based on signal detection theory (Wickens,
001). A repeated-measures ANOVA was carried out to test
hether frontal patients performed differently on problems vary-


ng in distraction and in relational complexity.
Fig. 6A shows the mean proportion correct for the one-


elation and two-relation problems for each group with and
ithout distraction present. The proportion of correct one-


elation and two-relation problems was analyzed using a 2
relation-level) × 3 (distraction-type) × 3 (participant group)
ixed ANOVA. This analysis revealed a significant difference


mong the three groups, F(2, 16) = 17.51, p < .001. Bonferroni-
orrected post hoc tests (p < .05) revealed that a greater


ercentage of correct answers were provided by normal con-
rols (M = 99%) and tvFTLD patients (M = 99%) than fvFTLD
atients (M = 68%). There were no other significant differences
ound in this initial analysis.


ig. 6. Performance on the relational-pattern reasoning task. (A) Overall,
vFTLD patients provided fewer relationally correct answers than the other
roups. Furthermore, this group showed a selective deficit for distraction prob-
ems over non-distraction problems. (B) Data from the fvFTLD patients who
ere non-perseverative. This group showed evidence of distraction being a key


actor in the performance impairment of this group. Error bars denote standard
rror of the mean.
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Some subjects in the fvFTLD group showed a tendency to
erseverate in the way they responded during the task, relying
redominantly on only the true or the false response across the
ajority of problems. In order to account for this performance


ifficulty, we computed d’ measures based on signal detection
heory (Wickens, 2001) in order to assess the extent to which
ubjects were sensitive to balancing hit rates with false alarm
ates. This analysis revealed that a subset of four subjects in this
roup had been indiscriminant in their responses as computed
y d’. We eliminated those four subjects who failed to achieve a
’ measure above 0.50 from subsequent analyses. This choice of
hreshold eliminated only those subjects who had shown strong
vidence of perseveration.


The data from the subgroup of fvFTLD subjects that survived
he d’ elimination were tested using a 2 (distraction) × 2 (rela-
ion) repeated-measures ANOVA. This planned-comparison
esulted in a main effect of distraction F(1, 4) = 17.75, p < .05,
uch that these subjects solved significantly more no-distractor
roblems (M = .86) than distractor problems (M = .78). There
as no reliable effect of relational complexity, though these
eans were numerically different in the predicted direction (one-


elation M = .81, two-relation M = .73). There was no significant
nteraction between distraction and relational complexity level.
hese data indicate that distraction is an important factor influ-
ncing the errors made by this subject group.


. Discussion


These results illustrate the importance of the PFC for intact
easoning performance on tasks that require relational pro-
essing in the presence of competing perceptual and semantic
nformation, suggesting that control of interference may be a
ritical factor necessary for properly appreciating the relational
tructure relevant to reasoning.


In Experiment 1, we demonstrated that both groups of FTLD
atients were impaired on picture analogy performance relative
o healthy controls. This finding is similar to our prior results
ith verbal analogy materials (Morrison et al., 2004). In that
aper, we applied a neurally plausible computational model of
nalogy (LISA; Hummel & Holyoak, 1997, 2003, 2005) to sup-
ort the hypothesis that fvFTLD patient’s analogy deficits may
tem largely from inhibitory control problems. This position is
onsistent with our current picture analogy results (Experiment
), where fvFTLD patients performed worse than temporal-
ariant patients and healthy controls on the problems containing
emantically or perceptually attractive distractor items (distrac-
or set). Importantly, when these distractor items were removed
nd replaced with less attractive alternatives (no-distractor set),
vFTLD patients improved more than temporal-variant patients.
he finding suggests that fvFTLD patients may have been able


o solve the analogies reasonably well in the absence of dis-
ractor choices and that the presence of particularly semantic
istractors may be sufficient to disrupt analogical reasoning


hen the inhibitory control functions of PFC are operating sub-
ptimally.


A potential alternative interpretation is that performance
mproved in the no-distractor condition because participants
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ere not actually attempting to solve the analogy task, but rather
ust selecting the answer choice most semantically related to
he C term of the analogy. However, if this strategy had been
mployed we would have expected fvFTLD performance to
e near ceiling in the no-distractor condition, where the cor-
ect answer (i.e., the D term) was almost always the most
emantically related term among the choices present. In fact,
vFTLD patients made a substantial number of errors even when
o semantic distractors were present among the choices, sug-
esting that these patients were not simply selecting the most
ssociated term. Although this pattern of results weakens the
lausibility of this alternative interpretation, it still may be the
ase that fvFTLD patients rely on semantic association more
han controls in analogy tasks due to poor relational process-
ng.


The presence of perceptual distractors in the distractor ver-
ion also appears to have contributed to deficient performance
n fvFTLD patients but to a lesser degree than the semantic dis-
ractors as greater proportions of semantic errors were obtained
n Experiment 1. Perceptual distractors have been shown to
ecrease responding based on relational information in frontal-
ariant patients in our previous study with scene analogies
Morrison et al., 2004).


The tvFTLD patients performed better than fvFTLD patients
ut worse than healthy controls in the picture analogy tasks.
his deficit in tvFTLD subjects on the distractor set in Exper-


ment 1 appears to be related to the semantic concept loss
ommonly seen in these patients. This group does not gen-
rally show specific deficits in interference control (Neary,
nowden, Northen, & Goulding, 1988); rather, their perfor-
ance deficit in the distractor set may have been due to loss


f specific relational category information necessary to solve
he analogies. While we did not specifically vary the association
trength of various answer choices, inspection of the choices
see Appendix A) suggests that the semantic distractors may
n the whole be more associated to their respective C terms
han were the correct relational terms. Importantly, the tvFTLD
roup did not benefit from the no-distractor set to the degree
hat the fvFTLD patients did. Presumably the temporal-variant
atients had lost the relational category linking the C and D
erms, and thus lacked the necessary information to solve the
nalogy regardless of presence of a distractor. This finding is
lso consistent with the hypothesis that interference control is
rincipally dependent on PFC and not anterior temporal cor-
ex.


The results of Experiment 1 are consistent with the hypoth-
sis that suppressing compelling semantic or perceptual, but
elationally incorrect, mappings is a core cognitive skill nec-
ssary for correct analogical reasoning. Current computational
odels of analogy have considered inhibitory control to be an


mportant mechanism (Hummel & Holyoak, 1997, 2003, 2005),
ut few prior studies have directly tested the extent to which
eficits in interference control are responsible for failures of


nalogical reasoning. Our results, along with our previous work
Morrison et al., 2004), support the hypothesis that inhibitory
ontrol is critical for analogical reasoning and that it is linked to
he PFC.


d
t
b
t


ologia 46 (2008) 2020–2032


In Experiment 2 we tested the extent to which relational
easoning can be disrupted by relational complexity and by
nhibition of extraneous information in PFC-damaged patients.
he results of this study show a clear performance deficit for


vFTLD patients over tvFTLD patients and controls. Anal-
sis of the fvFTLD group performance indicated that these
atients had the greatest difficulty on problems that required
ontrol of interference from irrelevant extraneous information.
his finding demonstrates strong support for a frontal deficit


n control of interference during reasoning. All subjects had
eceived prior training on how to solve the problems relation-
lly and had been explicitly and repeatedly told to ignore all
f the extraneous information by the experimenter. The fact
hat fvFTLD patients could not ignore the extra information
s particularly striking under these conditions. In Experiment
, the distractors represented an alternative answer choice that
ad to be considered to select the correct relational choice;
owever, in Experiment 2 the relevant relations necessary for
olving the problems had nothing to do with the extraneous
erceptual and semantic distractors and yet these features still
nterfered with fvFTLD patient performance. fvFTLD patients
ere reminded by the experimenter that they were to focus
n the relevant color and size relations only and to ignore
he additional clothing distraction prior to the actual task,
et they still exhibited sporadic difficulties due to these fac-
ors.


The deficit in interference control for fvFTLD patients in
xperiment 2 was observed for both semantic and perceptual


orms of distraction. We had designed the task to allow for
ubjects to inappropriately solve the problems based on alter-
ative strategies related to the distractor clothing. For example,
ubjects could have answered “true” for problems in which
he extra clothing worn by the characters made them percep-
ually or semantically similar or dissimilar. The results failed
o support the use of such strategies, but rather indicated that
vFTLD patients tended to perform at lower levels when any
istraction was present in the problems. It is also important to
ote that these patients did not perform at ceiling levels for
on-distractor problems, suggesting that their deficit involves
dditional processes besides distraction from the extraneous
eatures.


Contrary to our predictions, we did not observe a significant
ffect of relational complexity on fvFTLD patient performance
n Experiment 2, although performance on higher relational
omplexity problems was relatively worse in the fvFTLD group
han in the other groups. The integration of two or more rela-
ions in solving matrix problems has previously been argued
o be a frontally mediated process (Christoff et al., 2001;
roger et al., 2002; Prabhakaran et al., 1997; Waltz et al.,
999, 2004). The low number of non-perseverant subjects in
xperiment 2 may have limited the statistical power to find
significant relational complexity difference. Another factor


hat may have contributed to the lack of a clear complexity


ifference is that the relations of size and color were poten-
ially decomposable in this task. Decomposable relations can
e considered independently and thus processed serially. By
his interpretation, correct two-relation performance requires
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ntact maintenance of independent relational solutions, but
ot necessarily relational integration. The lack of completely
on-decomposable relations may have worked against find-
ng a strong relational complexity effect. It should also be
oted that the fvFTLD group was somewhat impaired rela-
ive to controls in the one-relation, no distraction problems.
his difference may be an indication that relational process-


ng deficits are a core feature of the frontal-damaged profile,
hich may have been exacerbated by the presence of distrac-


ion.
It is also interesting to note that while tvFTLD patient perfor-


ance was compromised in Experiment 1, which required use
f previously learned category information, these patients were
ore successful in Experiment 2, which required participants


o learn and use several new categories. This result is consis-
ent with recent category learning results with FTLD patients
Koenig, Smith, & Grossman, 2006), which suggests that the
FC is more important than anterior temporal cortex for learn-


ng new categories, whereas anterior temporal cortex is critical
or the long-term storage of category information.


The results of these two experiments converge to demonstrate
hat intact PFC is necessary for effective relational reasoning.
hese results, as well as those reported previously (Morrison et
l., 2004), indicate that distracting semantic associates, whether
resented verbally or visually, tend to interfere with the ability
f fvFTLD patients to select the correct relational choice for
n analogy. These data extend the findings from neuroimaging
tudies of frontal involvement in relational reasoning (Bunge
t al., 2005; Christoff et al., 2001; Green et al., 2006; Kroger
t al., 2002; Luo et al., 2003; Wharton et al., 2000), indicat-
ng that a core function of the PFC is to avoid distraction and


aintain a goal-directed focus on forming the correct relational
nswer.


Recent models of working memory suggest close intercon-
ections between inhibition and the binding of concepts in
orking memory. Oberauer (2005) has argued that binding of


oncepts in working memory can explain results that appear to
tem from deficits in inhibitory control. This position fundamen-
ally assumes that difficulties in working memory arise from the


imited capacity to bind together information. This position is
roadly consistent with our working memory model based on
ISA (Hummel & Holyoak, 1997, 2003), which proved capable
f simulating verbal analogy performance under high distrac-
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ion conditions (Morrison et al., 2004). In this simulation, the
oint factors of reduced learning rate and impaired ability to
lter alternative items resulted in successful simulation of the
vFTLD deficit in that analogy task. Thus variations in these
wo factors can jointly lead to impairment of dynamic binding
n working memory. Data from the current study do not defini-
ively demonstrate whether the fvFTLD deficit stems from a
inding problem, or more purely an inhibitory problem (Hasher


Zacks, 1988). These two positions are not incompatible, but
ather may both constitute cognitive effects of frontal impair-
ent, as we have argued in connection with working memory


hanges during cognitive development (Morrison et al., 2006)
nd aging (Viskontas et al., 2004).


Our results demonstrate how two core PFC functions, inter-
erence control and relational integration in working memory,
re related to specific forms of problem solving. While the func-
ion of the frontal lobes has been widely considered to include
arious forms of cognitive control (Aron, 2007; Butter, 1969;
verson & Mishkin, 1970; Rubia, Smith, Brammer, & Taylor,
003), the present results show that interference can disrupt the
easoning process in cases in which distractors are present, even
hen distracting information is completely unrelated to the rules


hat define the problem. Theories of relational reasoning should
hus include interference control as a central cognitive operation
equired for successful problem solving.
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ppendix A


nalogy problem Correct answer Perceptual distractor Semantic distractor Unrelated answer


ractice set
Gas pump:car, candy bar:? Boy Book Mint candy Tree
Squirrel:tree, fish:? Glass bowl Rocket Hook Camera


istractor set
Radio:ear, television:? Eyes Spaceship TV remote Ship
Fork:salad, glass:? Milk carton Trash can Baby bottle Dice
House:tree, igloo:? Ice Tea kettle Eskimo Maid
Toothbrush/paste:teeth, soap:? Hands Book Hand towels Sofa
Sling:arm, cane:? Leg Candy cane Walker Ladder
Rake:gardener, scissors:? Seamstress Pliers Tape Clown
Lamp:light bulb, candle:? Fire Rocket Flashlight Envelope
Dentist:drill, doctor:? Stethoscope Conductor Medical logo Bananas
Baseball:baseball player, football:? Football player Lemon Soccer ball Scale
Airplane:bird, boat:? Fish Factory Locomotive Boot
Grapes:wine, pumpkin:? Pie Basketball Witch Books
Plant:gardener with water, boy:? Woman w/food Robot Toys Scale
Typewriter:page sewing machine:? Dress Electric mixer Needle & thread Bread
Shirt/tie:luggage, paper:? Briefcase Towel Pencil Electric plug
Sandwich:lunchbox, hammer:? Toolbox Gavel Nail Ribbon
Cheese:cow, fried egg:? Chicken Amoeba Bacon Violin


ppendix B


nalogy problem Correct answer Unrelated answer Unrelated answer Unrelated answer


ractice set
Gas pump:car, candy bar:? Boy Baseball Dice Trashcan
Squirrel:tree, fish:? Glass bowl Needle/thread Book Bread


o-distractor set
Radio:ear, television:? Eyes Pencil Ring Envelope
Fork:salad, glass:? Milk carton Rocket Tree Hook
House:tree, igloo:? Ice Nail Toolbox Gas pump
Toothbrush/paste:teeth, soap:? Hands Train Rocket Bacon
Sling:arm, cane:? Leg Bacon Ladder Amoeba
Rake:gardener, scissors:? Seamstress Cow Violin Mixer
Lamp:light bulb, candle:? Fire Teeth Tape Pliers
Dentist:drill, doctor:? Stethoscope Book Towel Electric plug
Baseball:baseball player, football:? Football player Sandwich Lamp Pliers
Airplane:bird, boat:? Fish Boot Toys Eskimo
Grapes:wine, pumpkin:? Pie Books Car Tree
Plant:gardener with water boy:? Woman w/food Factory Locomotive Scale
Typewriter:page, sewing machine:? Dress Mint candy Camera Fish
Shirt/tie:luggage, paper:? Briefcase Light bulb Robot Nail
Sandwich:lunchbox, hammer:? Toolbox Chicken Witch Ribbon
Cheese:cow, fried egg:? Chicken Tree Walker Violin
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ppendix C


heme/version Accessory 1 Accessory 2


aseball A Baseball cap Baseball
aseball B Baseball glove Cleats
aseball C Baseball shirt Baseball bat
irefighter A Coat Fire hose
irefighter B Firefighter hat Axe
irefighter C Fire extinguisher Boots
ishing A Net Fishing hat
ishing B Fishing vest Fish on line
ishing C Fishing pole Wading boots
estern A Cowboy hat Lasso
estern B Sheriff vest Cowboy boots
estern C Holsters Bolo tie
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Abstract


We explored how relational complexity and featural distraction, as varied in scene analogy
problems, affect children’s analogical reasoning performance. Results with 3- and 4-year-olds,
6- and 7-year-olds, 9- to 11-year-olds, and 13- and 14-year-olds indicate that when children can
identify the critical structural relations in a scene analogy problem, development of their ability to
reason analogically interacts with both relational complexity and featural distraction. Error patterns
suggest that children are more likely to select a distracting object than to make a relational error for
problems that present both possibilities. This tendency decreases with age, and older children make
fewer errors overall. The results suggest that changes in analogical reasoning with age depend on the
interplay among increases in relational knowledge, the capacity to integrate multiple relations, and
inhibitory control over featural distraction.
� 2006 Elsevier Inc. All rights reserved.
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Introduction


Analogical reasoning is an important component of children’s higher order cognitive
development. Analogy is a conceptual strategy enabling children to make inferences about
novel phenomena, to transfer learning across contexts, and to extract relevant information
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from everyday learning experiences on the basis of relational similarity (Chen, Sanchez, &
Campbell, 1997; Gentner, 1977; Goswami, 2001; Halford, 1993; Holyoak, Junn, & Bill-
man, 1984). It has been argued that this sophisticated conceptual process is central to chil-
dren’s everyday learning; however, the underlying mechanisms that support the
development of analogical reasoning are not yet well understood.


Possible mechanisms of developmental change


Within the literature on cognitive development, three major hypotheses have been
advanced to account for age-related differences in analogical reasoning: increased domain
knowledge, a relational shift from object similarity to relational similarity, and increased
working memory capacity for manipulating relations.


Increased domain knowledge


Goswami and colleagues have proposed a relational primacy hypothesis, arguing that
analogical reasoning is fundamentally available as a capacity from early infancy but that
children’s analogical performance increases with age due to the accretion of knowledge
about relevant relations (Goswami, 1992, 2001; Goswami & Brown, 1989). Goswami’s pro-
posal for knowledge acquisition as a mechanism for development emerged in reaction to
Piagetian studies suggesting that children are unable to reason analogically prior to achiev-
ing formal operations at approximately 13 or 14 years of age (Piaget, Montangero, & Billeter,
1977). Piaget’s tasks frequently involved uncommon relations, such as ‘‘steering mecha-
nism,’’ which would likely have been unfamiliar to younger children. In contrast, Goswami
and Brown (1989) found that children as young as 3 years could be successful on analogical
reasoning tasks when they demonstrated knowledge about the relevant relations.


In a series of studies, Goswami, Leevers, Pressley, and Wheelwright (1998) presented
children with complex versions of analogy tasks in which two physical causal relations
(e.g., cutting and wetting) were manipulated to change one object, ‘‘A,’’ into another
object, ‘‘B.’’ Children were required to map the relation between A and B to a different
object, ‘‘C,’’ and its transformed version, ‘‘D.’’ They were given a set of alternatives
and asked to identify the D object. On a second task, the children were tested to assess
their knowledge of the causal relations used in each problem. Goswami and colleagues
found that children as young as 4 years were fairly competent on these problems with
two relational changes when they showed knowledge of the relations on an additional
task, although 3-year-olds did not perform as well. The authors interpreted these data
as evidence that domain knowledge is the primary constraint on children’s analogical
reasoning. However, as Goswami and colleagues noted, the knowledge-based account
cannot fully account for age-related effects in young children’s performance on analog-
ical reasoning tasks. In particular, these authors pointed out that children seem to fail
on analogies in systematic ways even when the children possess relational knowledge
relevant to the task.


Relational shift


In an alternative formulation of young children’s observed age-related increase in ana-
logical reasoning performance, Gentner and Rattermann (1991; see also Rattermann &
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Gentner, 1998) hypothesized that a ‘‘relational shift’’ occurs. They suggested that before
the relational shift, children attend primarily to featural similarity between objects and will
reason on the basis of perceptual features rather than on the basis of relational similarity.
Following the relational shift, children can and will reason on the basis of relational fea-
tures. Several studies have supported the relational shift hypothesis, demonstrating the
deep interrelations between young children’s processing of object similarity and their pro-
cessing of relational similarity (Gentner, 1988; Gentner & Toupin, 1986). Importantly,
however, the mechanisms underlying the observed relational shift remain unclear. Ratter-
mann and Gentner (1998) proposed that knowledge of the relevant relations is central and
argued that the relational shift is therefore domain specific in nature. They suggested that
the relational shift occurs at different ages for different domains, depending on the child’s
knowledge of that domain.


Relational complexity


A third explanation for developmental changes in analogical reasoning highlights
limits on children’s working memory capacity that affect their ability to process multi-
ple relations simultaneously. Halford and colleagues (Andrews & Halford, 2002; Hal-
ford, 1993; Halford, Andrews, Dalton, Boag, & Zielinski, 2002) have defined
relational complexity in terms of the number of sources of variation that are related
and must be processed in parallel. For example, a binary relation is defined as a rela-
tion between two arguments, both of which are sources of variation. Thus, ‘‘boy chases
girl’’ specifies a single relation (chase) between two arguments (boy and girl). A reason-
er would need to hold both arguments and the relevant relation in mind to reason on
the basis of this relation. Similarly, a ternary relation includes three arguments as
sources of variation. A special case of a ternary relation is formed by two integrated
binary relations with three arguments such as ‘‘mom chases boy who chases girl.’’
Using this metric of relational complexity, Halford (1993) argued for a developmental
continuum in children’s working memory capacity, such that children can process bina-
ry relations (a relation between two objects) after 2 years of age and can process ter-
nary relations after 5 years of age.


Using an alternative formulation of a relational complexity metric, Zelazo and Frye
(1998; see also Frye and Zelazo, 1998; Frye et al., 1996) have identified similar age-re-
lated developmental progressions. According to their cognitive complexity and control
theory, complexity is defined by the number of hierarchical rules that must be consid-
ered to accomplish a task. For example, in the Dimensional Change Card Sort task,
children were asked to follow a rule to sort by color (e.g., ‘‘if red . . . here,’’ ‘‘if blue
. . . here’’) and a rule to sort by shape (e.g., ‘‘if rabbit . . . here,’’ ‘‘if boat . . . here’’).
The 3- and 4-year-olds were successful on these sorting tasks when performing them
separately but failed when required to switch between tasks, integrating them with a
higher order rule. Zelazo and Müller (2002) hypothesized that change with age depends
on children’s development of executive function and particularly the ability to reflect
on the relation between two rules so as to develop and use a higher order rule that
integrates the rule pair. Zelazo, Frye, and Rapus (1996) found that knowledge of rel-
evant rules is not sufficient to allow young children to solve problems with higher levels
of complexity; rather, this ability develops with age and increased control over
thoughts and actions.
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Investigating multiple factors in analogical development


We believe that it is useful to consider the potential role of multiple factors in the devel-
opment of analogical reasoning. Although acquisition of relational knowledge doubtless is
essential, it seems likely that additional developmental changes are also important. Con-
structing an analogy requires a reasoner to represent source and target analogs and to con-
struct a mapping between elements of the source and target based on correspondences
between relations in each (Gentner, 1983; Gick & Holyoak, 1980). These processes have
been shown to depend on working memory functions (Morrison, 2005; Morrison, Holy-
oak, & Truong, 2001; Waltz, Lau, Grewal, & Holyoak, 2000), which in turn depend on
developmental changes in the prefrontal cortex (Diamond, 2002). Using an analogy fre-
quently involves mapping multiple relations, a process that has been shown to depend crit-
ically on areas of the prefrontal cortex associated with working memory (Christoff et al.,
2001; Kroger et al., 2002; Prabhakaran, Smith, Desmond, Glover, & Gabrieli, 1997; Waltz
et al., 1999). It follows that increases in capacity to cope with relational complexity (Hal-
ford, 1993; Zelazo & Müller, 2002) would be expected to lead to increased analogical
ability.


In addition, responding on the basis of relational correspondences may compete with
tendencies to respond on the basis of more superficial featural or semantic similarities
between individual objects (Gentner & Toupin, 1986). Therefore, inhibitory control in
working memory will be required when relational and more superficial responses conflict
(Morrison et al., 2004; Viskontas, Morrison, Holyoak, Hummel, & Knowlton, 2004).
Although inhibitory control has not been previously discussed directly as a factor in the
development of analogical reasoning, this hypothesis is consistent with results from other
cognitive tasks that explore developmental changes in children’s ability to use inhibitory
control. Children at 3 to 4 years of age may fail at a task that requires them to inhibit
a salient response despite a complete understanding of the demands of the task. For exam-
ple, Diamond, Kirkham, and Amso (2002) manipulated the day–night task, a Stroop-type
task in which children are instructed to say ‘‘day’’ when shown a picture of a moon and
‘‘night’’ when shown a picture of sun. This task is designed to test inhibitory control
because presumably children’s semantic category of ‘‘day’’ is activated when they are
shown a scene depicting a sun, but they are required instead to generate a word with
the opposing semantic meaning, namely ‘‘night.’’ The opposite case was also tested with
children who were shown the moon and required to say the word ‘‘day.’’ Children at 4
to 5 years of age failed on this task consistently; manipulations intended to reduce working
memory load and instructions to ‘‘say the opposite’’ did not alter children’s performance.
Diamond and colleagues then reduced the inhibitory requirements of the task by asking
participants to say ‘‘dog’’ and ‘‘pig’’ instead of ‘‘day’’ and ‘‘night.’’ Under these condi-
tions, there no longer was competition between the pictures and the semantic meanings
of the words. Children’s accuracy improved with the change, indicating that they under-
stood the task and were capable of maintaining the rules of the task in mind. It appears
that their inability to inhibit the more salient response produced their failure in the
day–night version of the task.


Similarly, to select a relational match that is in competition with a more salient featural
match in an analogy, the reasoner must inhibit the response to the featural match (Mor-
rison et al., 2004; Viskontas et al., 2004). Thus, developmental changes in inhibitory con-
trol may explain data supporting the transition from children’s selection of featural
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matches to children’s selection of relational matches, as documented by Rattermann and
Gentner (1998; see also Gentner & Rattermann, 1991).


Accordingly, acquisition of the full capacity to reason analogically seems likely to
require both the ability to integrate multiple relations and the ability to inhibit tendencies
to respond on the basis of competing superficial similarities (for a review, see Morrison,
2005). Both of these working memory processes feature prominently in a neurally plausi-
ble computational account of analogical reasoning, namely learning and inference with
schemas and analogies (LISA) (Hummel & Holyoak, 1997, 2003). This model has been
used to simulate patterns of disruption in analogy use associated with frontal and tempo-
ral lobe damage (Morrison et al., 2004) as well as with normal aging (Viskontas et al.,
2004).


Overview of the current study


Although the roles of relational complexity, featural distraction, and relational knowl-
edge in children’s development of analogical reasoning have been investigated and widely
debated, each possible explanation has been generally construed as mutually exclusive and
has been largely examined separately from the others. Potential relations between the var-
ious hypotheses have not been thoroughly investigated, and none of the hypotheses alone
appears to explain all of the systematic difficulties observed in young children’s analogical
reasoning.


The current study used scene analogy problems to examine how children’s ability to
notice and analogically map simple relations is influenced by variations in featural dis-
traction and relational complexity of the stimuli. The scene analogy problems consisted
of pairs of illustrated scenes depicting simple relations among objects, similar to stimuli
originally developed by Markman and Gentner (1993). Unlike the Markman and Gent-
ner stimuli, we varied relational complexity by designing matched problems that
required mapping either one or two instances of the same relation. Featural distraction
was manipulated by varying the identity of one object in the second (target) scene. Spe-
cifically, the second scene in the pair either included an object with great featural sim-
ilarity to the object to be mapped in the first (source) scene or substituted another
featurally dissimilar object. Because the same basic relation was used in all conditions,
relational knowledge was held constant at a level that could be assessed by perfor-
mance in the easiest condition (one-relation/no-distractor condition) (Experiments 1
and 2) or by asking children to correctly identify the relation present in a scene (Exper-
iment 2).


Experiment 1


Experiment 1 used scene analogy problems (available from the first author on request)
to investigate relational complexity and featural distraction within a single analogical rea-
soning task while controlling for knowledge of relations. Relations corresponded to
motion verbs familiar to children by 3 years of age (e.g., kiss, chase, feed) (Gentner,
1978; Golinkoff, Hirsh-Pasek, Mervis, Frawley, & Parillo, 1995; Golinkoff, Jacquet,
Hirsh-Pasek, & Nandakumar, 1996). The objects used to represent these relations were
items regularly encountered by preschool age children, including humans, animals, and
dolls.
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Method


Participants


The participants were 68 children (22 3- and 4-year-olds, 21 6- to 8-year-olds, and 25
13- and 14-year-olds). Participants were recruited from area child care centers in New
York City and Los Angeles, an elementary academic summer school program in New
York City, and junior high school programs in the Los Angeles area. Although demo-
graphic data were not collected systematically, children were from both upper and lower
middle-class neighborhoods. Children recruited from the New York City area were pri-
marily of African American or Caucasian descent, and children recruited in Los Angeles
area were of diverse ethnicities with a majority of Caucasian descent.


Materials and design


Fig. 1 depicts an example of the four counterbalanced versions that were created for
each of the 20 picture sets. Each set factorially varied (a) the number of instances of the
relevant relation that needed to be mapped (one or two) and (b) the presence of an object
in the target scene that was either featurally similar to (distractor) or dissimilar to (non-
distractor) the object to be mapped in the source scene. Two-relation problems were cre-
ated by having one inactive object in the one-relation problems participate in the relation
for the two-relation version. For example, a woman who observes a boy chasing the girl in
the one-relation version of the problem (i.e., chase (boy girl)) now joins in the chase in the
two-relation version (i.e., chase (woman boy girl)). Distractor and nondistractor versions
were created by having an extra object in the same picture that was either similar to (sitting
cat) or dissimilar to (sandbox) the item to be mapped in the source picture (running cat).
Distractors were either exact matches to the object to be mapped in the source (e.g., run-
ning cat) or slight variations of the same object (e.g., cat chasing, cat sitting).


The objects that were used as featural distractors were varied to ensure that participants
would not learn, for example, that the correct answer was always a human. Distractors
were animate objects (adults, children, or animals) or inanimate objects (mobile automo-
biles, stationary furniture, or cooking items). To ensure that the featural distractors were
indeed featurally similar to the highlighted source objects, 10 undergraduates were asked
to select the most featurally similar object to the target in the two-relation/distractor ver-
sion of each stimulus. Participants selected the intended featural match 96% of the time,
indicating that the manipulation of featural similarity was valid.


All pictures contained extra items not depicting the relevant relation, and the number of
total objects was controlled across picture pairs. The spatial locations of the extra objects
and distractor/nondistractor objects were held constant across the two conditions. In addi-
tion to the previously noted differences, our scene analogy problems differed from the
Markman and Gentner (1993) stimuli in that distractors were never placed in key relation-
al roles (allowing featural and relational errors to be coded separately) and the number of
objects in each picture was controlled. Most image sets contained a total of five objects.


Given the dual nature of the relations depicted, the objects that played the pivotal
role in the two-relation problems (e.g., the cat in the source and the boy in the target
picture presented in Figs. 1C and D) were relationally located between the other two
objects involved in the critical relation. Care was taken to ensure that the spatial







Fig. 1. Sample stimuli for ‘‘chase’’ problem: (A) one relation/no distractor; (B) one relation/distractor; (C) two
relations/no distractor; (D) two relations/distractor.
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organization of the pictures was varied such that the correct relational choice was not
always located between the other two relational objects. Even so, this spatial arrange-
ment held for 15 of the 20 scene pairs. Thus, it is possible that children sometimes
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could have solved two-relation problems by mapping the ‘‘middle’’ item in the source
and target (although they first would need to identify the three relevant relational
objects because there would be no way in which to reliably pick the middle object
out of the five total objects in each scene). It should be noted that such a strategy
would work for two-relation problems but not for one-relation problems and, hence,
could lead to relatively higher performance in the two-relation problems than in the
one-relation problems. This result would be in contrast to the relatively greater difficul-
ty we predicted for that condition.


The 2 · 2 repeated-measures design generated four conditions: one relation with no fea-
tural distractor (one relation/no distractor), one relation with featural distractor (one rela-
tion/distractor), two relations with no featural distractor (two relations/no distractor), and
two relations with featural distractor (two relations/distractor). Packets of picture pairs
for each participant were organized such that five examples of each condition were includ-
ed in a random order. The assignment of specific picture pairs to each of the four condi-
tions was counterbalanced across participants in each age group. The three age groups
constituted an additional between-subjects factor. The dependent variable was the partic-
ipants’ accuracy in choosing the correct object in the target pictures.


Procedure


The task was administered to participants in paper form. All participants were given
two sample problems: one involving one relation and the other involving two relations.
During the first sample problem, the experimenter gave the following instructions:

Are you ready? We are going to play the picture game. Let me show you how it
works. On every page there are two pictures like this. There is a certain pattern in
the top picture, and the same pattern happens in the bottom picture, but it looks dif-
ferent. Let me show you what I mean on this page. See up in the top picture, there is
a bigger boy and a smaller boy. This is the bigger boy, and this is the smaller boy [the
experimenter pointed to each object as it was described]. Now in the bottom picture,
there is a bigger bear and a smaller bear [the experimenter pointed]. See, the same
pattern happens in both, but it looks different.


Now, in this game, first you have to figure out what the pattern is that happens in
both pictures. Okay? Then I am going to point to one thing in the top picture, and
your job is to tell me what is in the same part of the pattern in the bottom picture. So
on this first page, if we have a smaller boy and a bigger boy, and a smaller bear and a
bigger bear, if I point to the smaller boy, which one is like the smaller boy in the bot-
tom picture? Which one is in the same part of the pattern in the bottom picture? [the
experimenter pointed to each object as it was described].

If the child responded correctly, the experimenter gave feedback and then moved to the
next sample problem. If the child responded incorrectly, the experimenter gave feedback
and then repeated the description of the relational objects in the top and bottom pictures.
The experimenter then asked the question again. If the child again gave an incorrect
answer, the experimenter pointed out the correct answer (the smaller bear) and moved
to the next sample problem. The following instructions for the second sample problem
cued children to the possibility that they sometimes would be required to attend to addi-
tional levels of relational complexity:
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Now sometimes the pattern will have two parts, like the one you just saw with the
bigger boy and the smaller boy, and sometimes the pattern will have three parts.
Let me show you what I mean. In this top picture, there is a mom reading to a girl,
who is reading to a teddy bear [the experimenter pointed to each object]. Then in the
bottom picture, there is a dad reading to a boy, who is reading to a doll. See, the
pattern is the same in both pictures, but it looks different. Now, if I point to this girl,
you can see that she has someone reading to her and she is reading to someone else.
She has two things happening to her. Now, if I point to this girl, who is like her in the
bottom picture? What is in the same part of the pattern in the bottom picture? [the
experimenter pointed to each object as it was described].

If the child answered correctly, the experimenter responded with ‘‘Good job, perfect
because this boy is the only one that both has someone reading to him and is reading
to someone else. Great, let’s do some more.’’ If the child answered incorrectly, the exper-
imenter gave feedback and then repeated the preceding instructions beginning with the
description of the pattern. If the child’s answer was still incorrect, the experimenter con-
tinued with this cycle a third time and then gave the answer and went on to the experimen-
tal problems.


The problems were presented in random order following the sample problems. The task
was administered to the 13- and 14-year-old participants in groups; all other children were
tested individually by a single experimenter. On each page, the experimenter pointed to the
object with the arrow in the top picture and asked, ‘‘What is like the ___ in the bottom
picture?’’


If the child refused to provide an answer to a problem, the experimenter repeated the
question; if the child refused repeatedly, the experimenter moved on to the next page. If
more than five pages were left blank, the child’s data were excluded. The data for seven
3- and 4-year-olds and two 13- and 14-year-olds were excluded for this reason, primarily
because they failed to finish the task. Also, if a child failed on both sample problems with
repeated opportunities and failed on the first five problems, indicating that he or she did
not understand the relational instructions, that child’s data were excluded. The data for
four 3- and 4-year-olds and three 6- and 7-year-olds were excluded for this reason. Some
of these children were later identified as having limited proficiency in English or as having
attention deficit disorder.


Results


Pattern of relational responses


Fig. 2 presents the proportions of correct relational responses for each of the four pic-
ture conditions as a function of age. A 2 (Distraction) · 2 (Relational Complexity) within-
subjects analysis of variance (ANOVA) was conducted with age (three levels) as a
between-subjects variable. The analysis revealed main effects of age, F (2, 65) = 78.15,
p < .001, h2


p ¼ .71; distraction, F (1,65) = 26.07, p < .001, h2
p ¼ .29; and relational com-


plexity, F (1, 65) = 24.83, p < .001, h2
p ¼ .02.


Interactions were also examined among age, relational complexity, and distraction. The
Age · Distraction condition was reliable, F (2,65) = 3.15, p = .05, h2


p ¼ .09, whereas the







Fig. 2. Proportions correct relational responses as a function of distraction and number of relations across age
groups (Experiment 1).
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Age · Relational Complexity interaction was not, F (2,65) = .57, p = .57, h2
p ¼ .02. Impor-


tantly, the three-way interaction was reliable, F (2, 65) = 3.28, p < .05, h2
p ¼ .09.


The pattern of three-way interaction was investigated using a 2 (Relational Complexity)
· 2 (Distraction) repeated-measures ANOVA for each age group separately. Results show
that for the youngest children (3- and 4-year-olds), there was a main effect of relational
complexity, F (1, 21) = 4.44, p < .05, h2


p ¼ .18; a main effect of distraction,
F (1,21) = 14.08, p < .01, h2


p ¼ .40; and a reliable Relational Complexity · Distraction
interaction, F (1,21) = 4.21, p = .05, h2


p ¼ .17. For the 6- and 7-year-olds, there was a main
effect of relational complexity, F (1,20) = 10.43, p < .01, h2


p ¼ .34, and of distraction,
F (1,20) = 10.31, p < .01, h2


p ¼ .34, but there was only a trend toward the Relational Com-
plexity · Distraction interaction, F (1,20) = 2.71, p = .12, h2


p ¼ .12. Data for the 13- and
14-year-olds revealed a main effect of relational complexity, F (1,24) = 17.66, p < .001,
h2


p ¼ .42, but not of distraction, F (1, 24) = 2.21, p = .15, h2
p ¼ .08, nor was there a reliable


interaction, F (1,24) = 1.67, p = .21, h2
p ¼ .07.


These three patterns reveal changes with age. The 3- and 4-year-olds showed strong
effects of both distraction and relational complexity that interacted to reveal the highest
accuracy in the one-relation/no-distractor condition and the lowest accuracy in the
two-relation/distractor condition. This pattern was similar for the 6- and 7-year-olds, with
main effects of both relational complexity and distraction. In contrast, the 13- and 14-year-
olds showed a main effect of relational complexity but no effect of distraction.


Chance level of performance was calculated conservatively as the percentage of trials
a participant would be expected to select the correct relational match within the set of
reasonable choices. Here, ‘‘reasonable choices’’ included relational errors and featural
errors but not extraneous objects. Using these criteria, chance differed by condition,
reflecting the differing numbers of potential reasonable errors, ranging from 50%
(two relevant possible answers) for one relation/no distractor, to 33% (three possible
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answers) for one relation/distractor and two relations/no distractor, to 25% (four pos-
sible answers) for two relations/distractor. Paired t tests revealed that the youngest
children were above chance for the two-relation/no-distractor condition, t (21) = 2.71,
p < .05, and the two-relation/no-distractor condition, t (21) = 2.43, p < .05, indicating
that the 3- and 4-year-olds were understanding the analogy task and were able to reli-
ably reason on the basis of relational similarity. Children were not above chance for
the one-relation/distractor condition, t (21) = 1.10, p = .29, and although they were
above chance for the two-relation/distractor condition, t (21) = 2.35, p < .05, this may
be misleading because the children’s mean performance was not better numerically than
in the one-relation/distractor condition. The 6- and 7-year-olds and the 13- and 14-
year-olds were above chance on all conditions at the .05 level, revealing that children’s
performance in all conditions improved with age.


Error analysis


Children’s responses were categorized into four types (Table 1). Reponses were coded
as either (a) relationally correct, (b) relational errors (an object in the correct relation but
wrong role), (c) featural errors (the featural match in distractor conditions or an unrelated
object in the corresponding spatial location in no-distractor conditions), or (d) other
errors.


Relational errors .
An analysis was conducted to examine the effects of distraction and relational complex-


ity on relational errors. A 2 (Distraction) · 2 (Relational Complexity) within-subjects
ANOVA was conducted with age (three levels) as a between-subjects variable, using rela-
tional errors as the dependent variable. Note that there was one possible relational error
choice in the one-relation conditions and two such possible error choices in the two-rela-
tion conditions. The ANOVA revealed main effects of age, F (2, 65) = 23.41, p < .001,
h2


p ¼ .76, and relational complexity, F (1, 65) = 59.56, p < .001, h2
p ¼ .48. There was a trend

Table 1
Proportions of each response type across age and condition (Experiment 1)


Age
(years)


One relation/
no distractor


One relation/
distractor


Two relations/no
distractor


Two relations/
distractor


Correct relational
response


3–4 65 38 46 36
6–7 82 64 61 55
13–14 97 95 90 83


Featural errors 3–4 8 46 11 46
6–7 0 25 4 27
13–14 0 5 0 8


Relational errors 3–4 15 9 37 15
6–7 13 7 34 18
13–14 2 1 8 9


Other errors 3–4 10 5 3 4
6–7 5 5 1 0
13–14 2 0 2 0







260 L.E. Richland et al. / Journal of Experimental Child Psychology 94 (2006) 249–273

toward an Age · Relational Complexity interaction, F (2,65) = 2.74, p = .07, h2
p ¼ .08. As


shown in Table 1, the younger children made more relational errors overall than did the
13- and 14-year-olds. The number of relational errors increased with an additional level of
relational complexity, but this result was driven primarily by errors made in the two-rela-
tion/no-distractor condition.


Importantly, there was also a main effect of distraction on children’s quantity of rela-
tional errors, F (1,65) = 21.46, p < .001, h2


p ¼ .25, and a significant Distraction · Age inter-
action, F (2, 65) = 5.85, p < .01, h2


p ¼ .15. The 3- and 4-year-olds made relational errors
more frequently when there was no featural distractor available as an option. The 13-
and 14-year-olds made fewer relational errors overall. Interestingly, the pattern of errors
in the 3- and 4-year-olds and the 6- and 7-year-olds suggests that the presence of a distrac-
tor in the target picture drew errors away from relational choices, although this was less
true for the 6- and 7-year-olds than for the 3- and 4-year-olds.


Featural errors .


A 2 (Distraction) · 2 (Relational Complexity) within-subjects ANOVA was conduct-
ed with age (three levels) as a between-subjects variable, using featural errors as a
dependent variable, to examine the relation between age and participants’ featural
errors across the four picture conditions. Children’s choice of the featural match on
the distractor conditions was compared with their choice of a nonfeatural matched
object in the same spatial location for the no-distractor conditions. The main effect
of age was reliable, F (2,65) = 49.78, p < .001, h2


p ¼ .61, as was the main effect of dis-
traction, F (1,65) = 126.54, p < .001, h2


p ¼ .66, confirming that the featural match was
an effective lure. There was also a significant Age · Distraction interaction,
F (2,65) = 20.15, p < .001, h2


p ¼ .38, such that as age increased, the likelihood that a
participant would make a featural error decreased. The youngest children were most
likely to make featural errors, and the oldest children rarely made these mistakes.
Importantly, there was no effect of relational complexity on featural errors,
F (2,65) = 1.54, p = .22, h2


p ¼ .02.
Combined with the relational error data above, these results reveal that young chil-


dren’s errors were systematically dependent on condition. As shown in Table 1, 3- and
4-year-olds and 6- and 7-year-olds made more featural errors with the addition of a dis-
tractor object (one-relation/no-distractor vs. one-relation/distractor condition), and all
participants made more relational errors with an increase in relational complexity (one-re-
lation/no-distractor vs. two-relation/no-distractor condition).


In the condition where both relational complexity and distraction were present and
competitive (two-relation/distractor condition), children’s errors were diagnostic of
which manipulation was a stronger predictor of children’s attention and patterns of
performance. A one-way within-subjects ANOVA was conducted to compare featural
errors on two-relation/distractor problems with relational errors on these problems,
with age as a between-subjects variable. There was a significant effect of error type,
F (1,65) = 13.68, p < .001, h2


p ¼ .17. There was also a significant Age · Error Type inter-
action, F (2,65) = 7.49, p = .001, h2


p ¼ .19. This pattern reveals that 3- and 4-year-olds
were much more likely to make featural errors than relational errors in the two-rela-
tion/distractor condition, whereas the 13- and 14-year-olds made fewer errors overall,
with approximately the same number of featural errors as relational errors in this
condition.
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Discussion


Data from the scene analogy problems at 3 and 4, 6 and 7, and 13 and 14 years of age
provide insight into the roles of relational knowledge, object similarity, and relational
complexity in children’s development of analogical reasoning. Patterns in participants’
correct relational responses revealed main effects of age, distraction, and relational com-
plexity, supporting the validity of the task manipulations. These main effects have several
implications. First, children’s above-chance performance on the one-relation/no-distractor
condition provides support for the hypothesis that children can attend to and map rela-
tions by 3 or 4 years of age. The performance of 3- and 4-year-olds in this condition
was 64% accurate. Although reliably above chance, this level of accuracy was not extreme-
ly high. It should be noted, however, that 15% of these children’s errors for this condition
were relational errors. This error pattern indicates that children were attending to the rel-
evant relational structure but that a significant proportion of their errors were relational
failures to maintain structure.


In addition, these main effects provide support for claims that children can attend to
and map relations (as predicted by the relational primacy hypothesis) but are not fully able
to avoid misleading object similarity or to maintain relational structure when an addition-
al level of relational complexity is imposed.


All age groups made more relational errors in the two-relation/no-distractor condition
than in the one-relation/no-distractor condition, demonstrating that additional levels of
relational complexity made analogical processing more difficult, but this was particularly
true for the youngest children. These results also indicate that the methodological concern
that children might have used a strategy of selecting the middle relational object in the
two-relation/no-distractor problems is not likely because that would have predicted a low-
er level of complexity, and thus higher performance, for the two-relation/no-distractor
problems than for the one-relation/no-distractor problems.


Children also showed developmental patterns in their responses to the featural distrac-
tion manipulation. The youngest children made featural errors most often when there was
a featural distractor present, regardless of the relational complexity of the analogy and in
spite of accuracy when there was no featural distractor present. As increasingly older chil-
dren were tested, they were less likely to select a featural distractor and made fewer errors
overall.


The analysis of children’s errors in the two-relation/distractor condition provides addi-
tional information about the nature of featural distraction and relational complexity with-
in the development of analogical reasoning capacity. The interaction between age and
error type made by children in the two-relation/distractor condition revealed that the
youngest children made primarily featural errors, whereas the 13- and 14-year-olds made
fewer errors overall, with as many featural errors as relational errors. Thus, when a match
based on object similarity was present, 3- and 4-year-olds seemed to have limited resources
to resist this lure, even though they reliably demonstrated accurate relational mapping in
conditions without a featural distractor.


Although relational complexity did limit the youngest children’s analogical reasoning,
error patterns in the two-relation/distractor condition suggest that there was a develop-
mental pattern such that the youngest children were more drawn to featural errors than
to relational errors when both were feasible. Although this difference may reflect the
relative strength of the experimental manipulations of relational complexity and featural
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distraction, it is important to note that this pattern disappeared for the older children. It is
possible that the youngest children may have noticed and become distracted by the featur-
al distractor before they attended to the relational structure of the pictures. It follows that
as children become more able to resist featural distraction, they may actually become more
vulnerable to making relational errors on problems that contain both types of difficulty.
These error findings are consistent with evidence from a study of analogical reasoning
in patients with damage to the prefrontal cortex (Morrison et al., 2004, Experiment 1).
In that study, patients with deficits in working memory and inhibitory control showed a
marked preference for featural responses over relational responses in solving the Mark-
man and Gentner (1993) picture analogy problems.


Experiment 2


Because children’s performance depended on their preliminary abstraction of relations
in the sets of pictures we provided, we wanted to ensure that participants in our study were
not making errors due to an inability to determine the relevant relation for comparison or
due to failures to understand the relations. In Experiment 2, we used the same method but
explicitly verbalized to participants the relational verb corresponding to the relevant struc-
ture for aligning the two pictures. The second change introduced in Experiment 2 was in
the age groups tested. The youngest age group (3- and 4-year-olds) was tested again, but a
9- to 11-year-old group replaced the 6- and 7-year-old and 13- and 14-year-old groups.
This change was made because there seemed to be a large change in performance between
the 6- and 7-year-old and 13- and 14-year-old groups in Experiment 1, and we were inter-
ested in identifying more specifically the earliest age at which the effects of relational com-
plexity and distraction are minimized on this task.


Two control conditions were also added in Experiment 2. The first was a relational
knowledge control designed to ensure that children had knowledge of the 20 relations used
in the scene analogy problems. The second was an instructional control conducted to ver-
ify that features of the language used in the task instructional prompts did not drive the
youngest children’s error patterns.


Method


Participants


The participants were 44 children (20 3- and 4-year-olds and 24 9- to 11-year-olds).
These were boys and girls enrolled in preschool and elementary programs in the Los Ange-
les area. Although demographic data were not collected systematically, participating chil-
dren were primarily from middle-class neighborhoods and were of diverse ethnic
backgrounds, including Caucasian, Asian, Asian American, and Latin American descent.


Materials and design


Primary task and instructional control .


The materials for the primary task and the instructional control were identical to those
used in Experiment 1. The scene analogy problems were used with all participants in a
2 · 2 within-subjects design. Participants saw 20 picture sets in which the level of relational
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complexity and the presence or absence of a featural distractor were manipulated. Each
participant saw five picture sets in each condition: one relation/distractor, one relation/
no distractor, two relations/distractor, and two relations/no distractor. The content of
the picture sets was counterbalanced across four versions as in Experiment 1.


Relational knowledge control .


To ensure that 3- and 4-year-olds knew the relations and the relational words used to
describe the source relations in the 20 picture pairs used in Experiment 2, a control task
was designed to require children to identify a depiction of each relation. Children were
given a relation and asked to identify which of two pictures showed that relation. Specif-
ically, a task was constructed to require children to choose between two picture alterna-
tives. Two pictures were aligned on each page with a relation written above them. The
relation was not intended to be read by the children; rather, it was to be read by the
experimenter.


All of the forced-choice alternatives were two-relation/distractor target pictures, which
were the pictures that led to the most errors in Experiment 1. A total of 20 pairs were con-
structed so that each participant made judgments about all 20 relations. On a page, there
was always one picture that depicted the spoken relation and one picture that was deter-
mined by undergraduates to not depict the relation. The placement of the correct picture
was varied randomly between the left and right sides. Packets were assembled in which
relations were sequenced in random order. Children who participated in the relational
control did not participate in the experimental groups.


Procedure


Primary task .


The main scene analogy problems were administered to participants in paper form.
Two training problems were administered as in Experiment 1. On the test problems (pre-
sented in random order following the training problems), the experimenter verbalized the
relevant relation in the source picture. The experimenter described the objects engaged in
the relevant relation in the source picture, moving from the object that was only an agent
of the relation (agent), to the object that was both an agent and a patient of the relation
(agent–patient), to the object that was only a patient of the relation (patient). For example,
in the ‘‘chasing’’ picture set illustrated in Figs. 1C and D, the experimenter would say,
‘‘Look, here is a dog chasing a cat that is chasing a mouse. What is like the cat in the bot-
tom picture?’’


Instructional control .
A total of 12 3- and 4-year-olds participated in a control version in which several chang-


es were made to the instructions described previously. The first change was that instead of
using the word ‘‘pattern’’ in the instructions during the sample pictures, the experimenter
said ‘‘is happening.’’ The alternative instructions used were as follows:

Are you ready? We are going to play the picture game. Let me show you how it
works. On every page, there are two pictures like this. There is a certain thing that
happens in the top picture, and the same thing happens in the bottom picture, but it
looks different. Let me show you what I mean on this page. See up in the top picture,
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there is a bigger boy and a smaller boy. This is the bigger boy, and this is the smaller
boy [experimenter pointed while saying this part]. Now in the bottom picture, there
is a bigger bear and a smaller bear [experimenter pointed]. See, the same thing hap-
pens in both, but it looks different.


Now, in this game, first you have to figure out what the thing is that happens in
both pictures. Okay? Then I am going put a blue sticker on one thing in the top pic-
ture, and your job is to tell me what has the same thing happening in the bottom
picture. We will put a yellow sticker on the one you point to. So on this first page,
if we have a smaller boy and a bigger boy, and a smaller bear and a bigger bear, if I
put a blue sticker on the smaller boy, which one has the same thing happening in the
bottom picture? Where should I put a yellow sticker in the bottom picture? [the
experimenter pointed at each object as it was described].

The same transitional instructions were given on the second sample problem, but the
word ‘‘pattern’’ was replaced by ‘‘happening’’ and the sticker instructions were repeated:

Now sometimes what is happening will have two parts, like the one you just saw with
the bigger boy and the smaller boy, and sometimes there will be three parts to what is
happening. Let me show you what I mean. In this top picture, there is a mom reading
to a girl, who is reading to a teddy bear [experimenter pointed to each object]. Then
in the bottom picture, there is a dad reading to a boy, who is reading to a doll. See,
what is happening is the same in both pictures, but it looks different. Now, if I put a
blue sticker on this girl, you can see that she has someone reading to her and she is
reading to someone else. She has two things happening to her. Now, if I put the blue
sticker on this girl, who has the same thing happening in the bottom picture? Where
should I put the yellow sticker in the bottom picture?

The instructions were repeated if necessary to ensure the child’s understanding. The sec-
ond change was that instead of using the prompt ‘‘What is like the ___ in the bottom pic-
ture?’’ for each new picture set, the experimenter used a prompt based on sticker
placement. For each picture set, the experimenter used the prompt ‘‘If I put a blue sticker
on the ___ in the top picture, where should I put a yellow sticker in the bottom picture?’’
This prompt removes the word ‘‘like’’ or other linguistic comparative terms that could be
interpreted by the child as indicating featural similarity. During the sample problems, the
relations and relational complexity manipulation were highlighted as in Experiment 1 to
ensure that the children were aware that they should be attending to the relational prop-
erties of the objects highlighted with the stickers.


Relational knowledge control .


Children tested in the relational knowledge control did not participate in any of the
experimental conditions. Each child was tested individually with an experimenter. The
experimenter gave the instruction ‘‘Which picture shows ___ing?’’ for each page of the
packet. If the verb required an object, an indefinite term was used. For example, for the
relation inside, the experimenter asked, ‘‘Which picture shows something inside something
else?’’ On the first two pages, the experimenter used a finger to underline the two pictures
after asking the identification question. The order of pointing was varied so that if the left
picture was pointed to first on the first page, the right picture was pointed to first on the
second page. The reverse order was also used. While pointing, the experimenter asked,
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‘‘This picture or this picture?’’ After the first two pages, this procedure was used only if the
child failed to attend to the task or gave an unclear response.


Children were asked to point to the correct picture, and they did so primarily, but
pointing or verbal answers were accepted as responses.

Results


Pattern of relational responses in experimental conditions


Fig. 3 presents the proportions of correct relational responses for each of the four pic-
ture conditions as a function of age. A 2 (Relational Complexity) · 2 (Distraction) within-
subjects ANOVA was performed with age (two levels) as a between-subjects variable.
Children’s correct relational choices were used as the dependent variable. The ANOVA
revealed main effects of age, F (1,42) = 154.85, p < .001, h2


p ¼ .79; relational complexity,
F (1, 42) = 6.38, p < .001, h2


p ¼ .13; and distraction, F (1,42) = 34.32, p < .001, h2
p ¼ .45.


These results establish that even though the critical relation was verbalized by the exper-
imenter to minimize any variability due to failures to abstract the relevant relation, the
scene analogy problems remain sensitive to age, the picture manipulations were effective
at creating distraction and increasing relational complexity, and 3- and 4-year-olds’ ana-
logical reasoning was not robust to these challenges.


The Age · Distraction interaction was reliable, F (1, 42) = 11.20, p < .01, and the
Age · Relational Complexity interaction was also reliable, F (1,42) = 9.29, p < .01. Impor-
tantly, the three-way interaction was reliable as well, F (1,42) = 4.98, p < .05.


The pattern of interaction was investigated using repeated-measures ANOVAs for each
age group separately. These analyses revealed that for the youngest children (3- and

Fig. 3. Proportions correct relational responses as a function of distraction and number of relations across age
groups (Experiment 2).
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4-year-olds), there was a main effect of relational complexity, F (1,19) = 4.30, p = .05, and
a main effect of distractor, F (1, 19) = 28.69, p < .01. The interaction between relational
complexity and distraction was not reliable, F (1,19) = .71, p = .41. Data for the 9- to
11-year-olds revealed no reliable differences due to either relational complexity,
F (1,19) = 1.43, p = .25, or distraction, F (1,19) = 3.29, p = .08, nor was the interaction
reliable, F (1, 19) = 0.04, p = .84.


Paired t tests were used to test whether the young children’s performance was above
chance levels, defined as in Experiment 1. These analyses revealed that 3- and 4-year-olds
were not above chance in the two-relation/distractor condition, t (19) = 1.26, p = .22, but
they did make accurate relational judgments above chance in all other conditions: one
relation/no distractor, t (19) = 2.59, p < .05; one relation/distractor, t (19) = 2.23,
p < .05; and two relations/no distractor, t (19) = 4.84, p < .001. Thus, these data suggest
that the children were clear on the instructions and were fairly successful on the task.
However, as shown by error data and relatively low performance in the two-relation/dis-
tractor condition, their performance was impaired in predictable ways. The older children
performed above chance in all conditions.


Error analysis


Children’s responses were categorized into four types as in Experiment 1 (Table 2).


Featural errors .
An ANOVA was performed to examine the relation between age and participants’ fea-


tural errors across the four picture conditions. Children’s choice of the featural match on
the distractor conditions was compared with their choice of a nonfeatural matched object
in the same spatial location in the no-distractor conditions. A 2 (Distraction) · 2 (Rela-
tional Complexity) repeated-measures ANOVA was performed with age (two levels) as
a between-subjects factor on featural errors. The main effect of age was reliable,
F (1,42) = 105.5, p < .001, h2


p ¼ .72, as was the main effect of distraction, F (1,42) = 112,
p < .001, h2


p ¼ .73, confirming that the featural match was an effective distractor. The
Age · Distraction interaction was also significant, F (1,42) = 95.2, p < .001, h2


p ¼ .69,
supporting the hypothesis that featural distraction is a developmental limiting factor on

Table 2
Proportions of each response type across age and condition (Experiment 2)


Age
(years)


One relation/
no distractor


One relation/
distractor


Two relations/
no distractor


Two relations/
distractor


Correct relational
response


3–4 66 46 55 30
9–11 93 89 90 87


Featural errors 3–4 6 42 2 50
9–11 0 3 1 2


Relational errors 3–4 15 9 40 19
9–11 7 8 9 12


Other errors 3–4 3 2 3 1
9–11 0 0 0 0
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analogical reasoning. Finally, there was a reliable three-way Distraction · Relational
Complexity · Age interaction, F (1,42) = 4.64, p < .05, h2


p ¼ .10.


Relational errors .


A 2 (Distraction) · 2 (Relational Complexity) repeated-measures ANOVA was per-
formed on relational errors with age (two levels) as a between-subjects factor. Note that
there was one possible relational error choice in the one-relation conditions and two such
possible error choices in the two-relation conditions. The ANOVA revealed main effects of
age, F (1, 42) = 16.52, p < .001, h2


p ¼ .28, as well as relational complexity, F (1,42) = 19.97,
p < .001, h2


p ¼ .32. Interestingly, there was also a significant main effect of distraction on
relational errors, F (1, 42) = 6.97, p < .05, h2


p ¼ .14, as well as a Distraction · Age interac-
tion, F (1, 42) = 11.20, p < .01, h2


p ¼ .21. As in Experiment 1, at younger ages children
made relational errors more frequently when there was no featural distractor available
as an option. As shown in Table 2, 3- and 4-year-olds and 6- and 7-year-olds made more
featural errors with the addition of a distractor object (one-relation/no-distractor vs. one-
relation/distractor condition), and all participants made more relational errors with an
increase in relational complexity (one-relation/no-distractor vs. two-relation/no distractor
condition).


Types of children’s errors were assessed for the two-relation/distractor condition, in
which relational complexity and distraction were in competition with each other as sources
of young children’s difficulty. A one-way repeated-measures ANOVA was performed to
compare featural errors with relational errors in this condition. Age was included as a
between-subjects variable. As in Experiment 1, there was a significant effect of error type,
F (1, 42) = 4.91, p < .05, h2


p ¼ .11. There was also a significant Age · Error Type interac-
tion, F (2,42) = 18.7, p < .001, h2


p ¼ .31. This pattern indicates that 3- and 4-year-olds were
much more likely to make featural distractor errors than to make relational errors in the
two-relation/distractor condition, whereas 9- to 11-year-olds made fewer errors overall,
with more relational errors than featural errors.


Instructional control .


The data for 3- and 4-year-olds in the instructional control condition were compared
with those for 3- and 4-year-olds in the experimental condition. A 2 (Relational
Complexity) · 2 (Distraction) within-subjects ANOVA was performed with a between-
subjects variable of instruction (two levels). In this combined analysis, there were main
effects of distraction, F (1,30) = 30.67, p < .001, h2


p ¼ .51, and relational complexity,
F (1, 30) = 4.93, p < .05, h2


p ¼ .14. Importantly, however, there was no main effect of
instruction, F (1, 30) = 1.51, p = .23, h2


p ¼ .05, and no significant interactions with instruc-
tion for either distraction, F (1, 30) = 0.22, p = .64, h2


p ¼ .01, or relational complexity,
F (1, 30) = 0.15, p = .70, h2


p ¼ .01.
In addition, as shown in Table 3, error data resemble patterns made by children in the


experimental condition. These data suggest that children’s errors in the experimental con-
dition were driven not by the task instructions but rather by the distraction and relational
complexity manipulations themselves.


Relational knowledge control .
Data for the relational knowledge control were coded using binary codes of correct (1)


and incorrect (0). A total of 15 children participated in the relational knowledge control,







Table 3
Proportions of each response type across age and condition (instructional control)


Age
(years)


One relation/no
distractor


One relation/
distractor


Two relations/no
distractor


Two relations/
distractor


Correct relational
response


3–4 60 35 44 33


Featural errors 3–4 13 27 20 35
Relational errors 3–4 10 20 34 27
Other errors 3–4 17 18 0 5


268 L.E. Richland et al. / Journal of Experimental Child Psychology 94 (2006) 249–273

with 1 being excluded for limited proficiency in English. Children’s performance overall
was 90% correct over the 20 relations, indicating that 3- and 4-year-olds were familiar with
and knowledgeable about the relations used in the picture task. The task instructions
required that children identify the relations in the two-relation/distractor condition.
Therefore, the results indicate that in this most difficult condition, children were able to
identify the relevant relations.


Discussion


The results of Experiment 2 were consistent with those of Experiment 1. There was a
main effect of age on accuracy of participants’ responses as well as main effects of relation-
al complexity and distraction. These findings demonstrate that the manipulations of rela-
tional complexity and distraction limited children’s performance despite an experimenter
providing participants with an explicit verbalization of the relevant relations. This indi-
cates that children’s failure to understand the pictures could not drive the effects. These
data support the hypothesis that both relational complexity and featural distraction limit
children’s analogical reasoning capacity.


In Experiment 2, as in Experiment 1, children’s accuracy on the one-relation/no-dis-
tractor condition revealed their capability to be successful on the basic analogy task
and their comprehension of the critical relations. The 3- and 4-year-olds were correct
64% of the time on picture sets in the one-relation/no-distractor condition, more than dou-
ble their performance once an additional level of relational complexity was imposed and a
featural distractor was added (30% correct). In the one-relation/no-distractor condition, 3-
and 4-year-olds made relational errors 15% of the time, suggesting that children were
attempting to map on the basis of the relevant relations in many of the cases where they
were not correct. Because most of the developmental analogy studies have used formal
problems in the format ‘‘A is to B as C is to D’’ in which the child selects an object for
D, this type of failure to maintain correct relational roles has not been identified
previously.


The three-way interaction among age, distraction, and relational complexity indicated a
pattern of results consistent with the hypothesis that age-related maturational factors
constrain analogical reasoning in spite of children’s knowledge of the relations. The
3- and 4-year-olds were strongly affected by relational complexity and featural distraction,
such that their performance fell toward chance with the imposition of a second level of
relational complexity or the presence of a featural distractor.


The 9- to 11-year-olds were less affected by either relational complexity or distraction
on this task and overall were highly accurate on the task in all conditions. In fact, whereas
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the 13- and 14-year-olds in Experiment 1 showed an effect of relational complexity on
accuracy, the 9- to 11-year-olds in Experiment 2 did not. There may be two reasons for
this difference. The first is that the 13- and 14-year-olds were tested in a group, whereas
the 9- to 11-year-olds were tested individually with an experimenter. As a result, motiva-
tion levels may have been higher for the 9- to 11-year-olds than for the 13- and 14-year-
olds. There was also an academic difference between the participant groups, such that the
9- to 11-year-olds attended an academically higher achieving school than did the 13- and
14-year-olds, suggesting that the older group may have had less experience with analogy
tasks or more generally with abstract reasoning tasks.


An analysis of children’s errors allowed a closer examination of children’s performance
patterns across the four conditions. First, participants of all ages were more likely to select
the featural match than to select a nonsimilar object in the same spatial location, validat-
ing the distraction manipulation within the task. This pattern interacted with age, such
that the 3- and 4-year-olds were more likely to make a featural error than were the 9-
to 11-year-olds. Second, relational errors were made regularly by both 3- and 4-year-olds
and 9- to 11-year-olds, even after hearing the relations verbalized for the source pictures.
Children in the younger age group made these errors more frequently than did children in
the older age group. In particular, 3- and 4-year-olds made relational errors most often in
the two-relation/no-distractor condition, providing evidence that relational complexity is
an important constraint on young children’s analogical reasoning. Third, despite direc-
tions to select a relational match and explicit verbalization of the relevant relations in each
picture set, 3- and 4-year-olds were more likely to make featural errors than to make rela-
tional errors when both error types were available as choices. This result was obtained
even when there were two levels of relational complexity as well as a distractor present.
These results replicate the pattern found in Experiment 1.


The control conditions in Experiment 2 provided evidence that even children as young
as 3 or 4 years were familiar and knowledgeable about the relations used in the scene anal-
ogy problems. Despite knowledge of the relevant relations, these young participants were
often unable to avoid making featural or relational errors. Furthermore, the instructional
control supported the claim that participants’ patterns of performance and errors were not
driven by the instructions.


In summary, data from Experiment 2 replicated the basic findings of Experiment 1 and
lend further support to the hypothesis that the difficulty encountered by young children on
the task is due not to difficulty with interpreting the relations depicted in the pictures but
rather to the demands of relational complexity and avoiding featural distraction.

General discussion


Data from two experiments support the importance of both relational complexity and
featural distraction as factors in children’s development of analogical reasoning and sug-
gest the developmental progression of how these processing limits interact to constrain
analogical reasoning. These data go beyond prior studies in which relational complexity
and featural distraction were observed separately to impair children’s analogical
reasoning.


The current findings indicate that accretion of relational knowledge, although doubtless
necessary for analogical development, cannot fully explain children’s featural errors on the
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scene analogy task. If knowledge of relations were the only mechanism critical to analogy
performance, children’s performance should have been equal across all conditions
(because the critical relation was equated). Instead, the performance of the 3- and 4-
year-olds was much more accurate in the one-relation/no-distractor condition than in
any of the other three conditions. The youngest children accurately selected a relational
object (the correct analog or a relational error) when there was no distractor present
(one relation/no distractor and two relations/no distractor) but reliably made featural
errors when there was a distractor present (one relation/distractor and two relations/dis-
tractor). Furthermore, the control for relational knowledge in Experiment 2 demonstrated
that 3- and 4-year-olds know and are able to identify the relevant relations in the pictures
used.


It is nonetheless possible that relational knowledge affected children’s performance in
more subtle ways. It is certainly feasible that young children may have experienced
some difficulty in interpreting the relation and in understanding the role of each object
in the relations when they selected an item from one picture to map to another item in
another picture. Nonetheless, the relations used in the scene analogy problems are
based on verbs of the type known to be familiar to children by 3 or 4 years of age
(Golinkoff et al., 1995, 1996); thus, describing the relations verbally (Experiment 2)
should have minimized variability in their performance due to failure to understand
the pictures. Instead, even with the aid of the experimenter’s verbalization, the youn-
gest children performed poorly on two-relation problems even when no distractor
was present.


The current findings fit more closely with the hypothesis that maturational limitations
constrain children’s performance on analogical reasoning tasks. The strength of the featur-
al distraction manipulations can be explained by maturational patterns in children’s inhib-
itory control. Even the youngest children understood the task and selected a relational
match regularly when no additional featural distractions were imposed, as demonstrated
by their relatively high level of accuracy on the one-relation/no-distractor picture sets.
However, when a featural distractor was available, young children were very likely to
select that object. This tendency diminished with age until the 9- to 11-year-olds and
13- and 14-year-olds made few featural errors. The current data support the existence
of the phenomenon identified by Gentner and Rattermann (1991) as the relational shift,
but our findings suggest that knowledge acquisition is not the sole mechanism underlying
the developmental progression.


Data from both experiments also support prior studies indicating that children’s ability
to reason analogically at higher levels of relational complexity develops with age and relat-
ed increases in working memory capacity (Halford, 1993). In the neurally plausible com-
putational account of analogical reasoning, the LISA model (Hummel & Holyoak, 1997,
2003), analogical mapping depends critically on the systematic activation and inhibition of
information in working memory. Studies of analogical reasoning based on populations
with compromised working memory functions, including patients with prefrontal damage
(Morrison et al., 2004) and older adults (Viskontas et al., 2004), have provided evidence
that both adequate relational knowledge and intact working memory are necessary for
the full capacity to reason analogically. As in the current study, Viskontas and colleagues
(2004) found a three-way interaction among age, relational complexity, and distraction in
analogical reasoning across the age range from young to older adults. This interaction was
modeled by LISA as a change in inhibitory control.
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The relation between the two sources for failure in children’s development of analogical
reasoning has not been examined systematically previously. The theoretical relationship
between relational complexity and featural distraction remains to be established. Andrews,
Halford, Bunch, Bowden, and Jones (2003) proposed that some effects attributed to inhib-
itory control could be explained by relational complexity. Alternatively, inhibitory control
may be a separable factor that operates in addition to the capacity to represent and inte-
grate multiple relations.


In sum, the results of the current study help to clarify the relations among alternative
hypotheses regarding the development of children’s analogical reasoning. By examining
the relations between these constraints, we were able to separate the roles of relational
complexity and featural distraction from deficits in domain knowledge. Our findings reveal
that young children have difficulties in analogical reasoning due to featural distraction and
relational complexity even when they understand the critical relations. This insight is
important, because analogical reasoning provides a basic cognitive tool that children
may use to approach novel phenomena and transfer across contexts. Revealing the mech-
anisms underlying development of this capacity provides a window into children’s broader
cognitive development.
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Analogical Reasoning, Models of Development


Analogical reasoning involves a structured comparison, or mapping, between one situation (source) and another (target). Analogy is a powerful means for people to learn about new situations based on their prior understanding of the world.  While certainly central in adult cognition (e.g., Holyoak & Thagard, 1995),analogy is also important for children’s capacity to transfer learning across domains and for schema abstraction, two essential aspects of cognitive development (refs?). While there is general agreement that analogy is important for cognitive development, there is considerable disagreement on the mechanisms underlying children’s development of mature, adult-like analogical reasoning.  In this entry we briefly survey the dominant theories of the development of analogy and then discuss computational models attempting to test these theories.


Developmental Change in Analogy


While older children and adults will reason based on complex analogies and make use of relational similarity in the service of solving problems, young children typically favor concrete, less relationally complex analogies and rely much more on featural similarity (refs?). Hypotheses for explaining these differences have centered on changes in relational knowledge and maturation of executive functions.  

Relational Knowledge 


Relational Primacy.  Goswami (2001) has argued that children are able to map relations in a rudimentary manner from early infancy, but their later analogical reasoning skills build on prerequisite content knowledge. Goswami holds that children’s analogical reasoning becomes more and more adult-like  on a domain by domain basis as they develop more rich and relevant content domain knowledge.  



Relational Shift. Similarly, Gentner and colleagues (e.g., Ratterman & Gentner,1998) hypothesized a “relational shift” during cognitive development such that as children build knowledge in a domain, they move from attending to similarity based on object features to relational similarity. These authors postulate that the relational shift is not an age-related phenomenon, but rather is directly tied to knowledge acquisition.  

Executive Functions

Relational Complexity. Knowledge acquisition alone does not appear to explain all identified patterns of analogy development, however.  Even when young children can demonstrate relational knowledge in a domain they frequently have difficulty using analogies requiring integration of multiple relations. Halford and colleagues (e.g., Andrews & Halford, 2002) have proposed a theory of relational complexity to categorize relations by the number of sources of variation that are related and must be processed in parallel. Halford suggested that on average, children's working-memory capacity is such that after age two, children can process binary relations (a relationship between two objects), and after age five they can process ternary relations.  Thus, children of age two could perform very simple analogy problems, but not problems that require integrating multiple relations.  


Inhibitory Control in Working Memory.  Recent evidence suggests that even young children maintain information in short-term memory, but they have difficulty when exposure to new information requires that active information be updated.  Morrison and colleagues (2006) have hypothesized that the relational shift described by Gentner may result from underdeveloped inhibitory control in working memory. This explanation can also explain deficits in processing relational complex analogies because these likewise require the systematic manipulation of information in working memory.


Computational Models of Analogy


Over the last forty years there have been many computational attempts to model analogical reasoning (see French 2002).  In spite of this there have been relatively few attempts to use these models to describe the development of analogy in children.  Efforts to do this can essentially be divided into two branches:  1) efforts to model how children develop representations of the relational knowledge, and secondly, efforts to model how children use those relational representations in the service of analogical reasoning.


Building Relational Representations

All successful models of operate on structured representations in long-term memory; however, until recently, no explanation existed for how these structured representations might arise.  The lack of an account of where relational representations come from has led some researchers to postulate that analogy might not rely on structured representations but rather simple associations (see Leech et al, 2008).  However, these approaches have failed provide an explanation of how children can process progressively more relationally complex analogies or exhibit the flexibility in relational thinking characteristic of adults.  A more viable option is to learn structured relational representations from unstructured examples.  These representations could then be used in traditional symbolic or hybrid symbolic-connectionist models to perform analogical reasoning. Doumas et al (2008) have recently described one such approach that uses comparison to bootstrap learning structured relational representations starting with simple distributed representations of objects as feature vectors (see also Gray et al., 2006 for a different solution to this problem).


Developing Analogical Reasoning


Assuming a mechanism to learn relational knowledge, a computational model of the development of analogical reasoning must account for why children show a relational shift, and why children initially have difficulty processing relationally complex analogies. In an effort to capture the relational shift, Gentner et al. (1995) hand-coded different relational representations in the Structure-Mapping Engine (SME; Falkenhainer et al., 1989). SME showed a mapping advantage for the representation containing the higher-order relation similar to that observed in older vs. younger children. {You might note that Doumas et al. showed how the relational shift develops via learning without handcoding}

Feel like I should have a couple of sentences on Star or Star-2…but I’m out of room and I’m not sure they actually simulated analogy data…do you know? {DON’T WORRY ABOUT STAR}

An alternative solution to this problem, involves assuming that the development of analogy is at least partly tied to maturation of brain systems, particularly areas of the prefrontal cortex known to develop well into adolescence (Diamond, 2002).  Previous neuropsychological and neuroimaging analogical reasoning studies in both children and adults (see Morrison and Cho, 2008) have shown these areas of the brain to be critical for performance. Working under this assumption, Morrison and colleagues (2006) used LISA (Learning and Inference with Schemas and Analogies; Hummel & Holyoak 1997; 2003), a neurally-plausible symbolic connectionist model of analogical reasoning, to successfully simulate both the relational shift as well as relational complexity effects in children from the age of 3 to 13.  All that was necessary to capture these phenomena was a change in LISA’s inhibition parameter, a parameter closely tied to a likely role of the prefrontal cortex. Importantly, this approach can also benefit from changes in representation, when relational representations are chunked presumably as a result of knowledge accretion or expertise.  Thus, as relational knowledge develops in a domain, processing can become easier for LISA. Thus, this approach provides an explanation for both quick changes in analogy performance as a result of learning and also slower maturational changes as a result of changes in biology.
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Previous research has shown that synchronized flicker can facilitate detection of a single Kanizsa square.
The present study investigated the role of temporally structured priming in discrimination tasks involving
perceptual relations between multiple Kanizsa-type figures. Results indicate that visual information
presented as temporally structured flicker in the gamma band can modulate the perception of multiple
objects in a subsequent display. For judgments of both relative orientation and relative position of 2
rectangles, response time to identify and discriminate relations between the objects was consistently
decreased when the vertices corresponding to distinct Kanizsa-type rectangles were primed asynchro-
nously. Implications are discussed for models of the perception of objects and their interrelations.


Keywords: binding, neural synchrony, Kanizsa-type figure discrimination, relation coding, visual priming


Perceiving complex visual scenes entails keeping track of mul-
tiple objects and their interrelations, requiring the nervous system
to solve the fundamental binding problem (Hummel, 1999; von der
Malsburg, 1995). The binding problem arises at multiple levels of
perceptual representations. To perceive the arrangement of objects
in a scene, people must bind together features that compose a
unified object and segregate features of distinct objects; to per-
ceive the arrangement of parts composing a single object, people
must bind together the features of individual parts and segregate
features of distinct parts (Green & Hummel, 2004; Hummel &
Biederman, 1992; Hummel & Stankiewicz, 1996, 1998; Stank-
iewicz & Hummel, 2002; Stankiewicz, Hummel, & Cooper, 1998;
Thoma, Hummel & Davidoff, 2004).


One neural mechanism that may contribute to solving the bind-
ing problem exploits phase locking of firing: Neurons representing


features of the same object (or part) may fire in synchrony with
one another and out of synchrony with neurons representing fea-
tures of other objects (or parts) in the visual field (Singer, 2004;
Singer & Gray, 1995). Neurophysiological evidence suggests that
the gamma band (approximately 40 Hz; range estimated at 30–80
Hz) is most likely to be involved in binding by synchrony (Eck-
horn et al., 1988; Haig, Gordon, Wright, Meares, & Bahramali,
2000; König & Engel, 1995; K. H. Lee, Williams, Breakspear &
Gordon, 2003; Lisman, 1998; Rodriguez et al., 1999).


Although the existence of gamma-band activity is well estab-
lished (K. H. Lee et al., 2003), the hypothesis that phase locking in
the gamma band serves a binding function for vision remains
controversial. Electrophysiological evidence suggests that syn-
chrony underlies feature binding for single objects, both in adults
(Elliott, Herrmann, Mecklinger, & Müller, 2000) and in infants as
young as 8 months (Csibra, Davis, Spratling, & Johnson, 2000).
There is some psychophysical evidence that synchrony may serve
as a cue to figure–ground segregation (S. H. Lee & Blake, 1999)
or visual grouping (Usher & Donnelly, 1998).


Priming by Synchrony in Single-Object Displays


Elliott and Müller (1998, 2000, 2001) developed a novel prim-
ing paradigm to investigate the role of neural synchrony in binding
the features of single objects in noisy displays. In their paradigm,
participants must detect the presence of a Kanizsa square in a
display containing many elements that could, but do not, form the
corners of such a square (see Figure 1). Their critical manipulation
concerned the nature of the temporal information in a prime
display that immediately preceded the presentation of the static
target display.


For example, Elliott and Müller (1998, Experiment 1) used
target displays that either did or did not contain a Kanizsa square
defined by four systematically oriented inducing junctions. The


Hongjing Lu and Keith J. Holyoak, Department of Psychology, Univer-
sity of California, Los Angeles; Robert G. Morrison, Xunesis, Chicago,
Illinois; John E. Hummel, Department of Psychology, University of Illinois
at Urbana–Champaign.


This project was made possible by funding from the International
Fellowship from the American Association of University Women to
Hongjing Lu, National Institute of Mental Health (NIMH) National Re-
search Service Award MH-064244 to Robert G. Morrison, funding from
Xunesis to Robert G. Morrison, and NIMH Grant 1-R03-MH072613:01A1
to Keith J. Holyoak. A preliminary report of this research was presented at
the 46th Annual Meeting of the Psychonomic Society, Toronto, Ontario,
Canada, November 2005.


We are grateful to Randolph Blake and Zili Liu for helpful discussions.
Glyn Humphreys and Marius Usher provided valuable comments on early
drafts. We thank Arun Bahl, Airom Bleicher, Lila Al-Marhoon, Jason
Woods, and Poya Yaghoubian for excellent technical assistance.


Correspondence concerning this article should be addressed to Hongjing
Lu, Department of Psychology, University of California, Los Angeles, CA
90095-1563. E-mail: hongjing@psych.ucla.edu


Journal of Experimental Psychology: Copyright 2006 by the American Psychological Association
Human Perception and Performance
2006, Vol. 32, No. 3, 610–617


0096-1523/06/$12.00 DOI: 10.1037/0096-1523.32.3.610


610







grid size was 3 � 3; inducer lengths were set to low values that had
been estimated to yield perception of a good square with less than
.1 probability (Shipley & Kellman, 1992). Observers were required
to make a yes–no discrimination to indicate whether a Kanizsa
square was present. On target-absent trials, the junctions were
misoriented so as not to induce a square. Observers responded by
pressing one of two response buttons to indicate yes or no, and
reaction times (RTs) and accuracy were measured.


On each trial, the target display was preceded by a prime
consisting of four frames, each containing from one to four crosses
at points on the 3 � 3 grid, cycling at a particular frequency for a
duration varying from 300 to 4,800 ms. In the synchronous con-
dition (see Figure 1A), the first frame displayed four crosses in
positions corresponding to the vertices of the target Kanizsa
square, whereas the other three frames had crosses at random
locations. In the random condition (see Figure 1B), the crosses in
all four frames were in random positions. In both conditions,
across all four frames a cross appeared at each location in the grid
exactly once. Elliott and Müller (1998) found that observers were
able to detect the square on target-present trials more quickly and
accurately when the locations of the square’s four vertices were
primed synchronously at the rate of 25 or 40 Hz (where the rate
refers to the presentation of each individual frame in the priming
stimulus). The magnitude of the priming effect was about 10 ms
for 25-Hz and 40-Hz primes. Synchronous and random primes did
not differ on target-absent trials; accordingly, the synchrony ad-
vantage observed for target-present trials could not be attributed to
a general bias to respond “present” on synchrony-primed trials (as
such a bias would have led to errors on target-absent trials).
Reliable priming was not observed at presentation rates faster than
40 Hz.


Elliott and Müller (1998, Experiment 2) also performed a de-
tection experiment to assess whether the synchronous priming
effect could be attributed to observers’ becoming aware of the
synchronous prime. On each trial a prime was presented, and the
observer was asked to press one of four keys to indicate whether
one or more rectangular frames had been present, providing one of
two possible levels of confidence for the decision. A signal detec-
tion analysis indicated that observers were able to reliably detect


square primes at the 25-Hz presentation rate but not at 40 Hz.
Overall, Elliott and Müller’s findings support the hypothesis that
synchronous primes in the central gamma band (40 Hz) are able to
facilitate detection of ambiguous objects (Kanizsa squares) with-
out the observer being able to detect the structure of the priming
stimuli.


Elliott and Müller’s (1998) demonstration that gamma-band
synchronous flicker in the stimulus can influence perceptual
grouping is counterintuitive. Even if the visual system in fact uses
gamma-band synchronous firing to represent perceptual binding
(e.g., for perceptual grouping, as in the case of Kanizsa-type
figures), we would expect the visual system to impose synchro-
nous (and asynchronous) firing on visual neurons in response to
the perceptual grouping cues present in the stimulus (e.g., gestalt
cues; see Hummel & Biederman, 1992). Unless gamma-band
oscillations in the stimulus are common cues to perceptual group-
ing (which seems unlikely), there is little a priori reason to expect
them to drive neural oscillations of the type that might carry
binding information. Indeed, using a very different paradigm,
Keele, Cohen, Ivry, Liotti, and Yee (1988) failed to show effects
of stimulus-based oscillations on perceptual grouping. Nonethe-
less, it may be that Elliott and Müller’s priming paradigm, using
ambiguous stimuli lacking in strong gestalt cues, is better suited to
detect subtle effects of stimulus-driven synchrony on perceptual
grouping. In addition, their priming paradigm has the advantage
that it tests the impact of temporal information without confounds
that may arise when temporal information is combined with (po-
tentially competing) spatial information.


Priming by Asynchrony and Synchrony
in Multiobject Displays


The present experiments extend the paradigm developed by
Elliott and Müller (1998, 2000, 2001) to investigate the potential
role of neural synchrony and asynchrony in binding for multiobject
displays. When the visual field contains features of multiple ob-
jects that enter into perceptual relations to one another (e.g.,
objects are of the same or different shape, or one is on top of the
other), the visual system must solve the binding problem both at


Figure 1. Experimental paradigm to study priming by synchrony in single-object displays (Elliott & Müller,
1998, 2000, 2001). A: synchrony priming; B: random priming.
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the level of individual objects (grouping the features of each
object) and at the level of relations between objects (e.g., distin-
guishing separate objects to assess the relations between them;
Hummel & Biederman, 1992). Such multiobject binding is a
critical component of scene recognition, a task at which humans
are highly skilled (see Green & Hummel, 2004).


In a multiobject display, synchrony can be manipulated both
within and between objects. In the case of a display containing two
objects, a prime can either synchronize all the features of both
objects (e.g., if each object has four features, all eight features can
be presented in synchrony with one another, a situation we term a
synchronous prime), or it can synchronize features of each object
while desynchronizing features of different objects (e.g., the eight
features of two objects can be presented in two packages of four,
a situation we term an asynchronous prime). We extend Elliott and
Müller’s (1998, 2000, 2001) priming paradigm to investigate the
impact of both synchronous and asynchronous primes in tasks
requiring discrimination of a visual relation between two ambig-
uous objects. As we elaborate shortly, some theories that postulate
synchrony as the basis for perceptual binding (e.g., Hummel &
Biederman, 1992; Hummel & Holyoak, 1997, 2003; von der
Malsburg, 1994, 1995; see also Luck & Vogel, 1997) predict that,
inasmuch as the participants’ perceptual task requires them to
explicitly compute a relation between the objects, the asynchro-
nous prime condition should produce greater facilitation than the
synchronous prime condition.


Figure 2 illustrates the basic target displays for the discrimina-
tion tasks used in the present study. Each display contained two
Kanizsa-type rectangles in a 6 � 6 grid consisting of inducing
junctions and distractor elements. In Experiment 2, the orientations


of the rectangles could be either the same (both vertical or both
horizontal; Figures 2A and 2B) or different (see Figure 2C).
(Whereas in Experiment 2 we manipulated the same- vs. different-
orientation relations, in Experiment 3 we manipulated the above/
below vs. beside relations between the two objects.) On each trial,
the target display was preceded by a prime consisting of four
frames cycling at a particular frequency (generally 60 Hz) for 1.2 s
(a duration in the midrange of those Elliott & Müller, 1998,
showed to be effective).


In the asynchronous condition (see Figure 2A), the second and
fourth frames each displayed crosses in positions that corre-
sponded to one of the two rectangles that would appear in the
target, whereas in the first and third frames random locations were
marked. In the synchronous condition (see Figure 2B), the third
frame displayed crosses in positions corresponding to both target
rectangles, whereas the other three frames had crosses at random
locations. In the random condition (see Figure 2C), the crosses in
all four frames appeared in random positions.


According to the JIM model of visual binding in object recog-
nition (Hummel, 2001; Hummel & Biederman, 1992; Hummel &
Stankiewicz, 1996), multiple objects (or object parts) are repre-
sented by synchronized firing of neurons for the features of each
individual object (or part), with neurons representing the features
of separate objects (or parts) firing out of synchrony with one
another. In particular, local interactions between units representing
edge fragments and vertices in the model’s first two layers
(roughly analogous to neurons in visual areas V1 and V2 of the
macaque) induce those units to fire in synchrony if they represent
local features of the same convex geometric part, or geon (Bied-
erman, 1987), and out of synchrony if they represent local features


Figure 2. Basic experimental paradigm. Observers saw four priming frames, collectively forming a 6 � 6 grid,
which flickered repeatedly for 1.2 s at 60 Hz. In each frame, either 12 (Frames 1 and 3) or 6 (Frames 2 and 4)
of 36 possible locations were marked with a cross. A target then appeared, and observers decided whether the
Kanizsa-type rectangles were oriented in the same or different directions. A: asynchronous condition, same
orientation; B: synchronous condition, different orientation; C: random baseline, different orientation.
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of separate geons (Hummel & Biederman, 1992; for a more recent
algorithm, see Hummel, 2001). The resulting synchrony relations
are carried forward into the later layers of the model and serve both
to represent the binding of geon attributes and to bind geons to
their interrelations (e.g., specifying whether one geon is larger than
another or above another) to form geon-based sets. Geon attributes
can be categorical, such as whether the geon has a straight or
curved major axis, whether it has a straight or curved cross-
section, and whether its sides are parallel (as in a cylinder) or
nonparallel (as in a cone); geons can also be metric, such as the
geon’s size, location in the visual field, and orientation.


If neural timing is indeed the basis for binding features into parts
and objects and if these kinds of bound representations can be
primed, then, relative to the random baseline condition, the asyn-
chronous prime should facilitate perception of the two target
rectangles, reducing RT to discriminate relations between them.
By contrast, although the synchronous condition should bind the
features of the individual rectangles (which we would expect to
facilitate perception of the objects), it may also tend to bind the
two rectangles into a single unified percept. If judgments of
perceptual relations between rectangles require observers to per-
ceive the rectangles as distinct objects, synchronizing them could
interfere with the comparison. In this case, the synchronous con-
dition would yield less facilitation on the discrimination task than
would the asynchronous condition. This prediction is counterin-
tuitive, as the synchronous condition (in which the features of the
two rectangles appear together at the same time) is more similar to
the target display (in which the two rectangles appear together in
a static display) than is either the asynchronous or the random
condition.


Alternatively, it is possible that relational representations are
difficult or impossible to prime subliminally (see Stankiewicz et
al., 1998; Thoma et al., 2004) and that the kind of priming Elliott
and Müller (1998) observed is restricted to midlevel feature group-
ing. In this case, we would expect to see priming of approximately
equal magnitude (relative to the random control condition) in both
the synchronous and the asynchronous conditions.


Experiment 1


To select a flicker rate for use in discrimination experiments, we
first conducted a detection experiment (similar to that performed
by Elliott & Müller, 1998) to assess observers’ ability to identify
primes presented at varying flicker rates. The potential priming
stimulus was presented at 20 Hz (50 ms per frame), 40 Hz (25 ms
per frame), or 60 Hz (16.7 ms per frame), always with a total
presentation time of 1.2 s. The 40-Hz and 60-Hz frequencies fall
within the accepted bounds of the gamma band, whereas the 20-Hz
frequency lies below that band.


Method


Participants. The observers were 11 student volunteers at the Univer-
sity of California, Los Angeles (UCLA). They were graduate students and
undergraduate research assistants in cognitive psychology.


Apparatus and stimuli. We presented image frames using a Macintosh
G4 computer on an Apple 17-in. (43.18-cm) CRT screen. All frame
elements were displayed at the center of the screen, and observers viewed
the monitor at a distance of 57 cm (maintained via a chin rest) through a
dark tube that abutted the computer monitor to prevent any external


interference with luminance. Experiments were conducted in a dim room,
with black stimulus luminance maintained at 0.75 cd/m2 on a gray back-
ground field of 60.20 cd/m2. We used a gray background to minimize
afterimages. The resolution of the monitor was 832 � 624 pixels, with a
refresh rate of 120 Hz. We used the Psychophysics Toolbox (Brainard,
1997; Pelli, 1997) to generate the stimulus and control the monitor syn-
chronization. The prime display grid was 6 � 6 with 36 identical crosses,
subtending 7° � 7° of visual angle. Each cross subtended 30� of visual
angle; the centers of adjacent crosses were separated horizontally and
vertically by 1°10� of visual angle. The line width of crosses was 3� of
visual angle.


Each prime consisted of four frames, collectively forming a 6 � 6 grid,
which flickered repeatedly for 1.2 s at either 20, 40, or 60 Hz. In each
frame, either 12 (Frames 1 and 3) or 6 (Frames 2 and 4) of 36 possible
locations were marked with a cross. In the asynchronous condition, the
locations of the two rectangles were cued in Frames 2 and 4, respectively,
180° out of phase; Frames 1 and 3 were random. In the synchronous
condition, both rectangles were cued in Frame 3; the other frames were
random. In the random baseline condition, all frames contained crosses at
random locations. The initial frame was random in all conditions. A red
fixation dot was displayed constantly, and observers were instructed to
fixate on it during the entire trial.


Design and procedure. Experiment 1 consisted of one 30-min session
with 480 test trials administered in three blocks, with a 2-min rest period
between blocks. An equal number of trials presented asynchronous, syn-
chronous, and random primes. Trials of all prime types and frequencies
were randomly intermixed. On each trial a prime was presented, and the
observer was asked to press one of four keys to indicate whether one or
more rectangular frames had been present. The four keys were used to
indicate two levels of confidence (guess or certain) that one or more
rectangular frames were or were not present in the prime display. No
feedback was given. Fifty practice trials preceded test trials.


Results and Discussion


On the basis of signal detection theory, we used the confidence
data to compute the Az measure (Dorfman & Alf, 1969). An Az


value of .50 indicates a complete lack of ability to discriminate
primes with temporal structure (asynchronous or synchronous con-
dition) from random primes (see Table 1). We calculated Az scores
for each condition for individual observers and also analyzed
group means.


Analyses revealed that all 11 observers could detect asynchro-
nous and synchronous primes at 20 Hz. Individual Az scores were
reliably greater than .50, according to a z test, and the mean Az


score for the group was also reliably greater than .50, according to
a t test. For 40-Hz primes, 7 observers had above-chance Az values
for asynchronous primes, and 10 had above-chance Az values for


Table 1
Detection of Rectangles During Flicker Priming (Experiment 1)


Frequency (Hz)


Asynchronous primes Synchronous primes


No. detectinga Mean Az No. detectinga Mean Az


20 11 .98b 11 .98b


40 7 .60b 10 .68b


60 2 .54 4 .55


a For each frequency of flicker priming, the number of observers (out of
11) reliably detecting the prime (individual Az reliably greater than .5, p �
.05). b Mean Az reliably greater than .5, p � .05.
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synchronous primes. Group Az scores were reliably above chance
for both types of primes presented at 20 or 40 Hz. For 60-Hz
primes, only 2 observers were able to reliably detect the presence
of rectangular frames in asynchronous primes, and 4 observers
reliably detected them in synchronous primes. The Group Az


scores (.54 for the asynchronous condition and .55 for the syn-
chronous condition) were not reliably greater than the chance
value of .50. Note that detection of a rectangular frame does not
imply that observers were able to detect the orientation of either or
both primed rectangles. Accordingly, even if an occasional ob-
server shows above-chance detection ability for 60-Hz primes, the
observer may still be unaware of the orientations of the rectangles.
Observers reported that 60-Hz primes appeared as unidentifiable
flicker.


The results of Experiment 1 indicate that the ability to detect
rectangular primes was minimal for 60-Hz presentations. Our
findings contrast somewhat with those of Elliott and Müller
(1998), who found that observers were unable to reliably detect
squares in primes presented at 40 Hz. The stimulus display used in
our study (black targets on a gray background) had a lower
luminance contrast and a higher mean brightness than the displays
Elliott and Müller used (white targets on a black background);
across many perceptual paradigms, it has been shown that the
internal effect of stimuli is proportional to stimulus contrast
(Busey & Loftus, 1994). In any case, multiple procedural differ-
ences (e.g., we used larger grid sizes and two rectangular primes
rather than one square prime) make detailed cross-study compar-
isons unwarranted. As 60-Hz flicker is within the established limits
of the gamma band and is generally not detectable by observers in
the present paradigm, in the following experiments we used 60-Hz
primes.


Experiment 2


In Experiment 2 we used a go/no-go discrimination paradigm to
assess the impact of asynchronous and synchronous primes on
processing of a spatial relation between two ambiguous objects. In
particular, observers were to press a key if the Kanizsa-type
rectangles had different orientations and were to withhold a re-
sponse otherwise. The go/no-go task tends to produce less variable
responses than does the corresponding same/different task and
therefore is often preferred in studies of object recognition (Bied-
erman & Gerhardstein, 1993; Tarr, Williams, Hayward, & Gau-
thier, 1998). The “go-on-different” procedure avoids a potential
alternative decision strategy that observers might use if they were
asked to make explicit “same” responses.1


Method


Participants. Thirty-three UCLA students participated in Experiment
2. Seventeen participants, each paid $10 to participate in a 30-min session,
were graduate students and undergraduate research assistants in cognitive
psychology. The other 16 participants were UCLA undergraduates enrolled
in the psychology department participant pool and received course credit.


Materials. The prime frames were identical to those used in the de-
tection task in Experiment 1. On each trial, four frames were cycled at 60
Hz for 1.2 s. An additional final random frame was displayed for 17 ms to
end the prime sequence, so that the initial and final frames were random in
all conditions. After a 37-ms interstimulus interval (ISI), a target appeared,
and observers decided whether the Kanizsa-type rectangles were oriented


in the same or different directions. A 37-ms ISI is in the range found to be
maximally effective by Elliott and Müller (2000).


Junction elements in the target display subtended 15� of visual angle and
were separated horizontally and vertically by 1°10� of visual angle. Each
junction element was composed of one or two lines. The width of junction
lines was 3� of visual angle. The target display consisted of 36 junction
elements (six horizontal lines, six vertical lines, and six right angles in each
of four different orientations). The locations of the two target rectangles
were constrained such that no rectangle included the center fixation dot
inside, the two rectangles did not intersect at any prime location, and they
were never aligned horizontally or vertically. Otherwise, locations of the
two rectangles were randomized for each set of frames, yielding a total of
12 possible rectangle pairs for each Prime � Response Type combination.
A red dot (30� of visual angle in diameter) was continually shown at the
center of the screen, and observers were instructed to fixate on it through-
out the trial.


Design and procedure. The experiment consisted of 480 trials with
60-Hz primes, of which 160 were asynchronous, 160 were synchronous,
and 160 were random. For each prime type, the two rectangles in the target
had the same orientation (equally often both vertical or both horizontal) on
half the trials, and different orientations on the other half. Because of the
nature of the go/no-go paradigm, we only collected data for different trials.
We instructed observers to press a key (the right arrow with their right
hand) if the two Kanizsa-type rectangles were oriented in different direc-
tions (one horizontal and another vertical), as quickly as possible with a 1-s
deadline. They were to withhold a response if the rectangles had the same
orientation. A beep sounded if the participant exceeded the deadline or
made an error of commission or omission. The next trial started automat-
ically 2 s after the previous target appeared.


All trial types were randomly intermixed. If the participant made an error
on a trial, the computer emitted a beep. A target image was presented for
1 s and then disappeared from the display window. The next trial began
automatically 0.5 s after the target image disappeared. The trials were
presented in three blocks, with a 2-min rest period between each block.
One or more practice blocks, each with 50 practice trials, preceded the test
session. If the participant made errors on more than 10 trials in a block, we
administered an additional practice block until the participant reached the
accuracy criterion.


1 The JIM model predicts that firing two separate rectangles in syn-
chrony with one another will result in different patterns of activation on
orientation-sensitive neurons as a function of whether the rectangles have
the same or different orientations. Rectangles that have the same orienta-
tion will tend to strongly activate the neurons coding their shared orienta-
tion, whereas rectangles of differing orientations will tend to produce a
diffuse pattern of activation over a wider array of orientation-sensitive
neurons. Accordingly, synchronous primes on same trials will tend to
produce sharply peaked activation over a small subset of orientation-
sensitive neurons, whereas synchronous primes on different trials will tend
to result in a weaker, more spread-out pattern of activation over the
orientation-sensitive neurons. Therefore, an observer might respond
quickly after synchronous primes on the basis of especially strong activa-
tion of orientation-specific neurons when rectangles share the same orien-
tation. In preliminary studies, we found that synchronous (as well as
asynchronous) primes indeed yielded reliable facilitation for same judg-
ments (but not for different judgments) in a two-alternative forced-choice
same/different task; synchronous primes also facilitated responses in a
go/no-go paradigm with “go on same.” In Experiment 2 we used a
go-on-different task to reduce the possibility that observers could exploit
an alternative holistic decision strategy. For the same reason, in Experi-
ment 3 all trials displayed two rectangles with different orientations.
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Results and Discussion


We excluded data from 6 participants (2 paid, 4 unpaid) because
their error rates on same trials exceeded 10%, indicating a strong
bias to press the go key. We performed all analyses on data from
the remaining 27 participants. The RT priming results (correct
trials only) for 60-Hz go-on-different trials are presented in Figure
3 for each prime condition. Geometric means of RTs were used
because they are less susceptible to outliers (Alf & Grossberg,
1979; arithmetic means yield the same rank order of conditions). A
within-subject analysis of variance revealed a significant main
effect of prime condition, F(2, 52) � 5.57, p � .01, with mean RTs
of 809, 819, and 823 ms for the asynchronous, synchronous, and
random primes, respectively. Planned contrasts indicated that,
relative to the random baseline, the asynchronous primes yielded
14-ms facilitation, F(1, 26) � 15.13, p � .01, whereas the syn-
chronous primes yielded an unreliable 4-ms facilitation, F(1,
26) � 0.59, p � .45. A third planned comparison revealed that the
asynchronous primes resulted in reliably greater facilitation than
did synchronous primes, F(1, 26) � 5.75, p � .02. Error rates for
the asynchronous, synchronous, and random prime conditions
were 4% in each condition.


The results of Experiment 2 reveal that asynchronous primes
facilitated identification of rectangles that differed in orientation,
whereas synchronous primes yielded reliably less facilitation than
did asynchronous primes and did not differ significantly from the
random-prime baseline condition. These findings suggest that
asynchronous primes facilitate perception of separate rectangles as
separate objects with their own properties (in this case, orienta-
tions), as is predicted by the JIM model.


Experiment 3


The JIM model predicts that temporal structure is critical for
visual binding whenever a task requires the individuation of mul-
tiple objects in a display. This requirement is expected to arise
whenever observers must make a relational judgment about two
objects (with the assumption that no holistic strategy is available;
see Footnote 1). We designed Experiment 3 to increase the gen-
erality of our findings by examining the impact of gamma-band


priming in a new discrimination task. Instead of judging whether
two Kanizsa-type rectangles had the same or different orientations,
observers in Experiment 3 were required to judge whether two
rectangles were arrayed in an above/below relation or in a beside
relation (see Figure 4).


The JIM model predicts that such relative-location judgments,
like the same/different discrimination examined in Experiment 2,
will be facilitated by asynchronous priming. Synchronous priming,
by contrast, should not be as effective in facilitating the perception
of rectangles as separate objects.


Method


Participants. Twenty-six UCLA undergraduates enrolled in the psy-
chology department participant pool participated to receive course credit.


Materials, design, and procedure. The materials were identical to
those used in the 60-Hz trials of Experiment 2, except that all target
displays contained two rectangles of different orientations (one vertical and
one horizontal). The experiment consisted of 480 trials with 60-Hz primes,
of which 160 were asynchronous, 160 were synchronous, and 160 were
random. The observers’ task was to judge the relative spatial position of the
two rectangles. For each prime type, the two rectangles in the target were
arranged vertically on half the trials and horizontally on the other half (see
Figure 4). The trial types were further subdivided equally into those in
which the two Kanizsa-type rectangles were adjacent and those in which
the rectangles were separated by one row or column of the 6 � 6 array.
Observers pressed one of two keys (the right arrow with their right hand for
above/below, and the control key with their left hand for beside).


All trial types were randomly intermixed. If the participant made an error
on a trial, the computer made a beep. The next trial began automatically 1 s
after a response was made. The total of 480 trials were presented in three
blocks, with a 2-min rest period between each block. Fifty practice trials
preceded the test trials.


Results and Discussion


We excluded from the analyses data from 2 participants who
were exceptionally slow in their responses (mean RTs over 1,000
ms). The RT priming results (correct trials only) for the remaining
24 participants are presented in Figure 5 for each prime condition.
Means are geometric (arithmetic means yield the same rank order
of conditions). A within-subject analysis of variance with factors
of prime type (asynchronous, synchronous, or random), relative
location (above/below or beside), and spacing between Kanizsa-
type rectangles (adjacent or separated) revealed a main effect of
prime condition, F(2, 46) � 3.47, p � .04, with mean RTs of 664,
672, and 673 ms for asynchronous, synchronous, and random
primes, respectively. Planned orthogonal contrasts indicated that
the asynchronous condition yielded reliable facilitation relative to
the synchronous and random conditions combined, F(1, 23) �
7.46, p � .01; the latter conditions did not differ, F(1, 23) � 0.09,
p � .77. A separate (nonorthogonal) test directly comparing the
amount of priming produced by asynchronous versus synchronous
primes fell just short of significance, F(1, 23) � 3.81, p � .06. No
other main effects or interactions were reliable. Error rates for the
asynchronous, synchronous, and random prime conditions were
very low and identical across conditions (2%).


The results of Experiment 3 serve to increase the generality of
our findings. In particular, 60-Hz asynchronous primes, which the
JIM model predicts will facilitate the perception of rectangles as
separate objects, proved to be effective in reducing RTs to dis-
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Figure 3. Priming of geometric mean correct reaction times (plus or
minus standard error of measurement) for Experiment 2 (“go-on-different”
responses).
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criminate whether two Kanizsa-type rectangles were arranged
above and below one another or beside one another in a display. In
contrast, synchronous primes were ineffective in this task.


General Discussion


The present study extends the priming paradigm introduced by
Elliott and Müller (1998, 2000, 2001) to relational judgments
based on multiobject displays. The results demonstrate that visual
information presented as temporally structured flicker in the
gamma band can modulate judgments about the spatial relation
between objects. Experiment 1 demonstrates that observers were
unable to detect temporal structure in primes presented at the rate
of 60 Hz. Experiment 2 demonstrates facilitation for same/differ-
ent discriminations, using a go/no-go paradigm with “go on dif-
ferent,” when an asynchronous prime was presented at 60 Hz prior
to the two static rectangles on which the decision was based.
Experiment 3 demonstrates analogous facilitation for above/below
versus beside judgments. The finding of priming by asynchronous
flicker is consistent with the JIM model of visual binding (Hum-
mel, 2001; Hummel & Biederman, 1992; Hummel & Stankiewicz,
1996), according to which multiple objects or parts are represented
by synchronized firing of neurons for the features of each individ-
ual object or part, with neurons representing the features of sepa-
rate objects or parts firing out of synchrony with one another. In
contrast, we did not obtain reliable priming by synchrony either in
the same/different discrimination (5-ms difference from baseline
in Experiment 2) or for above/below versus beside judgments
(1-ms difference from baseline in Experiment 3). For both types of
judgments, priming by asynchrony thus proved to be more effec-
tive than priming by synchrony.


The weaker priming observed for synchronous than for asyn-
chronous flicker is counterintuitive, as the synchronous primes
were more similar to the subsequent target displays, in which two
static rectangles appeared together. However, the JIM model
(Hummel & Biederman, 1992; Hummel & Stankiewicz, 1996) can
provide a framework for understanding the results observed with
synchronous primes. In contrast to asynchronous primes, synchro-
nous primes should not only bind the features of the individual
rectangles but also bind the two rectangles into a single, unified
percept. To the extent that the same versus different orientation
and above/below versus beside judgments required observers to
perceive the rectangles as distinct objects, synchronizing them
could interfere with the comparison.


Overall, our findings clearly establish that priming by asyn-
chrony can facilitate relational judgments based on multiobject
displays. These findings add support to the hypothesis that phase


locking in the gamma band is a neural solution to the binding
problem in human visual perception and, in particular, in the
binding of objects or parts to their spatial relations. (See Krishnan,
Skosnik, Vohs, Busey, & O’Donnell, 2005, for recent work relat-
ing gamma-band activity to perception of coherent motion.) Our
findings are generally consistent with those of Elliott and Müller
(1998, 2000, 2001), who found that synchronous flicker primed
detection of single objects. There are some parametric differences
in the present extension to relational judgments with multiobject
displays. In particular, Elliott and Müller (1998) found that 40-Hz
flicker yielded optimal facilitation without being detectable by
observers, whereas we observed similar phenomena using more
rapid 60-Hz flicker. It is possible that the neural representation of
relations among objects makes use of a higher frequency portion of
the gamma band than does the neural representation of features of
a single object. However, as we noted in the Results and Discus-
sion section of Experiment 1, numerous procedural differences
between our displays and those used by Elliott and Müller make it
premature to draw any strong conclusions about possible neural
differences between single-object and multiobject binding. It is
desirable to compare judgments involving different types of bind-
ing with closely matched stimuli and displays.


The binding problem in visual perception is a special case of the
more general problem of how the brain codes elements and rela-
tions, maintaining both the identities of the elements and the nature
of the relations among them. Binding elements into relations is
also fundamental to human language and reasoning. In addition to
providing a neural basis for binding in visual perception, it is
possible that temporal structure is fundamental to more abstract
cognitive processes (Hummel & Holyoak, 1992, 1997, 2003; Ihara
et al., 2003). If so, this common mechanism suggests an important
link between the neural bases of perception and of abstract
thought.
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Abstract


A problem arises when an organism has a goal and it is not immediately apparent how the goal can be attained. Most real-world problems cannot be solved via an exhaustive search of all possibilities, but rather must be solved by breaking the problem down into smaller parts, or through reasoning by analogy to similar problems solved in the past.  Both of these alternatives rely heavily on the prefrontal cortex and the working-memory system, particularly the dorsolateral prefrontal cortex and frontopolar cortex.


A problem arises when an organism has a goal (a desired state of affairs) and it is not immediately apparent how the goal can be attained. The range of problems people encounter is enormous: planning a dinner party, entertaining your children at a restaurant before the meal is served, diagnosing a disease, winning a game of chess, solving mathematical equations, deciding which smart phone to buy, managing a business, or even deciding what to write about in an entry on problem solving! Given this diversity, it is not surprising that every cognitive process in the human repertoire, including perception, language, attention, working memory, long-term memory, categorization, judgment, and choice, plays a role in problem solving. The ability to solve problems, along with language, represents the pinnacle of human cognitive evolution.

Thus, competent problem solving requires the functioning of many brain areas. Without intact sensory systems the basic foundational information of the problem is crucially degraded. For example, a lesion to the occipital or parietal cortex could disrupt spatial perception and, hence, impair the ability to play chess. Likewise, the ability to selectively attend to various pieces of perceived sensory information is also crucial to success. Damage to the frontal and/or parietal cortex could disrupt selective attention and make it difficult to focus on a running child amid a bustling restaurant. The importance of selective attention extends beyond control of sensory information; problem solving may also depend on the ability to inhibit internally generated stimuli or thought processes. Extensive structured knowledge (semantic memory) is also a necessary prerequisite for expert problem solving. Damage to temporal cortex could result in the loss of access to particular categories in semantic memory necessary for writing a chapter on problem solving. Efficient storage and retrieval of event knowledge (declarative memory) is also frequently helpful to solve new problems. For example, it may be helpful for a doctor to remember the complaints of a patient they diagnosed a week ago in order to diagnose a new patient.


While many studies using the methods of cognitive neuroscience have addressed the component processes important for problem solving, it is difficult to isolate single brain regions unique to problem solving. However, much effort has focused on understanding how the prefrontal cortex, particularly the dorsolateral prefrontal cortex (DLPFC) and frontopolar prefrontal cortex contribute. The prefrontal cortex seems to play a particularly general role in problem solving and related forms of thinking and reasoning, especially those that depend on analytic intelligence (the g factor) and cognitive control. Based on an extensive review of the literature on the effects of frontal lesions, Stuss and Benson suggested several classes of deficits related to problem solving. Frontal damage leads to deficits in the ordering or handling of sequential behaviors; impairment in establishing, maintaining, or changing a mental “set”; decreased ability to monitor personal behavior; dissociation of knowledge from the direction of action; and various changes in normal emotional and motivational responses. Each of these classes of deficits is linked to problem solving.  The functions Struss and Benson ascribe to the prefrontal cortex have also been described as the work of working-memory (the contents of our present conscious experience including their maintenance and manipulation). 

Planning and problem solving depend on the hierarchical organization of action and require coordination of internal goals and knowledge with the constraints of the environment. Systematic investigations of problem solving began with Gestalt psychologists such as Duncker. However, modern theories of problem solving grew out of the information processing tradition of the 1960’s, particularly the work of Newell and Simon. In their problem space formulation, problem solving has two fundamental components: forming a representation of a problem space and a search through the space. The representation of a problem consists of four kinds of elements: 1) a description of the initial state in which problem solving begins; 2) a description of the goal state to be reached; 3) a set of operators, or actions that can be used to alter the current state of the problem; and 4) path constraints that impose additional conditions on a successful path to a solution. The problem space consists of the set of all states that can potentially be reached by applying the available operators. A solution is a sequence of operators that can transform the initial state into the goal state in accord with the path constraints. A problem-solving method is a procedure for finding a solution.


The problem space analysis yields a mathematical result regarding the size of the search space that constrains the possible methods for solving many problems, such as the problem of winning a chess game. A typical game of chess might involve a total of 60 moves, with an average of 30 alternative legal moves available at each step along the way. The number of alternative paths is 3060, a number so astronomical that not even the fastest computer can play chess by exploring every possible move sequence. The exponential increase in the size of the search space with the depth of the search makes many problems impossible to solve by exhaustive search of all possible paths.


In addition, implementation of the problem space in the capacity limited working memory system places serious constraints on the methods for human problem solving. Although there has been considerable debate about the exact size of working memory, there is general agreement that its capacity is small compared to the amount of information humans store in their long-term memory. Given this limited capacity, successful problem solving requires efficient management of the search through the problem space. Expert problem solving depends on extensive knowledge stored in long-term memory, which can be brought to bear on familiar types of problems. Knowledge makes it possible to form a useful problem representation and may suggest appropriate actions. Problem solving then becomes a form of recognition with implications for action, obviating the need for extensive search. Until 1997, when world-champion grandmaster Gary Kasparov was defeated in a chess match by the computer program Deep Blue II, the human ability to recognize familiar patterns and their action implications allowed human experts to hold their own against the chess-playing prowess of programs based on massive search. In less constrained problem domains, such as managing a business or negotiating international treaties, no search-based computer program can rival human expertise.


Even in domains in which they are not expert, people typically use intelligent search strategies. One strategy is based on analogical reasoning. If the reasoner recognizes parallels between a novel problem and a familiar solved one, then the previous solution may be adapted to fit the new problem, eliminating the need for extensive search in the problem space. Morrison and colleagues have found that the ability to use analogical reasoning is severely degraded in patients with damage to their prefrontal cortex. Numerous studies using both neuropsychological and neuroimaging methods have now confirmed that prefrontal cortex is critical in analogy for both the comparison process (i.e., analogical mapping) and also inhibiting the semantically similar, but relationally dissimilar contents of long-term memory.

If neither direct prior knowledge nor an analogy is available, heuristic search methods may be used. One of the most basic of these, means-ends analysis, depends on a combination of forward and backward search, where forward search involves applying operators to the current state to generate new states and backward search involves finding possible precursor states to the goal state. The key idea underlying means-ends analysis is that search is guided by detection of differences between the current state and the goal state. Suppose you have the goal of trying to get your car washed. The obvious difference between the current state and the goal state is that the car is unwashed. The operator “send car through car wash” could reduce this difference. However, to apply this operator you first need to get your car to a car wash. If it is not already at a car wash, you now set the subgoal of getting your car to an appropriate location. Before you can do this, you need to locate a car wash to which you can drive. You might be able to locate one using the Internet; thus, you set the subgoal of finding a computer or your smartphone to do the search. Subgoaling continues until the conditions for applying the operator are met, and you can finally reduce the difference in the original problem. Means-ends analysis illustrates several important points about intelligent heuristic search. First, it is explicitly guided by knowledge of the goal. Second, an initial goal can lead to subsequent subgoals that effectively decompose the problem into smaller parts. Third, methods can be applied recursively; that is, in the course of applying a method to achieve a goal, the entire method may be applied to achieve a subgoal.


Shallice conducted a study that specifically examined the manner in which frontal lobe patients approach novel problems requiring planning and organized sequential action. He tested patients with various forms of brain damage, as well as control subjects, on their ability to solve various versions of the Tower of London puzzle. This puzzle consists of three differently colored discs and three pegs of different lengths. The experimenter places the discs in a starting configuration, and the subject must then move them into a new configuration defined by the experimenter in a minimum number of moves. The number of moves required to achieve the goal defines the level of difficulty. Although all of the groups of brain-damaged subjects in Shallice’s study were impaired in their performance relative to the control subjects, those with damage to the left frontal lobe showed the greatest decrement, particularly for the more difficult versions of the puzzle. The nature of the errors made by the frontal lobe subjects indicated that they had difficulty in planning: They could not establish an appropriate order of subgoals. The deficit was not due to a general limitation of short-term memory because variations in the patients’ performance on a digit-span test could not account for the differences in problem-solving success.


Recent evidence suggests that the previously mentioned findings should be interpreted cautiously. In particular, although Owen and colleagues replicated the effect of an overall frontal deficit on performance in the Tower of London task, the selective effect of left hemisphere damage has not been found in other experiments. However, Nicelli and colleagues have confirmed the role of the frontal cortex in problem solving for another task—chess playing—using neuroimaging measures. When chess players were asked to decide whether it is possible to achieve a checkmate in one move (a task requiring planning), brain activity was selectively increased in regions of both the left and right frontal cortex. The same study found that several posterior regions of the brain, especially those associated with generation of visual images, also play significant roles in chess playing.


Means-ends analysis requires extensive use of working memory to maintain and operate on information related to goals and subgoals. Using functional magnetic resonance imaging (fMRI), Koechlin and colleagues employed a task that could be modified to manipulate working memory load as well as goal use. They found that when the task required participants to use working memory to perform a dual task, DLPFC was active. However, when participants were required to maintain a main goal while concurrently using subgoals, frontopolar prefrontal cortex was also recruited. It is not clear, however, if manipulating interrelated goals per se is different from manipulation of any other form of higher-order relational information because adding a branching goal necessarily increases the relational complexity of the task. Numerous neuroimaging studies have now implicated frontopolar cortex as being important for relational integration. Evidence also seems to suggest that the more relationally complex a problem the greater the involvement of more anterior areas of prefrontal cortex. Thus, frontopolar prefrontal cortex should become progressively more important as the number of subgoals increases.

Although laboratory studies usually focus on problems that are novel for the participant, expert real-world problem solving frequently involves evoking a relevant problem schema and using specialized problem-solving methods. There is increasing evidence that the development of problem-solving skill involves other brain areas in addition to prefrontal cortex. Saint-Cyrl and colleagues have found that Parkinson’s disease and early stage Huntington’s disease patients who have significant damage to the basal ganglia, unlike normal learners, typically show little improvement in a modified version of the Tower of Hanoi after considerable practice. This finding suggests that the basal ganglia (or at least the fronto-striatal circuit) is important for the development of problem-solving skills.


Recently researchers have begun to move beyond simply considering how separate areas of the brain are involved in problem solving to develop an understanding of how brain networks enable problem solving.  New analysis techniques for neuroimaging data in cooperation with efforts to build neurally-plausible computational models of problem solving to help analyze these data, will hopefully yield a much clearer picture of how the brain solves problems in the future.
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Evaluation of an Online Analogical Patient Simulation Program  
 
 
 
 
 
 
 


 
 


 
 


Abstract 
 


Medulator™, a commercial Web-based, variable 
response, patient simulation application, was modified 
to test the effect of case sequencing, explicit case 
comparison, and user-generated case summaries on 
overall user performance.  METHODS: Senior 
medical students completed analogous sets of virtual 
patient cases in different sequences, and their case 
performance was tracked.  A follow-up user 
satisfaction survey was conducted.  RESULTS: A 
significant effect of case sequencing on analogy 
transfer was seen only with respect to correct 
treatment scores (p = .009). Explicit case comparison 
had no reliable effect on performance.  However, 
diagnostic accuracy increased (p ≤ .002) while 
treatment attempts decreased (p = .05) when subjects 
were prompted to write case summaries.  Student 
satisfaction with the patient simulation program was 
high.  CONCLUSION: Manipulating case sequences 
and supporting explicit case comparison yielded 
mixed results.  However, using case summaries as a 
tool for reflection and proxy for self-explanation led to 
significant improvement in students’ performance.     
 
 
1. Introduction 
 


Analogical (case-based) reasoning is ubiquitous 
in real-world medical diagnosis, and yet most 
technology-enhanced medical training systems fail to 
provide new information and training in a manner 
consistent with the way professionals need to later 
access learned information. Medulator (Medantic 
Technology, Salt Lake City, UT, USA) provides an 
ecologically valid alternative to these systems and also 
provides the opportunity to optimize learning through 
application of principles of transfer from the 
analogical reasoning literature.  Numerous laboratory  
 


 
studies have suggested conditions that may facilitate 
transfer via analogy [see 1–3 for reviews]; however, 
few of these methods have been evaluated in complex 
learning environments such as the domain of 
medicine. In the present study we use Medulator to 
evaluate two potential methods for the optimization of 
learning. 


Analogical reasoning involves comparison of 
structured information (i.e. the pattern of 
relationships) between two cases and allows the 
reasoner to make inferences about one case (the 
target) based on prior knowledge of another case (the 
source).  For example, the diagnoses for two patients 
may be said to be analogous if they have similar 
patterns of symptoms and diagnostic test results. 
However, the objects in the source and target of an 
analogy can also be similar at a surface level (e.g., two 
patients may be the same gender, race, age or have a 
similar occupation).  These non-diagnostic surface 
characteristics can frequently be quite salient and can 
distract reasoners from a full appreciation of the 
structural similarities between two cases. Thus, 
transfer to novel cases will be promoted if the learner 
is led to focus on structural similarities. There is some 
debate in the experimental literature as to whether 
surface similarities that correlate with structural 
similarities may aid in initial learning. On one hand, 
the salience of surface similarities may facilitate initial 
detection of the less salient structural similarities, at 
least for young children [4]; however, the presence of 
these surface similarities may in some circumstances 
lead the learner to overlook the diagnostic structural 
characteristics [5].  In this study we investigate these 
alternatives by varying the order of cases with respect 
to surface and structural similarity. 


A second factor that has been shown to affect 
analogical transfer and learning under certain 
circumstances is explicit case comparison during 
study [6–8]. For example, Gentner, Lowenstein and 
Thompson [8] demonstrated that business students 
were more likely to recall analogically relevant source 
cases when they were required to explicitly compare 
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cases during study.  However, the effectiveness of this 
strategy may be domain-specific, both because of the 
way knowledge in a domain is structured, and also 
because different types of learners may implicitly use 
analogy as a standard learning mechanism.  For 
instance, medical and legal professionals who work in 
a domain that is dominated by case-based reasoning 
may not be as sensitive to explicit comparison 
enhancement as business students who work in a 
domain that is not as structured with respect to cases.  
To evaluate the effect of explicit comparison during 
study, we have modified the Medulator Final 
Assessment section to include an explicit Analogy 
Transfer Evaluation (ATE).  The ATE requires 
learners to compare and contrast the current case to 
previous known cases (at least one of which is a true 
structural analog of the current case).  


An integral part of ATE is the case summary 
component, which students use as a self-reminder of 
previously solved cases’ germane features when 
comparing and contrasting to an unknown case.  
Literature also shows that using self-explanation in 
problem solving tasks improves performance [9–12].  
In the context of ATE, case summary serves as a self-
explanation proxy.  Thus, a separate arm of this study 
examined the effect of user-generated case summaries 
on user performance, independent of ATE. 
 
2. Research Objectives 
 
1. Determine whether case ordering that manipulates 


the relative surface and structural similarity 
between adjacent cases affects learning as 
measured by Medulator performance metrics. 


2. Determine whether explicit comparison as 
implemented through the ATE can enhance 
learning as measured by Medulator performance 
metrics. 


3. Determine effect of case summaries on learning as 
measured by Medulator performance metrics.  


4. Determine user satisfaction with Medulator and 
perceived effect of ATE on diagnostic process. 


 
3. Methods 
 


We used Medulator to study the effect of case 
sequencing, explicit case comparison, and writing case 
summaries on diagnostic and treatment performance 
using cases that systematically varied structure (i.e., 
diagnosis determinants such as full symptom 
constellation, physical examination findings, 
diagnostic test results, response to therapy, etc.) and 
surface characteristics (i.e., salient, non-diagnostic 
information such as patient age, gender, occupation, 


chief complaint, and presenting symptoms). 
Participants were senior medical students. 


Each participant worked through 11 physician-
authored Medulator virtual patient cases. Diagnoses 
were from one of three groups: (1) four analogous 
bioterrorism cases of primary lower respiratory 
infections (anthrax, pneumonic plague, Q fever, and 
tularemic pneumonia), (2) four analogous cardiology 
cases of congestive heart failure (hypertensive CHF, 
idiopathic dilated cardiomyopathy with CHF, acute 
MI with CHF, and infective endocarditis with CHF), 
and (3) three non-analogous distracter cases.  Cases 
were structurally analogous within their own 
diagnostic category but superficially similar within 
and/or across diagnostic categories.  


The same 11 Cases were presented in one of two 
different orderings.  In the “easy” ordering, cases that 
had similar structural and surface characteristics were 
presented earlier in the sequence, while in “hard” 
ordering early cases shared only structural 
characteristics and not surface characteristics.  As a 
result both groups of participants saw identical cases 
and most importantly, the critical test cases (#9 and 
#11) were identical between groups. 


Ninety six (96) senior medical students who had 
never used Medulator self-enrolled over the Web and 
were paid $150 for their participation which took 5.0 
hours on average. Participants were randomly 
assigned to one of six groups (see Table 1).  


 
Table 1. Randomized study group assignment 


 
Group Case Ordering ATE Case Summary 


1 Hard Yes Yes 
2 Hard No Yes 
3 Hard No No 
4 Easy Yes Yes 
5 Easy No Yes 
6 Easy No No 
 
Participants completed cases in a defined 


sequence (Easy or Hard).  For Groups 1 and 4, explicit 
case comparison was invoked via Analogy Transfer 
Evaluation (ATE) on 2nd, 3rd, and 4th (test case) 
analogs of each analogous case set; in these two 
groups, students were encouraged to write a case 
summary to serve as a reminder of the cases’ salient 
features.  All other groups received no instructions for 
comparing previous cases but proceeded directly to 
the Final Assessment section (final diagnosis and 
treatment selections).  However, Groups 2 and 5 also 
wrote case summaries (without ATE) for each case 
while Groups 3 and 6 did not.  Subjects wrote case 







summaries by typing into a free-text space and 
submitting for later retrieval.  
The measured dependent variables were: 
1. Number of treatment attempts required to achieve 


a positive patient outcome 
2. Number of correct/incorrect diagnoses chosen 
3. Number of correct/incorrect treatments chosen 
4. Number/total costs of diagnostic tests chosen 
5. Case time (keyboard time) 


Participants were initially allowed 2 weeks to 
complete the study.  However, in order to achieve the 
goal of at least 64 completions, some subjects were 
granted up to 3 one-week extensions.  An honor 
system was published stating that subjects would work 
independently and with no external assistance. 
 
3.1 ATE Methodology 


 
The ATE condition consisted of 2 parts:   
1. First, once students completed selecting their final 


diagnoses and final treatments, they were 
presented with instructions to rate the degree to 
which previously completed cases were 
structurally similar to the current case.  Upon 
submitting their ratings, students were given 
feedback as to which case(s) were the closest 
analogs (as determined by the case authors). 


2. Next, students were asked to select the categories 
in which the case analogs were most similar, then 
most different.  Eight structural categories were 
offered for comparison and contrast, including 
symptom constellation, pertinent diagnostic tests, 
effective treatments, etc.  Students were then asked 
to justify their responses in free text.  Upon 
submission of this page, an expert opinion of the 
analogies was given, which students were expected 
to use to mentally index the current analog for 
future reference. 


3. Finally, the correct diagnoses and treatments for 
the case were revealed with feedback on the 
student’s selections.  


 
3.2 Satisfaction Survey Methods 


 
Following completion of the 11 cases, subjects 


were asked to complete a simple user satisfaction 
survey online.  All subjects were asked 4 core 
questions with Likert scale responses.  ATE subjects 
were asked an additional 2 questions specifically 
related to their ATE experience. 
4. Results 
 


Of the 96 subjects who originally self-enrolled, 
72 subjects completed all 11 cases (33 in ATE group, 


39 controls). Only data from subjects who completed 
all 11 cases were analyzed.  Outlying data were 
discarded using a three standard deviation cut.  


Case Ordering. To measure the effect of case 
order (Easy vs. Hard) on performance we analyzed 
test cases 9 (a bioterrorism case) and case 11 (a 
cardiology case). To control for the effect of case 
summaries groups 3 and 6 were eliminated from 
analysis; thus all participants in this analysis wrote 
case summaries for every case.  Half of the 
participants in this analysis compared cases using the 
ATE instructions (groups 1 and 4) while half just 
performed case summaries (groups 2 and 5). We 
performed a 2 x 2 between-subjects ANOVA to 
investigate the effect of case sequencing and explicit 
comparison (ATE) as well as their possible 
interaction. Though main effects of case order and 
ATE were not statistically reliable, a reliable cross-
over interaction between case order and ATE was seen 
(p = .009) on the correct treatment score (see Figure 1 
below).  If case type (bioterriorism vs. cardiology) is 
included in the analysis, there is a trend (p = .13) 
towards a 3-way interaction, which appears to be 
driven more by the cardiology case than by the 
bioterrorism case.  


 


 
 


Figure 1.  Three-way interaction of case type 
with case ordering and Analogy Transfer 
Evaluation (ATE) procedure. Error bars represent 
± 1 standard error. 


 
Explicit Case Comparison (ATE). To evaluate the 


effectiveness of explicit comparison between cases as 
implemented using the ATE, we only included cases 
in which the participants in the ATE group were given 
ATE instructions (thus the first case in each diagnostic 
category as well as the distracter cases were 
eliminated). Groups who did not write case summaries 
(Groups 3 and 6) were not included in this analysis. 
We performed a mixed 2 x 2 ANOVA which factored 







diagnostic category (i.e., cardiology vs. bioterrorism 
cases) as a within-subject factor and explicit 
comparison (ATE vs. no-ATE) as a between subject 
variable. Participants spent more on tests (i.e., test 
costs) on bioterrorism cases (p = .03) and there was a 
trend (p = .05) toward a reduction in test costs in the 
ATE condition.  Likewise, diagnosis, treatment, and 
quiz performance were all harder with bioterrorism 
cases (p < .001) but there was no reliable effect of 
ATE.  Treatment attempts (i.e. number of measured 
treatment attempts users required to achieve a positive 
patient outcome) were higher with ATE (p = .013).  
ATE produced no significant effect on study and 
solution time (case time). 


Case Summaries. To measure the effect of case 
summary, independent of ATE, we looked at all 
cardiology and bioterrorism cases. Groups 2 and 4 
were eliminated from analysis because they did ATE 
in addition to case summaries. We performed a mixed 
2 x 2 ANOVA which factored diagnostic category 
(i.e., cardiology vs. bioterrorism cases) as a within-
subject factor and whether or not participants were 
required to write case summaries as a between subject 
variable. Diagnostic accuracy reliably increased (p ≤ 
.002) while treatment attempts decreased (p = .05) 
when participants were prompted to write case 
summaries.  A trend suggested that writing case 
summaries improved diagnosis of bioterrorism cases 
more than cardiology cases (p = .06) and treatment 
attempts mainly decreased with case summary writing 
for cardiology cases (p = .04). Writing case summaries 
had no reliable effect on test costs, or treatment score.  
  
4.1 User Satisfaction Survey Results 
 


Seventy one (71) subjects completed the 
satisfaction survey, 33 of which were ATE subjects. 


Sixty five percent (65%) of subjects responded 
that they have used similar patient simulation tools 
only rarely (once per year or less) or never.  Overall, 
93% rated Medulator 4 (very good) or 5 (excellent), 
while 73.2% rated 4 (highly) or 5 (completely) for 
applicability of Medulator to their training.  User 
comments indicated that applicability was reduced due 
to the concentration of bioterrorism cases rather than 
more “common” medical cases. 


Ninety seven percent (97%) of ATE participants 
responded that Medulator was moderately or very 
effective at helping them to think analogically and 
75.8% felt that using analogical reasoning was 
moderately or very effective in helping them to solve 
cases.  


 
5. Discussion 


 
In this study we attempted to apply several 


principles from the analogy basic research literature to 
enhance medical learning using Medulator, an online, 
interactive, multimedia patient simulator.  
Specifically, we investigated whether using explicit 
comparison of cases through Analogy Transfer 
Evaluation (ATE) would increase students’ ability to 
identify relevant diagnostic and therapeutic principles, 
improving their clinical accuracy or efficiency.  We 
also investigated case ordering, hypothesizing that 
forcing students to focus on structural characteristics 
without the support of non-diagnostic surface 
characteristics might ultimately immunize them from 
distraction by surface characteristics and improve their 
performance.  Lastly we evaluated whether writing 
case summaries would improve performance on 
analogous cases. 


Though results from this study were mixed, there 
was not strong evidence that applying explicit 
comparison of cases using ATE had a positive 
influence on measures of diagnostic performance.  
Likewise case ordering did not have a reliable effect 
on test case performance.  However, the positive 
interaction seen between case ordering, ATE, and 
diagnostic category (i.e. cardiology versus 
bioterrorism) with respect to correct treatment score 
may suggest that explicit comparison can improve 
performance when students encounter difficult cases 
first, particularly when they are somewhat familiar 
with the basic principles involved in the diagnostic 
category.  One explanation for this result is that 
explicit comparison of cases tends to focus students on 
all salient characteristics of the case – both diagnostic 
structural characteristics and non-diagnostic surface 
characteristics.  In the “easy” case ordering, surface 
and structural characteristics were aligned across early 
cases and thus students may have mistakenly 
associated surface characteristics with diagnostic 
efficacy.  In contrast, when non-diagnostic surface 
characteristics do not align with diagnostic structural 
characteristics in early cases, explicit comparison via 
the ATE seems to improve later treatment 
performance.  This appears to be particularly true for 
cases in which the students may already be somewhat 
familiar with the diagnostic domain (i.e. cardiology 
rather than bioterrorism cases).  Specifically, for cases 
in which the students are more familiar with the 
treatment principles, ATE instructions focus them on 
structural comparisons that the “hard” case ordering 
encourages.  This suggests that for new areas of 
medical learning it is necessary to first educate 
students on important treatment principles before 
moving on to case-based learning methods.   







One reason why this interaction was seen on 
correct treatment scores, and not correct diagnosis 
scores, may be that medical students tend to rely more 
heavily on causal reasoning when generating 
differential diagnoses.  It is possible that medical 
diagnosis for novice medical students may not be 
principally analogical in nature, but rather driven by 
pathophysiological correlations (see [13]).  However, 
once a diagnosis is correctly determined, relevant 
exemplar cases may be useful for determining 
treatment analogically.  This explanation would then 
make it unlikely that ATE failed to improve subjects’ 
case performance because medical students (in 
contrast to Gentner, Lowenstein and Thompson’s 
business students [8]) instinctively think analogically 
and therefore forcing explicit comparison of cases is 
superfluous.  It is more likely that the students 
participating in this study did not have the necessary 
expertise to abstract the diagnostic principles from the 
cases.  Thus, explicit comparison of cases did not 
reinforce these principles (see Chi, Feltovich, & 
Glaser [14] for a similar issue in the domain of 
physics).  In contrast, expert clinicians may rely on a 
repertoire of cases, or ‘illness scripts’, built from 
personal clinical experience when applying diagnostic 
reasoning [15].   


There are other potential reasons why ATE did 
not have a more significant effect on overall case 
performance.  It may be that subjects’ memory of 
analogs simply decayed over time – a per-subject 
analysis of case performance against time between 
study initiation and study completion would be 
complicated and has not been attempted.  While this 
explanation is possible, medical professionals 
obviously use very old knowledge from previous 
cases to diagnose new cases.  Thus, this explanation 
may again interact with the experience level of the 
student/professional. 


Lastly, explicit comparison may have failed to 
produce a greater effect because of the complexity and 
interactive nature of the case analogs themselves.  
Previous studies on the effect of analogical reasoning 
have used relatively simplistic case scenarios with 
fewer variables to consider and categorize as 
superficial versus structural characteristics [e.g. 13].  
Also, in those studies, information was passively 
transferred, such that subjects were assured of being 
exposed to all structural characteristics germane to 
solving the problem.  In contrast, cases which offer 
comprehensive detail, such as the medical cases used 
in this study, may present too many variables to make 
definite determinations about the similarities and 
differences between cases.  Subjects could be 
overwhelmed when trying to determine which 
structural categories of data (historical, diagnostic, 


therapeutic, etc.) are most important to compare and 
contrast.  Furthermore, due to the highly interactive 
nature of Medulator cases (emulating real-world 
information gathering), subjects may fail to elicit 
certain critical structural information required for 
source analog comparison. 


There were some notable limitations to the 
present study.  Human factors could have led to 
overestimation of some dependent variables in all 
groups.  For example, when selecting diagnostic tests, 
correct diagnoses, or correct treatments, subjects could 
potentially take a “shotgun approach” by selecting 
more options than necessary in order to observe the 
feedback or to ensure a correct selection, leading to 
spuriously high numbers of incorrect selections. 


Another potential limitation was the variability in 
the time period over which subjects completed cases.  
Subjects were initially urged to complete all cases 
within 2 weeks.  Previous laboratory studies requiring 
analogical reminding have typically been conducted 
over one week or less [9]. Justification for this 
stipulation is founded in the concept that analogical 
reasoning requires the subject to be able to recall the 
pertinent structures of known cases.  Case summaries 
served this purpose to the extent that subjects were 
insightful and diligent in their self-generated accounts 
of each case.  Nevertheless, when excessive periods of 
time transpire between the source case and the target 
case, an unpredictable degree of information decay 
can occur, limiting the usefulness of the subject’s 
recall.  However, in order to reach the target of subject 
completions (and avoid participant drop-out), study 
account extensions were granted in one-week 
increments.   Thus, between-subject variance may 
have dramatically increased because some students 
completed all cases within a brief period of time (e.g. 
24 hours) versus others who took more than a month 
to complete all 11 cases, resulting in weeks between 
their first and last cases. 


Of note, and of particular interest to designers of 
patient simulation programs, is case performance 
improvement resulting from the use of case 
summaries as a tool for reflection and as a proxy for 
self-explanation.  In the present study, diagnostic 
accuracy improved and treatment attempts were 
reduced in participants who summarized in writing the 
pertinent information in each case.  This effect was 
observed early (from the first case in each sequence) 
and was sustained throughout each case sequence.  
While this result is consistent with previous research 
[1-4], and in itself is not surprising – after all, case 
summaries are analogous to physicians writing an 
“H&P” or a “SOAP note” – these investigators are 
aware of no comparable computer-based patient 
simulation platforms which incorporate such a simple 







yet effective tool.  Furthermore, informal analysis of 
subjects’ case summaries written for this study 
revealed that even subjects in groups which did not 
perform ATE (and, therefore, did not need case 
summaries as a recall tool) wrote word counts 
comparable to ATE subjects, suggesting that those 
subjects were using the case summaries for reflection 
and self-explanation. 


Finally, the follow-on survey results demonstrate 
a high degree of user acceptance of Medulator.  
Subject experience with patient simulation tools such 
as Medulator is largely lacking, with 65% of subjects 
responding that they have used similar tools only 
rarely (once per year or less) or never.  Although the 
cases in this study operated in pure assessment mode, 
user comments indicated that many considered 
Medulator an excellent learning tool—an observation 
supported by their improvement in performance 
during the course of study.  However, subjects 
perceived explicit analogical reasoning to be more 
effective than it was.    Nearly all (97%) of ATE 
subjects felt that Medulator was at least somewhat 
effective at helping them to understand the concept of 
analogical (case-based) reasoning.  Three-fourths of 
ATE subjects also felt that analogical reasoning was at 
least somewhat helpful to them in solving cases, even 
though objective measurements did not agree (ATE 
was not statistically associated with improved 
diagnostic accuracy).  Interestingly, the applicability 
of bioterrorism cases to subjects’ training was rated 
low.   


In conclusion, we found that the modifications 
made to Medulator for manipulating case sequences 
and supporting explicit case comparison yielded 
mixed results.  There may be evidence that such 
conditions have a greater effect on therapeutic 
reasoning than diagnostic reasoning, primarily when 
applied in familiar knowledge domains.  However, 
using case summaries as a tool for reflection and 
proxy for self-explanation led to significant 
improvement in students’ performance.  It is likely 
that level of expertise is a primary determinant of 
whether clinicians use causal versus analogical 
reasoning in the overall diagnostic reasoning process.   
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Thinking in Working Memory


Robert G. Morrison


Introduction


It is not an accident that this discussion of
working memory is positioned near the cen-
ter of a volume on thinking and reasoning.
Central to higher-level cognitive processes
is the ability to form and manipulate men-
tal representations (see Doumas & Hummel,
Chap. 4). Working memory is the cogni-
tive construct responsible for the mainte-
nance and manipulation of information and
therefore is neccessary for many of the
types of complex thought described in this
book. Likewise, the development and fail-
ures of working memory are critical to un-
derstanding thought changes with develop-
ment (see Halford, Chap. 22) and aging (see
Salthouse, Chap. 24) as well as many types
of higher-level cognitive impairments (see
Bachman & Cannon, Chap. 21 ). In spite of
its obvious importance for thinking and rea-
soning, working memory’s role in complex
thought is just beginning to be understood.
In this chapter, we review several dominant
models of working memory, viewing them
from different methodological perspectives,


including dual-task experiments, individual
differences, and cognitive neuroscience.


Multiple Memory Systems?


Although the idea of separate primary mem-
ory is credited to William James (1 890),
Waugh and Norman (1965) and Atkinson
and Shiffrin (1968) developed the idea
of distinct primary (i.e., short-term) and
secondary (i.e., long-term) memory com-
ponents into defined models of the hu-
man memory system. These multicompo-
nent models of memory were supported
by observations from many different stud-
ies during the 1950s and 1960s. Perhaps the
most familiar justification for separate short-
term and long-term memory systems is the
serial position effect (e.g., Murdock, 1962).
During list learning, the most recently stud-
ied items show an advantage when tested
immediately – an advantage that goes away
quickly with a delay in test provided that
participants are prevented from rehearsing.
This recency effect is presumably the result
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Figure 1 9.1 . Atkinson and Shiffrin’s (1968) multicomponent memory model.


of quickly unloading short-term memory at
test. In contrast, the first items in the list
show an advantage that withstands a delay
period. This primacy effect presumably oc-
curs because these initial items have been
stored in long-term memory through prac-
tice. Conrad (1964) provided another im-
portant finding justifying distinct systems
when he observed that errors in short-
term remembering were usually phonolog-
ical whereas long-term memory was dom-
inated by semantic coding. This suggested
that rehearsal or storage systems were dif-
ferent between the two types of memory.
Yet another important finding was that, al-
though the capacity of long-term memory
was seemingly limitless, short-term mem-
ory as observed in a simple digit-span task
was of limited capacity (Miller, 1956) –
a finding confirmed using many other ex-
perimental paradigms. Lastly, around this
same era, neuropsychological evidence be-
gan to emerge suggesting that at least parts
of the short- and long-term memory systems
were anatomically distinct. Milner’s (1966)
famous amnesic patient, HM, with his long-
term memory deficits but preserved short-
term digit span, and Shallice and Warring-
ton’s (1970) patient, KF, with his intact
long-term memory but grossly impaired
digit span, presented a double dissociation
favoring at least partially distinct short- and
long-term memory systems. Atkinson and
Shiffrin’s (1968) memory model was typical
of models from the late 1960s with distinct
sensory, short-term, and long-term memory
stores (Figure 19.1 ). Short-term memory was
viewed as a short-term buffer for informa-
tion that was maintained by active rehearsal.
It was also believed to be the mechanism by


which information was stored in long-term
memory.


A Multi-component Working
Memory Model


While exploring the issues described in the
previous section, Baddeley and Hitch (1974)
proposed a model that expanded short-term
memory into the modern concept of working
memory – a term that has been used in several
different contexts in psychology.1 Baddeley
(1986) defined working memory as “a system
for the temporary holding and manipula-
tion of information during the performance
of a range of cognitive tasks such as com-
prehension, learning, and reasoning” (Ref. 3 ,
p. 34). In a recent description of his working-
memory model, Baddeley (2000) proposed
a four-component model (Figure 19.2), in-
cluding the phonological loop, the visuospa-
tial sketchpad, the central executive, and the
model’s most recent addition, the episodic


Figure 1 9.2 . Baddeley’s (2000) four-component
working memory model.
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buffer. This model has primarily been con-
ceptualized based on results from behav-
ioral dual-task paradigms and neuropsychol-
ogy. For instance, using behavioral methods,
Baddeley and Hitch (1974) reasoned that
they could identify the separable elements
of working memory by looking for task in-
terference. If you assume the various compo-
nents of working memory are capacity lim-
ited, then if the simultaneous performance
of a secondary task degrades performance
of a primary task, these two tasks must
tap a common limited resource – partic-
ularly if there exists another primary task
that is unaffected by performance of the sec-
ondary task and is affected by a different
secondary task that does not affect the first
primary task. Likewise, neuropsychological
evidence such as the existence of patients
with selectively disabled verbal (e.g., patient
KF, Shallice & Warrington, 1970) and visual
(e.g., de Renzi & Nichelli, 1975) digit span
suggested that verbal and visual working-
memory systems are somewhat separable
as well.


Using this type of methodology, Baddeley
has suggested that the phonological loop and
visuospatial sketchpad are modality-specific
slave systems that are responsible for main-
taining information over short periods of
time. The phonological loop is responsible
for the maintenance and rehearsal of infor-
mation that can be coded verbally (e.g., the
digits in a digit-span task). It is phonemi-
cally sensitive (e.g., Ted and Fred are harder
to remember than Ted and Bob), and its ca-
pacity is approximately equal to the amount
of information that can be subvocally cy-
cled in approximately 2 seconds. Baddeley
(1986) argues that these two characteris-
tics of verbal working memory are best ex-
plained by two components: (1 ) a phonologi-
cal store that holds all of the information that
is currently active and is sensitive to
phonemic interference effects and (2) an
articulatory loop that is used to refresh the
information via a process of time-limited
subvocal cycling. The articulatory loop
is specifically disrupted by the common
phonological loop secondary task, articula-
tory suppression (i.e., repeating a word or


H*
yes yes


no no


no no


yes yes


yes yesyes yes


Figure 1 9.3 . The Brooks (1968) letter task.
Participants are to image a block letter and then
decide whether each corner of the letter is an
outside edge.


number vocally). Thus, verbal span is con-
strained by both the amount of information
to be maintained and the time that it takes
to rehearse it. In contrast to the phonologi-
cal loop, the visuospatial sketchpad has been
more difficult to describe. In a dual-task ex-
periment, Baddeley (1986) asked subjects to
simultaneously perform a pursuit rotor task
(i.e., track a spot of light that followed a
circular path with a stylus) while perform-
ing either a verbal or spatial memory task
previously developed by Brooks (1968; Fig-
ure 19.3). The verbal task required subjects
to remember a sentence (e.g., “A bird in hand
is not in the bush”) and scan through each
word deciding whether it was a noun or not.
The correct pattern of output for this exam-
ple would be: no, yes, no, yes, no, no, no, no,


yes. In the visual memory task, participants
are first shown a block letter with one corner
marked with an asterisk (Figure 19.3). They
are then asked to imagine the letter and, be-
ginning at the marked corner, judge whether
each corner is an outside corner or not. Thus,
in both the verbal and visual memory tasks,
participants are required to hold a modality-
specific object in memory and inspect it, an-
swering yes or no to questions about their
inspection. Baddeley found that the visual
memory task, but not the verbal memory
task, seriously degraded pursuit rotor track-
ing performance.


Logie (1995) has argued for a visual sim-
ilarity effect analogous to the phonemic
similarity effect used to support the phono-
logical store. Participants were visually
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presented strings of upper- and lowercase
letters (e.g., “KcPs” or “gBrQ”). Letters were
chosen based on the similarity of their lower
and uppercase characters. Thus Kk, Cc, Pp,
Ss were visually similar while Gg, Bb, Rr, Qq
were visually dissimilar. To discourage use of
the phonological loop to perform the task,
participants performed simultaneous articu-
latory suppression. After a retention period,
participants had to write down the letter
sequence in correct order and case. Logie
found that participants made significantly
more errors when the letter cases were vi-
sually similar. This finding suggests the ex-
istence of a visual store analogous to the
phonological store in the phonological loop.
It is possible that a visual rehearsal loop anal-
ogous to the articulatory loop exists; how-
ever, to date evidence is limited to introspec-
tive accounts of mnemonics. What is clear is
that both visual and spatial qualities of stim-
uli can be stored in the short term; how-
ever, the independence of systems responsi-
ble for visual and spatial memory is the topic
of much debate (see Logie, 1995).


The third component of Baddeley’s work-
ing memory model, the central executive,
was initially a catch-all for the working-
memory-processes necessary for certain cog-
nitive abilities that did not fit cleanly
into the phonological loop or visuospatial
sketchpad. This category included many
of the cognitive abilities discussed in this
book, including reasoning, problem solv-
ing, and language. For instance, Shallice and
Warrington’s (1970) patient KF had a dras-
tically degraded verbal span (i.e., two let-
ters) with relatively intact language compre-
hension. Believing that both of these abili-
ties required working memory, Baddeley and
Hitch (1974) reasoned that verbal span and
language comprehension must use separate
working-memory modules. To test this hy-
pothesis, they devised a short-term mem-
ory load task that balanced maintenance load
and time (Baddeley & Hitch, 1974). For in-
stance, a low-load condition might require
participants to remember three numbers,
outputting them every 2 seconds, while a
high-load condition might require partici-
pants to remember six numbers, outputting


them every 4 seconds. Participants per-
formed this secondary task while simulta-
neously performing a primary task involv-
ing auditory language comprehension. They
found that language comprehension only
suffered at high concurrent memory load
and not under lower memory load condi-
tions. At low memory load, participants had
sufficient resources to carry out the compre-
hension task; however, at high memory load
there were insufficient resources for lan-
guage comprehension. Adding the results of
this study to many other similar experiments
and the neuropsychological evidence from
patients like KF, Baddeley and Hitch postu-
lated that comprehension and digit span uti-
lizes separate modules of working memory
that taps a common resource pool.


Given the amorphous nature of the cog-
nitive tasks for which the central executive
was necessary, Baddeley (1986) initially em-
braced Norman and Shallice’s (1980; 1986)
concept of a Supervisory Attentional Sys-
tem as a model for the central executive.
Norman and Shallice suggested that most
well-learned cognitive functions operate via
schemata, or sets of actions that run auto-
matically. Although many schemata may be
shared by most individuals (e.g., driving a
car, dialing a telephone, composing a simple
sentence, etc.), additional schemata may be
acquired through the development of spe-
cific expertise (e.g., writing lines of com-
puter code, swinging a golf club, etc.). At
many times during an ordinary day, we must
perform more than one of these schemata
concurrently (e.g., talking while driving).
Norman and Shallice suggest that when we
must perform multiple schemata, their co-
ordination or prioritization is accomplished
via the semi-automatic Contention Scheduler
and the strategically controlled Supervisory
Attentional System. The Contention Sched-
uler uses priorities and environmental cues
(e.g., a car quickly pulls in front of me),
whereas the Supervisory Attentional System
tends to follow larger goals (e.g., convinc-
ing my wife that I’m a good driver). Thus,
when the car rapidly pulled in front of me,
I pressed the brake on the car and then pro-
ceeded to tell my wife how attentive I am
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while on the road. One important charac-
teristic of the Supervisory Attentional Sys-
tem as a model of the central executive was
that it was sensitive to capacity limits. Ac-
cording to Norman and Shallice, capacity
limits constrain thinking and action during
(1 ) complex cognitive processes such as rea-
soning or decision making; (2) novel tasks
that have not developed schemata; (3) life-
threatening or single, difficult tasks; and (4)
functions that require the suppression of
habitual responses.


Baddeley (1986) suggested that the Su-
pervisory Attentional System provided a
useful framework for understanding random
generation, a task frequently associated with
the central executive. In random genera-
tion, a participant is asked to generate a
series of random responses from a prede-
termined list (e.g., integers from 0 to 9,
for instance: 1 ,8,4 ,6,0,7,6, 8,4 ,5 ,6,1 ,2). Re-
sponse patterns from this task usually exhibit
two characteristics: (1 ) certain responses ap-
pear at much lower frequencies than oth-
ers (e.g, 3 or 9 did not appear whereas
1 ,4 ,6, and 8 appeared repeatedly) and (2)
stereotyped responses (e.g., 4 ,5 ,6 or 1 ,2)
are much more common than other equally
likely two- or three-number sequences (Bad-
deley, 1966). Baddeley suggested that the
higher-order goal of randomness is at odds
with the dominant schemata for the pro-
duction of numbers (i.e., counting). Thus,
random generation potently requires the ser-
vices of the Supervisory Attentional Sys-
tem to override or inhibit the dominant
schemata. When random number genera-
tion is performed with another working-
memory–intensive task, the resources avail-
able to the Supervisory Attentional System
(i.e., central executive) are in even more de-
mand and responses become more stereo-
typed (Baddeley et al., 1998).


Although the Supervisory Attentional
System describes an important ability that
underlies complex cognitive processes such
as language comprehension and problem
solving, it fails to offer a tenable account
of how, short of a homunculus, this direc-
tion would occur. Acknowledging this prob-
lem, Baddeley’s current model of the central


executive fractionates the central executive
in the hope that by understanding precisely
what the central executive does we might
learn how it does it. Baddeley (1996) sug-
gested four arguably distinct central exec-
utive functions: “(1 ) the capacity to coor-
dinate performance on two separate tasks,
(2) the capacity to switch retrieval strategies
as reflected in random generation, (3) the
capacity to attend selectively to one stimu-
lus and inhibit the disrupting effect of oth-
ers, and (4) the capacity to hold and ma-
nipulate information in long-term memory,
as reflected in measures of working memory
span” (Ref. 4 , p. 5). Thus, Baddeley argued
that the central executive is important for
task switching, inhibition of internal repre-
sentations or prepotent responses, and the
activation of information in long-term mem-
ory during an activity that requires the active
manipulation of material. In comparison to
the slave systems, relatively little attention
has been paid to the central executive utiliz-
ing dual-task methodologies.


The last and most recently added compo-
nent of Baddeley’s working-memory model
is the episodic buffer. One problem encoun-
tered by a modal working-memory model is
the need for integration. How can a com-
plex problem requiring the integration of
information across modalities be solved if
all the information is being held in sepa-
rate distinct buffers? This binding problem,
whether it is binding information within
a modality or across modalities, is one of
the central challenges for a working-memory
system capable of high-level cognition (see
Doumas & Hummel, Chap. 4). To address
this issue, Baddeley (2000) has proposed
a third type of buffer that uses a multidi-
mensional code. Thus, this buffer can main-
tain information from several modalities that
has been bound together by the central ex-
ecutive. Fuster, Bodner, and Kroger (2000)
have found evidence of the existence of neu-
rons in prefrontal cortex that seem to be re-
sponsible for this type of function. Another
important function of the episodic buffer
is serving as a scratchpad for the develop-
ment of new mental representations during
complex problem solving. There are many
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examples of situations requiring the func-
tions ascribed to the episodic buffer, but the
methods for studying such a resource utiliz-
ing the task-interference paradigm are still
under development.


Embedded-Processes
Working-Memory Model


Although Baddeley’s multi-component
working-memory model has dominated
the field for much of the past thirty years,
there are alternative conceptions of work-
ing memory. Cowan (1988, 1995) has
proposed a model that tightly integrates
short- and long-term memory systems
with attention. In his Embedded-Processes
working-memory model (Figure 19.4),
Cowan defines working memory as the set
of cognitive processes that keep mental
representations in an easily accessible state.
Within this system, information can either
be within the focus of attention, which
Cowan believes is capacity limited, or
in active memory, which Cowan suggests
is time limited. The focus of attention is
similar to James’s (1 890) concept of primary
memory and is equated to the information
that is currently in conscious awareness. In
contrast, active memory, a concept similar
to Hebb’s (1949) cell assemblies or Ericsson
and Kintsch’s (1995) long-term working
memory, refers to information that has
higher activation either from recently being
in the focus of attention or through some
type of automatic activation (e.g., priming).
In the Embedded-Processes model, a central
executive, somewhat similar to Norman
and Shallice’s (1980, 1986) Supervisory
Attention System, is responsible for bring-
ing information into the focus of attention
while an automatic recruitment of attention
mechanism can bring information into
active memory without previously having
been in the focus of attention.


A critical distinction between Cowan’s
Embedded-Processes model and Baddeley’s
multi-component model is how the two
models deal with the topic of maintenance of


information. As previously discussed, Bad-
deley hypothesizes modality-specific buffers
for the short-term storage of information
that coordinate with the Episodic Buffer,
which is responsible for storing integrated in-
formation. In contrast, Cowan suggests that
information is maintained in working mem-
ory simply by activating its representations
in long-term memory via short-term – spe-
cific neurons in the prefrontal or parietal cor-
tices. This latter view suggests that informa-
tion from different modalities will behave
differently to the extent that they are coded
differently in long-term memory, a view
somewhat at odds with findings of phonolog-
ical errors in short-term memory tasks and
semantic errors in long-term memory tasks.
Cowan counters this objection by noting
that different codes are used in the storage of
information in long-term memory and, de-
pending on the nature of the task, different
codes are likely to be more important. Like-
wise, Baddeley has argued that short-term
and long-term memory systems are distinct
based on neuropsychological evidence sug-
gesting that short-term and long-term sys-
tems can be dissociated and therefore must
be distinct systems. This argument, how-
ever, relies to some extent on the belief that
the individual short- and long-term systems
are anatomically unitary, an assumption that
seems unlikely given recent evidence from
cognitive neuroscience. Fuster has argued,
based on results from single-cell recording
in nonhuman primates, that neurons in pre-
frontal cortex are responsible for maintain-
ing information in working memory (Fuster
& Alexander 1971 ); however, disrupting cir-
cuits between this area and more poste-
rior or inferior regions associated with long-
term storage of information can also result
in working-memory deficits (Fuster, 1997).
Recent evidence from electrophysiology in
humans seems to confirm that areas in pre-
frontal cortex and areas associated with long-
term storage of information are temporally
coactive during working-memory tasks (see
Ruchkin et al., 2003 , for a review).


A second important distinction be-
tween Baddeley’s multi-component
working-memory model and Cowan’s
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Figure 1 9.4. Simplified diagram of Cowan’s (1988) Embedded-Processes Model.


Embedded-Processs model is modality
specificity. Specifically, Baddeley has pro-
posed independent modules within working
memory for maintaining information from
different modalities (e.g., visual or verbal).
In contrast, Cowan suggests only a domain-
general central executive that, in turn, can
activate networks for various modalities of
information stored in long-term memory.
Baddeley also proposes a domain-general
central executive, so the main distinction
between the models is whether information
to be maintained in working memory is
loaded into domain-specific buffers or
whether it is simply activated in long-term
memory. From our earlier discussion, there
seems to be no doubt that it is easier to
maintain a certain quantity of information
across several modalities than to maintain
the same amount of information within just
a single modality. Although this observation
does not necessitate independent buffers, it
does suggest that capacity limitations may
be somewhat domain-specific.


Reasoning and Working Memory:
Using the Task-Interference Paradigm


Although the task-interference paradigm
has been very useful in exploring working


memory slave systems, relatively little has
been done using this technique to study
high-level cognition or the central executive.
Central to high-level cognitive processes is
the ability to form and manipulate men-
tal representations. Review of the functions
of the central executive in either Baddeley
or Cowan’s models suggests that the cen-
tral executive should be critical for thinking
and reasoning – a hypothesis that has been
confirmed in several studies. In their semi-
nal work on working memory Baddeley and
Hitch (1974) asked participants to perform
a reasoning task in which they read a sim-
ple sentence containing information about
the order of two abstract terms (i.e., A and
B). Their task was to judge whether a let-
ter sequence presented after the sentence
reflected the order of the terms in the state-
ment. For instance, a TRUE statement would
be “A not preceded by B” followed by AB
(Ref. 7, p. 50). Baddeley and Hitch varied the
statements with respect to statement voicing
(i.e., active or passive), negation, and verb
type (i.e., precedes or follows). They found
that low concurrent memory loads (i.e., one
to two items to remember) had no effect on
reasoning accuracy or response time; how-
ever, high concurrent memory load (i.e., six
items to remember) had a reliable effect on
response time. Depending on the empha-
sis of the instructions used, they found that
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the decrement in performance was either
in the reasoning task or the memory task.
There was no statistical interaction between
concurrent memory and the reasoning task
difficulty.


Several other researchers have investi-
gated how working memory is important for
deductive reasoning. Gilhooly et al. (1993),
utilizing methods similar to Baddeley and
Hitch, asked participants to perform ver-
bal syllogisms (Evans, Chap. 8, for a de-
scription of syllogistic reasoning) of varying
levels of complexity. In a first experiment,
participants either viewed the premises of
the syllogisms visually, all at once, or heard
the premises read one at a time. Gilhooly
et al. hypothesized that verbal presentation
would result in a higher working-memory
load because participants would have to
maintain the content of the premises before
they were able to solve the problem. They
found this result: Participants made more er-
rors in the verbal condition than in the vi-
sual condition. An error analysis indicated
that the errors made were the result of not
remembering the premises correctly, not er-
rors made in the process of integration of in-
formation between premises. In a second ex-
periment, they had participants perform the
syllogism task visually while performing one
of three different secondary tasks. They
found that only random number generation
interfered with performance of syllogisms.
Gilhooly et al. concluded that the central
executive is critical for relational reason-
ing and the phonological loop (as interfered
with by articulatory suppression) may be
involved to a lesser extent. They also con-
cluded that the visuospatial sketchpad, as
interfered with by spatial tapping (i.e., tap-
ping a fixed pattern with the fingers), was not
important for performing verbal syllogisms
and thus argued against models of reason-
ing that are at least in principle dependent
on involvement of visual working memory
(e.g., Kirby & Kosslyn, 1992 ; Johnson-Laird,
1983). In a similar study, Toms, Morris, and
Ward (1993) found no evidence that a vari-
ety of secondary tasks loading on either the
phonological loop or visuospatial sketchpad


had any effect on either reasoning accuracy
or latency. Of the secondary tasks they used,
only a high concurrent memory load (i.e., six
digits) affected reasoning performance, and
this effect appeared to be limited to difficult
syllogisms.


Klauer, Stegmaier, and Meiser (1997) had
participants perform syllogisms and spatial
reasoning tasks that involved transitive in-
ference (see Halford, Chap. 22 , for a de-
scription of transitive inference tasks). The
spatial reasoning problems varied in com-
plexity from simple transitive inference (e.g.,
“The circle is to the right of the trian-
gle. The square is to the left of the tri-
angle.” See Ref. 44 , p. 1 3) to more com-
plicated transitive inference problems that
required greater degrees of relational inte-
gration. Klauer et al. had participants per-
form a visual tracking task (i.e., follow
one object on a screen filled with distrac-
tor objects) while listening to the premises
of the reasoning problems. They found
that this visuospatial secondary task inter-
fered with spatial reasoning but had little
effect on syllogism performance. In another
experiment, Klauer et al. presented syllo-
gisms or spatial reasoning problems either
auditorally (as in the previous experiment)
or visually on a computer screen. While
performing these primary tasks, participants
performed random generation either ver-
bally or spatially, by pressing keys in a ran-
dom pattern. They found that both forms of
random generation affected both syllogism
and spatial reasoning performance; however,
spatial random generation caused somewhat
less interference than verbal random gener-
ation – a finding consistent with Baddeley et
al.’s (1998) extensive study of random gen-
eration. In their final experiment, Klauer et
al. found that articulatory suppression (i.e.,
counting repeatedly from 1 to 5) had a mild
effect on syllogism and spatial reasoning la-
tencies. Overall, Klauer et al. found evidence
for involvement of the central executive (as
interfered with by random generation) and
somewhat less interference by slave system
tasks consistent with the modality of the rea-
soning task.
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Unlike the examples of deductive and
spatial reasoning we discussed previously,
analogical reasoning frequently requires the
extensive retrieval of semantic information
in addition to the relational processing char-
acteristic of all types of reasoning (see
Holyoak, Chap. 6, for a detailed discussion
of analogical reasoning). Waltz et al. (2000)
had participants perform an analogical rea-
soning task while performing one of several
secondary tasks. In the analogical reasoning
task (adapted from Markman & Gentner,
1993), participants studied pairs of pictures
of scenes with multiple objects (see Figure
6.3 in Holyoak, Chap. 6). For instance, one
problem showed a boy trying to walk a dog
in one picture while the companion picture
showed a dog failing to be restrained by a
leash tied to a tree. Participants were asked to
study each picture and pick one object in the
second picture that “goes with” a target ob-
ject in the first picture. In the example prob-
lem in Figure 6.3 , the man in the first picture
is a featural match to the boy in the second
picture while using an analogy the boy is a
relational match to the tree in the second
picture. Participants were simply asked to se-
lect one object; they were thus free to com-
plete the task based on either featural sim-
ilarity or make an analogical mapping and
inference, answering based on relational sim-
ilarity. Waltz et al. found that participants
who maintained a concurrent memory load
or performed verbal random number gener-
ation or articulatory suppression (i.e., saying
the word “the” once each second) gave fewer
relational responses than a control group not
performing a dual task. In a recent extension
with this task, my lab replicated Waltz et al.’s
articulatory suppression finding (i.e., saying
the English nonword “zorn” once each sec-
ond) and also found a similar effect for a vi-
suospatial working-memory dual task (man-
ually tapping a simple spatial pattern).


In the previous studies, the extent of in-
terference with the analogy task was similar
for both central executive (concurrent mem-
ory load and verbal random number gen-
eration) and slave system (articulatory sup-
pression and spatial tapping) dual tasks. One


explanation of these results is that analogical
reasoning is more resource demanding than
the deductive and spatial reasoning tasks
previously discussed, and thus even the slave
system tasks cause significant interference.
Another possibility is that analogical reason-
ing places greater demands specifically on
the modality-specific slave systems of work-
ing memory than other forms of relational
reasoning. To investigate this issue, Morri-
son, Holyoak, and Truong (2001 ) had par-
ticipants perform either a verbal or visual
analogy task, while performing articulatory
suppression (i.e., saying the nonword “zorn”
once a second), spatial tapping (i.e., touch-
ing one of four red dots each second in a
predetermined pattern), or verbal random
number generation. In the verbal analogy
task, participants verified verbal analogies,
such as BLACK:WHITE::NOISY:QUIET,
answering either TRUE or FALSE via a floor
pedal. In the visual analogy task, participants
performed Sternberg’s (1977) People Pieces
analogy task. In this task, participants ver-
ify whether the relational pattern of charac-
teristics between two cartoon characters is
the same or different than between a sec-
ond pair of characters. Morrison, Holyoak,
and Truong found that, for verbal analogies,
articulatory suppression and verbal random
number generation resulted in an increase in
analogy error rate, whereas only verbal ran-
dom number generation increased analogy
response time for correct responses. Spatial
tapping had no reliable effect on verbal anal-
ogy performance. In contrast, for visual anal-
ogy, both spatial tapping and verbal random
number generation resulted in more analogy
errors, whereas only random generation in-
creased analogy response time. Articulatory
suppression had no reliable effect on visual
analogy performance. Thus, there seems to
be a modality-specific role for working mem-
ory in analogical reasoning.


In summary, all of the reasoning tasks
described in the previous section are inter-
fered with by dual tasks considered to tap
the central executive (e.g., random number
generation or concurrent memory load).
The deductive reasoning tasks reported
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require the manipulation and the alignment
of premises that are provided in the prob-
lem. In addition to these operations, analog-
ical reasoning may require the reasoner to
retrieve information from semantic memory
(e.g., the relations that bind the terms in the
analogy) and then map the resulting rela-
tional statements (and in some cases make
an inference that requires retrieving a term
that completes the analogy).


To evaluate the extent that working-
memory resources are necessary for seman-
tic memory retrieval and relational binding,
my lab went on to examine the compo-
nent processes in working memory is neces-
sary for analogical reasoning. We wondered
whether working memory is necessary for
the simple process of relational binding or
only becomes necessary when multiple rela-
tions need to be maintained and compared
during the analogical mapping process. To
address this question, we used the stim-
uli from the verbal analogy task but simply
asked participants to verify relational state-
ments instead of comparing two of them as
in the analogy task. Thus, participants would
respond TRUE to a statement like “black is
the opposite of white” and FALSE to the
statement “noisy is the opposite of nois-
ier.” As in the verbal analogy task, articula-
tory suppression and verbal random number
generation affected performance with spa-
tial tapping also having a smaller, but reli-
able effect. Thus, relational binding, not just
maintenance and mapping, require use of
the working-memory system, including the
modality-specific slave systems.


Individual Differences in
Working Memory


An alternative to Baddeley’s dual-task me-
thodology uses individual differences to
study working memory. Daneman and Car-
penter (1980) first used this approach to
investigate how working memory was in-
volved in language comprehension. They de-
veloped a reading span task that required
subjects to read several sentences and then


later recall the last word of each sentence in
the correct order. The participant’s span is
typically defined as the maximum-sized trial
with perfect performance. This measure cor-
related relatively well with individuals’ read-
ing comprehension ability. Unlike a simple
short-term memory-span task, the working-
memory–span task required the subjects to
do a more complex task while also remem-
bering a list of items. In this way, the span
task is believed to tap both the mainte-
nance (slave system) and manipulation (cen-
tral executive and episodic buffer) aspects
of working memory. Other span tasks have
been developed to vary the nature of the
task that participants perform and what
they maintain. For example, Turner and En-
gle (1989) asked participants to solve sim-
ple arithmetic problems and then remem-
ber a word presented at the end of each
problem. In the n-back task (Figure 19.5 ;
Smith & Jonides, 1997 for a complete de-
scription), the manipulation task is changed
to having to continuously update the set
of items. Using this approach, researchers
have found working-memory capacity to be
an important predictor of performance in a
broad range of higher cognitive tasks, includ-
ing reading comprehension (Daneman &
Carpenter, 1980), language comprehension
(Just & Carpenter, 1992), following direc-
tions (Engle, Carullo, & Collins, 1991 ), rea-
soning (Carpenter, Just, & Shell, 1990; Kyllo-
nen & Christal, 1990), and memory retrieval
(Conway & Engel, 1994).


Researchers using working-memory-span
measures typically measure participants’
working-memory span using one or more
measures and then use this to predict per-
formance on another task. A high correlation
suggests that working memory is an impor-
tant target for the task. More sophisticated
studies collect a variety of other measures of
information processing ability (e.g., process-
ing speed or short-term memory span) and
use either multiple regression or structural
equation modeling to determine whether
these various abilities are separable with
respect to the target task. Engle and his
collaborators (Engle, Kane, & Tuholski,
1999; Kane & Engle, 2003b; see also
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Figure 1 9.5 . The n-back task. Participants see a stream of letters, numbers, or
symbols and have to continuously answer whether the current item was the
same as the item presented “n-back” in the stream. This task requires
maintenance of the current in-set item and continuous updating of this set – an
ability considered to be manipulation of the set.


Salthouse, Chap. 24) have used this ap-
proach to argue that, although working-
memory-span and short-term-memory-span
tasks share much variance, it is working-
memory capacity that best predicts higher
cognitive performance as measured by tasks
such as the Ravens Progressive Matrices (see
Figure 19.6).


Kane and Engle believe that the ability
measured by a working-memory-span task
once simple maintenance is stripped away is
best described as controlled attention. They
have argued that working-memory capacity
is a good predictor of task performance in
tasks that (a) require maintenance of task
goals, (b) require scheduling competing ac-
tions or responses, (c) involve response com-
petition or (d) involve inhibiting informa-
tion irrelevant to the task (Engle, Kane, &
Tuholski, 1999). This list is very similar to
the functions that Baddeley (1996) attribu-
tes to the central executive. Obviously, these
are the types of cognitive processes that


are omnipresent in high-level cognition.
They are also the types of cognitive abil-
ities necessary to perform traditional tests
of fluid or analytical intelligence such as
the Ravens Progressive Matricies (1938),
leading researchers to hypothesize that
working-memory capacity is the critical
factor that determines analytical intelli-
gence (see Kane & Engle, 2003a; Sternberg,
Chap. 31 ).


The Where, What, and How
of Working Memory and Thought


So far, we have suggested that there are
at least two important aspects of working
memory for human thinking – a modality-
specific maintenance function that is ca-
pable of preserving information over short
periods of time and a manipulation or at-
tentional control function that is capable
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Figure 1 9.6. Structural Equation Model of the relationship of working memory and short-term
memory and their role in analytic problem solving and intelligence. From Engle, Kane, and Tuholski
(1999).


of activating, operating, and updating this
information during conscious thought. Re-
cently, cognitive neuroscientists have de-
voted much effort to answering the question
of where in the brain these working mem-
ory mechanisms operate. This topic is be-
yond the scope of this chapter [see Goel,
Chap. 20, for a more detailed treatment of
the cognitive neuroscience of problem solv-
ing and Chein, Ravizza, and Fiez (2003) for
a recent appraisal of the ability of Baddeley
and Cowan’s models to account for recent
neuroimaging findings]; however, we know
that at least several areas of the prefrontal
and parietal corticies are critical for these
functions. Although these areas may be spe-
cific to working memory, there is mount-
ing evidence from both electrophysiology
and functional magnetic resonance imaging
(fMRI) that working memory is the result
of activation of networks involving many
brain regions.2 A more interesting question
than where, is how working memory op-
erates thinking. Unfortunately, much less
attention has been given to this question;
however, several of the computational ap-
proaches outlined in this book begin to ad-
dress this topic.3


It is the belief of many of the authors in
this volume that high-level cognition is in-
trinsically relational in nature, a position long
argued by many scientists (see Fodor and
Pylyshyn, 1988; Spearman, 1923). In this
account, one critical function for working
memory to accomplish is the flexible binding
of information stored in long-term memory.
Working memory must also be able to nest
relations to allow more complex knowledge
structures to be used. Halford (Chap. 22) has
referred to this factor as relational complexity.
As the relational complexity of a particular
problem increases, so do the demands placed
on working memory. Goals are a particu-
lar subclass of relations that are especially
important in deductive reasoning (see Goel,
Chap. 20). Maintaining the complex goal hi-
erarchies (high relational complexity) nec-
essary for solving complex problems such as
those encountered in chess or in tasks such
as the Ravens Progressive Matrices or the
Tower of Hanoi makes great demands on
the working memory system (see Lovett &
Anderson, Chap. 1 7; Carpenter, Just, &
Shell, 1990; Newman et al., 2003). Most
work directed at understanding how the
brain implements working memory has
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focused on relatively simple tasks in which
processing of relations is minimal.


The ways in which the brain’s distributed
architecture is used to process problems
that require relation flexibility and relational
complexity have just begun to be explored
(see Christoff & Gabrieli, 2000; Christoff et
al., 2001 ; Morrison et al., 2004 ; Prabhakaran
et al., 2000; Waltz et al., 1999). Hum-
mel and Holyoak’s (1997, 2003 ; see also
Doumas & Hummel, Chap. 4) LISA model
solves the binding problem created by the
need for the flexible use of information in
a distributed architecture. The LISA model
dynamically binds roles to their fillers in
working memory by temporal synchrony of
firing. This allows the distributed informa-
tion in long-term memory to be flexibly
bound in different relations and for the sys-
tem to appreciate that the various entities
can serve different functions in different re-
lations and relational hierarchies. It is possi-
ble that one role of the prefrontal cortex is to
control this synchrony process by firing the
distributed network of neurons representing
the actual fillers in long-term memory (see
Doumas & Hummel Chap. 4 , and Morrison
et al., 2004 , for a more detailed account of
this approach). Although no direct evidence
exists for synchrony of binding in high-level
relational systems, several studies in animals
(e.g., Gray et al., 1989) and in humans (e.g.,
Müller et al., 1996; Ruchkin et al., 2003)
suggest that synchrony may be an important
mechanism for other cognitive processes im-
plemented in the brain. This type of sys-
tem is also consistent with Baddeley’s (2000)
concept of an episodic buffer that binds in-
formation together in working memory.


Implicit in a working-memory system ca-
pable of handling relations is not only the
ability to precisely activate information in
long-term memory but also the ability to
deactivate or inhibit it. Consider the simple
analogy problem:


BLACK:WHITE::NOISY: ? (1 ) QUIET
(2) NOISIER


If the semantic association between NOISY
and NOISIER is stronger than that between


NOISY and QUIET, the correct relational
response, QUIET, may initially be less active
because of spreading activation in memory
than the distractor item, NOISIER. Thus,
during reasoning, it may be necessary to in-
hibit information that is highly related but
inconsistent with the current goal (Morri-
son et al., 2004). This function of work-
ing memory has also been ascribed to the
prefrontal cortex (see Kane & Engle, 2003b
and 2003a; Miller & Cohen, 2001 ; and Shi-
mamura, 2000, for reviews). Many complex
executive tasks associated with frontal lobe
functioning (e.g., Tower of Hanoi or Lon-
don, Analogical Reasoning, Wisconsin Card
Sorting) have important inhibitory compo-
nents [Miyake et al., 2000; Morrison et al.,
2004 ; Viskontas et al. (in press), and Welsh,
Satterlee-Cartmell, & Stine, 1999]. Shima-
mura (2000) suggested that the role of pre-
frontal cortex is to filter information dynam-
ically – a process that requires the use of
both activation and inhibition to keep infor-
mation in working memory relevant to the
current goal. Miller and Cohen (2001 ) ar-
gued that “the ability to select a weaker, task-
relevant response (or source of information)
in the face of competition from an otherwise
stronger, but task-irrelevant one [is one of
the most] fundamental aspects of cognitive
control and goal-directed behavior” (Ref. 48,
p. 1 70) and is a property of prefrontal cortex.
More generally, many researchers believed
that inhibition is an important mechanism
for complex cognition (see Dagenbach &
Carr, 1994 ; Dempster & Brainerd, 1995 ; and
Kane & Engle, 2003a, for reviews) and that
changes in inhibitory control may explain
important developmental trends (Bjorklund
& Harnishfeger, 1990; Hasher & Zacks, 1988;
Diamond, 1990) and individual differences
(Dempster, 1991 ; Kane & Engle, 2003a,
2003b) in complex cognition.


Conclusions and Future Directions


Working memory is a set of central processes
that makes conscious thought possible. It
flexibly provides for the maintenance and
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manipulation of information through both
activation and inhibition of information re-
trieved from long-term memory and newly
accessed from perception. Relations are crit-
ical to thought and the working-memory sys-
tem therefore must provide for the flexible
binding of information. It also allows the
problem solver to maintain goals that allow
successful navigation of single problems but
also allows for integration of various parts of
larger problems. Working-memory capacity
is limited, and this is an important individ-
ual difference that affects and perhaps even
determines analytic intelligence. We know
that working memory is critically dependent
on prefrontal cortex functioning, but likely
involves the successful activation and inhi-
bition of large networks in the brain. Main-
tainence of information in working mem-
ory tends to be somewhat modality specific;
however, attentional resources typically as-
cribed to a central executive tend to be
more modality independent and allow for
the connection of information from differ-
ent modalities.


The future of working memory research
resides in better understanding how these
processes operate in the brain. Computa-
tional approaches allow researchers to make
precise statements about functional pro-
cesses necessary for a working-memory sys-
tem to perform thinking and can provide
useful predictions for evaluation with cogni-
tive neuroscience methods. Whereas much
effort has been placed on understanding
where working memory resides in the cor-
tex, much less attention has focused on how
it functions. Understanding the neural pro-
cesses underlying working memory will al-
most certainly require tight integration of
methods that provide good spatial localiza-
tion (e.g., fMRI) and good temporal informa-
tion (e.g., electrophysiology) in the brain.


Acknowledgments


Preparation of this chapter was supported by
grants from the Office of Naval Research,
Xunesis (www.xunesis.org), and National


Service Research Award (MH-064244) from
the National Institute of Mental Health. Ap-
preciation is due to Marsha Lovett and Keith
Holyoak for comments on an earlier draft of
this chapter.


Notes


1 . The term “working memory” was originally
used to describe rat behavior during radial arm
maze learning [see Olton (1979) for a de-
scription of this literature). It was also used
by Newell and Simon (1972)] to describe the
component of their computational models that
holds productions – that is, operations that
the model must perform (see also Lovett and
Anderson, Chap. 1 7).


2 . Fuster (1997) has long argued for this approach
to working memory based on electrophysiolog-
ical and cortical cooling data from nonhuman
primates. In Fuster’s model, neurons in pre-
frontal cortex drive neurons in more posterior
brain regions that code for the information to
be activated in long-term memory. This per-
spective is also consistent with Cowan’s (1988)
Embedded-Processes model. See also Chein,
Ravizza, and Fiez, 2003 .


3 . Both ACT (Lovett and Anderson, Chap. 1 7)
and LISA (Doumas and Hummel, Chap. 4)
provide accounts of how working memory may
be involved in higher-level cognition. These
theories and computational implementations
provide excellent starting points for investi-
gating how the brain actually accomplishes
high-level thought. An excellent edited vol-
ume by Miyake and Shah (1999) reviews many
of the traditional computational perspectives
on working memory.
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Abstract 


Theories of the development of analogical reasoning 
emphasize either the centrality of relational knowledge 
accretion or changes in information processing. Recent 
cross-cultural data collected from children in the United 
States and China (Richland, Chan, Morrison, & Au, 2010) 
provides a unique way to test these theories. Here we use 
simulations in LISA/DORA (Doumas, Hummel, & 
Sandhofer, 2008; Hummel & Holyoak, 1997, 2003), a 
neurally-plausible computer model of relational learning 
and analogical reasoning, to argue that the development of 
analogical reasoning in children may best be 
conceptualized as an equilibrium between knowledge 
accretion and progressive improvement in information 
processing capability.  Thus, improvements in inhibitory 
control in working memory as children mature enable them 
to process more relationally complex analogies.  At the 
same time, however, children produce more complex and 
more accurate analogies in domains in which they have 
learned richer and more refined representations of 
relational concepts.  


 
Relational thinking—i.e., thinking based on the roles that 
objects play rather than the literal features of those 
things—is a cornerstone of human cognition.  It underlies, 
among many other things, our ability to make analogies, 
or to appreciate correspondences between domains (e.g., 
Holyoak & Thagard, 1995).  


As with many cognitive processes, our ability to make 
analogies changes with development.  While there is 
considerable agreement that analogy is a very important 
process in cognitive development (e.g., Gentner, 2003), 
there is considerable disagreement as to how the ability to 
reason analogically develops.   


Theories of the Development of Analogical 
Reasoning 


Three primary hypotheses have been put forward to 
explain age-related differences in analogical reasoning: 
changes in domain knowledge, a relational shift from 
object similarity to relational similarity, and increased 
processing or working memory (WM) capacity. 


Goswami and colleagues (Goswami, 1992, 2001; 
Goswami & Brown, 1989) proposed that the ability to 
make analogies is present even in early infancy.  
However, children can only evidence this ability with age 
and increased knowledge.  In other words, the change in 
children’s ability to make analogies is not a function of a 
developing mechanism, but rather knowledge accretion. 


Alternately, Gentner and Rattermann (1991; 
Rattermann & Gentner, 1998) argued that a domain-
specific “relational shift” is responsible for changes in 
children’s analogical abilities.  Gentner and Rattermann 
suggest that as children build knowledge in a particular 
domain they progress from reasoning about that domain 
in terms of the perceptual features of objects, to the 
relations between those objects.  For example, 3 year-old 
children will categorize objects based on overall featural 
similarity (e.g., they will match apples to red balls rather 
than bananas), however by age 4 or 5, children will 
categorize objects based on relational similarity (e.g., 
matching apples to bananas even in the presence of 
featural distracters like red balls; Gentner & Namy, 1999).  
The ability to make analogies based on relational 
commonalities between domains, therefore, progresses on 
a domain-by-domain basis with more complex analogies 
produced in domains in which knowledge is richer. 


In contrast to accounts of analogy development based 
on increases in knowledge, the relational complexity 
hypothesis of Halford (1993; Andrews & Halford, 2002; 
Halford et al., 2002) holds that limits in children’s WM 
capacity affects their ability to process relations 
simultaneously, and therefore their ability to make 
analogies.  According to Halford and colleagues, children 
can process only specific levels of relational complexity, 
defined as the number of sources of variation that are 
related and must be processed together.  The simplest 
level of relational complexity is a binary relation, where 
only two arguments are sources of variation.  The 
relation, chase (dog, cat), for instance, specifies a single 
relation (chase) between two objects (dog, cat).  To 
reason about this relation, a one must keep only the two 
objects and their relation in mind.  A ternary relation (e.g., 
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gives-to (boy, girl, book) is more complex, requiring a 
reasoner to consider three objects and their respective 
roles.  The more complex the relation, the more WM 
resources are required to process it.  As children mature, 
neural developments leading to increased WM capacities 
(see, e.g., Diamond, 2002) allow processing situations 
with greater relational complexity, and, by extension, 
children are capable of drawing richer and more complex 
analogies.  


Likewise, Richland, Morrison, and Holyoak (2006) 
proposed that inhibitory control might help to explain the 
relationship between maturation and the impact of 
relational complexity on analogical reasoning in young 
children.  While inhibitory control has been a major topic 
in models of cognitive development (Bjorklund & 
Harnishbeger, 1990; Diamond, 2002) it has not previously 
been applied to understanding the development of 
analogy; however, the hypothesis that inhibitory control is 
important for the development of analogy is consistent 
with results from other cognitive tasks (e.g., Diamond, 
Kirkham & Amso, 2002; Lorsbach & Reimer, 1997; 
Zelazo et al., 2003).   


Multiple Sources in Analogical Development 
Richland, Morrison and Holyoak (2006) developed a 


set of scene analogy problems to investigate relational 
complexity and featural distraction within a single 
analogical reasoning task. They found that children from 
age 3 to 14 steadily improved in their ability to solve 
more relationally complex problems and resist distraction.  


In a follow-up study Richland, Chan, Morrison, and Au 
(2010) used these same problems with Cantonese 
speaking 3-4 year old children from Hong Kong. While 
US children of this age showed main effects of both 
relational complexity and featural distraction, Chinese 
children only showed an effect of featural distraction (see 
Figure 5). 


There are several reasons to believe that the Chinese 
children would score differently on analogical reasoning 
problems than U.S. children based on their knowledge 
base and experience with reasoning about relations.  
Adult studies have shown cultural differences in 
normative patterns for drawing relational inferences (see 
Nisbett 2003) such that Chinese and Japanese reasoners 
may be more attuned to relational correspondences than 
U.S. participants.  These differences also appear cross-
culturally in children's socialization and linguistic 
routines. For example, Asian caregivers use more action 
oriented language and referential verbs than relatively 
object-focused U.S. caregivers (e.g., Chinese: (Mandarin) 
Tardif, 1996; Tardif, Gelman & Xi, 1999; Tardif, Shatz, 
Naigles, 1997; (Cantonese) Leung, 1998). Chinese 
children themselves may additionally show a higher 
relative rate of verb usage in Mandarin (Tardif, 1996; 
2006; Tardif, Shatz, & Naigles, 1997; Tardif, Gelman, & 
Xu, 1999) than U.S. children of comparable ages who 
show a more pronounced noun bias.  In contrast, there is 


no theoretical reason to expect differences in information 
processing capacity between the US and Hong Kong 
(Hedden, et al., 2000). 


Accordingly, Richland et al. (2010) reasoned that the 
US and HK 3-4 year old children each had decreased 
inhibitory control relative to older children resulting in 
their distractibility, but that HK children had more 
sophisticated relational representations than US children 
resulting in their superior ability to solve more 
relationally complex problems. 


A Computational Account of the Multiple-
Source Theory of Analogical Development 


Previous Work 
Traditionally, researchers have attempted to model the 
effects of knowledge accretion and increased working 
memory capacity on analogical development in isolation. 
For example, Gentner and colleages (e.g., Gentner et al., 
1995) used SME (Falkenhainer, Forbus, & Gentner, 1989) 
to model the relational shift data of Gentner and 
Rattermann (1991).  Gentner et al. captured the 
differences in analogical reasoning in 4 and 5 year-old 
children by providing the model with more relational 
representations at age 5 than at age 4.  That is, with 
limited knowledge of relations, the model behaved like 
the younger children in Gentner and Rattermann’s 
experiments, making analogies based on over-all 
perceptual similarity.  However, with increased relational 
knowledge, the model behaved more like the older 
children, making analogies based on shared relations.  
Importantly the representations provided to the model had 
to be hand-coded by the modeler. 


More recently, Morrison, Doumas, and Richland 
(2006), used the LISA model (Hummel & Holyoak, 1997, 
2003) in an attempt explain changes in children’s analogy 
making in terms of changes in capacity limits.  LISA is a 
model of analogy-making that relies on time as a signal to 
bind distributed (i.e., connectionist) representations of 
objects and relational roles into structured (i.e., symbolic) 
representations.  LISA is powerful, in part, because it 
benefits from both the flexibility of connectionist 
approaches and the structure-sensitivity of symbolic 
approaches (an important property for demonstrating 
human like relational reasoning; see, e.g., Doumas & 
Hummel, 2005; Holyoak & Hummel, 2000; Penn, 
Holyoak, & Povinelli, 2008).  In addition, as a 
consequence of using time to carry binding information, 
LISA suffers from capacity limitations that mirror those 
of human WM (Hummel & Holyoak, 2003; Morrison, 
Doumas, & Richland, 2006; Morrison et al., 2005).  LISA 
relies on lateral inhibition between units to establish the 
temporal patterns that carry binding information.  By 
decreasing lateral inhibition, LISA’s WM is effectively 
reduced.  Morrison et al. (2006), used this property of to 
capture the pattern of results from Richland et al. (2006). 


Approaches using SME and LISA both suffer from 
limitations, though.  First, each approach is based on a 
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single explanatory variable. As a result, the knowledge 
accretion approach seems insufficient to explain the 
results of the Scene Analogy task (see Richland et al., 
2006), while the simply changing capacity limits cannot 
explain the cross-cultural findings of Richland et al. 
(2010). In addition, both approaches rely on hand-coded 
relational representations that must be added by the 
modeler.  Neither model makes any claims where these 
representations, which both models require in order to 
reason relationally—and that provide the explanatory 
mechanism in the knowledge accretion case—come from 
in the first place.   


Doumas, Hummel, and Sandhofer (2008) have 
developed an extension of the LISA model, called DORA 
(Discovery of Relations by Analogy) that learns structured 
representations of relations from unstructured (i.e., flat 
feature vector) representations of object properties.  
DORA provides a means by which the representations 
used by LISA are learned from examples, and, 
consequently, provides an opportunity to understand the 
interplay between the dual sources of knowledge 
accretion and increasing capacity limits as effectors of the 
changes in children’s analogy making. 
 
The LISA/DORA model 
LISA (Hummel & Holyoak, 1997, 2003) is a symbolic-
connectionist model of analogy and relational reasoning. 
DORA (Doumas et al., 2008) is an extension of LISA that 
learns structured (i.e., symbolic) representations of 
relations from unstructured inputs. That is, DORA 
provides an account of how the structured relational 
representations LISA uses to perform relational reasoning 
can be learned from examples.  


DORA accounts for over 20 phenomena from the 
literature on relational learning, as well as its 
development (e.g., Doumas & Hummel, 2010; Doumas et 
al., 2008).  In addition, as DORA learns relational 
representations, it comes to take LISA as a special case, 
and can simulate the additional 30+ phenomena in 
relational thinking simulated by LISA. The description of 
LISA/DORA that follows is a brief overview due to space 
constraints.  For full details of the models and their 
operations see Doumas et al. (2008) and Hummel and 
Holyoak (1997, 2003). 
LISAese Representations  In LISA (and DORA after it 
has gone through learning) relational structures are 
represented by a hierarchy of distributed and localist 
codes (see Figure 1). At the bottom, “semantic” units 
represent the features of objects and roles in a distributed 
fashion. At the next level, these distributed 
representations are connected to localist units (POs) 
representing individual predicates (or roles) and objects. 
Localist role-binding units (RBs) link object and predicate 
units into role-filler binding pairs. At the top of the 
hierarchy, localist P units link RBs into whole relational 
propositions.   
 


 
Figure 1. (a) Representation of a LISA/DORA representation 
like that used to simulate a Scene analogy problem like that in 
(b). The P (oval), RB (rectangle), and predicate (triangle) units 
were learned during Simulation Part One.  Objects (circles) 
desribed the objects involved in the Scene Analogy problem. (b) 
Example of a scene analogy problem from Richland et al., 2006. 
 


Propositions are divided into two mutually exclusive 
sets: a driver and one or more recipients. In LISA/DORA, 
the sequence of firing events is controlled by the driver. 
Specifically, one (or at most three) proposition(s) in the 
driver becomes active (i.e., enter working memory). 
When a proposition in the driver becomes active, role-
filler bindings must be represented dynamically on the 
units that maintain role-filler independence (i.e., POs and 
semantic units; see Hummel & Holyoak, 1997). In LISA 
binding information is carried by synchrony of firing 
(with roles firing simultaneously with their fillers).  In 
DORA, binding information is carried by systematic 
asynchrony of firing, with bound role-filler pairs firing in 
direct sequence (see Doumas et al., 2008 for details).1 
Activation flows from the driver units to their semantic 
units. Units in the driver and recipient share the same pool 
of semantic units. Thus, units in the recipient become 
active in response to the pattern of activation imposed on 
the semantic units by the active driver proposition.  
Relational Learning Very simply, DORA uses 
comparison to isolate shared properties of objects and to 
represent them as explicit structures. DORA starts with 
simple feature-vector representations of objects (i.e., a 
node connected to set of features describing that object). 
When DORA compares one object to another, 
corresponding features of the two representations fire 
simultaneously. Any semantic features common to both 
objects receive twice as much input and thus become 
roughly twice as active as features connected to one but 
not the other. By recruiting a new PO unit and learning 
connections between that unit and active semantics via 
Hebbian learning (wherein the strength of connections is a 
function of the units’ activation), DORA learns stronger 
connections between the new PO unit and more active 


                                                           
1 Asynchrony-based binding allows role and filler to be coded 
by the same pool of semantic units, which allows DORA to 
learn representations of relations from representations of objects 
(Doumas et al., 2008). 
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semantic units.  The new PO thus becomes an explicit 
representation of the featural overlap of the compared 
objects. Applied iteratively this process results in explicit 
and structured representations of object properties and 
relational roles (see Doumas et al., 2008).  Comparison 
also allows DORA to learn representations of multi-place 
relations by linking sets of constituent role-filler pairs into 
relational structures (i.e., to learn the chases relation by 
linking together representations of the roles chaser and 
chased; see Doumas et al., 2008 for details).  
Mapping For the purposes of analogical mapping, 
LISA/DORA learns mapping connections between units 
of the same type (e.g., PO, RB, etc.) in the driver and 
recipient (e.g., between PO units in the driver and PO 
units in the recipient). These connections grow whenever 
corresponding units in the driver and recipient are active 
simultaneously.  They permit LISA to learn the 
correspondences (i.e., mappings) between corresponding 
structures in separate analogs. They also permit 
correspondences learned early in mapping to influence the 
correspondences learned later. 
 


Simulations 
Methods 
We tested the hypothesis that differences in performance 
between U.S. and Chinese children were due to 
differences in relational knowledge.  Specifically, we 
hypothesized that the relational representations of 
children from Hong Kong were more developed than 
those of children from the U.S.  We used LISA/DORA to 
test this hypothesis by simulating the results of Richland 
et al. (2010).  The simulation consisted of two 
complementary parts.  In the first part we used DORA to 
develop representations of relational concepts from 
examples.  We simulated the difference in U.S. and 
Chinese children by allowing DORA increased learning 
trials in order to simulate the Chinese children, reflecting 
the assumption that the experience of children in Hong 
Kong differs from children in the U.S.  We then used the 
representations that DORA had learned during the first 
part of the simulation to simulate the Richland et al. 
(2010) task. 


Simulation Part One We used DORA’s relational 
learning algorithm (see Doumas et al., 2008 for details) to 
develop relational representations from unstructured 
examples. We started DORA with representations of 100 
objects attached to random sets of features (chosen from a 
pool of 100). We then defined 4 relations (chase, reach-
for, angry-with, and hang-from). Each relation consisted 
of two roles, each with three semantic features (e.g., for 
the chase relation, both the roles chaser and chased were 
each defined by three specific semantic units). Each of the 
100 objects was attached to the features of between 1 and 
3 relational roles chosen at random. For example, object1 
might be attached to the features for chaser (one role of 
chases) and reaching (one role of reach-for). On each 


iteration we presented DORA with sets of objects from 
similar relations, and allowed it to compare the objects 
and learn from the results (as per DORA’s relation 
learning algorithm). As DORA learned new 
representations it would also use these representations to 
make subsequent comparisons. For instance, if DORA 
learned an explicit representation of the property chases 
(x, y) by comparing sets objects attached to the roles of 
chase (i.e., chaser and chased), it could use this new 
representation for future comparisons. On each trial we 
selected between 2 and 4 representations and let DORA 
compare them and learn from the results (i.e., perform 
predication, and relation learning routines). 


We ran 25 sessions each consisting of 800 learning 
trials During each session, the inhibition parameter was 
set to a value sampled from a random distribution with a 
mean of 0.7, and a standard distribution of 0.1. The value 
of the parameter reflected the reduced WM capacity 
evidenced in young children (see Morrison et al., 2006)..  
We measured the quality of the representations DORA 
had learned during the last 100 trials after each 100 trials. 
Quality was calculated as the mean of connection weights 
to relevant features (i.e., those defining a specific 
transformation or role of a transformation) divided by the 
mean of all other connection weights + 1 (1 was added to 
the mean of all other connection weights to normalize the 
quality measure to between 0 and 1). A higher quality 
denoted stronger connections to the semantics defining a 
specific relation relative to all other connections (i.e., a 
more pristine representation of the relation). Figure 2 
shows the quality of the representations DORA learned 
for each set of 100 comparisons from 100 to 800.  As 
expected, the quality of the representations DORA learns 
increase as a function of experience (see Doumas et al., 
2008 for more details) 


 
Figure 2.  Quality of the representations DORA learned 
during Simulation Part One. 
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Simulation Part Two To model the Scene Analogy 
Problems we used representations of the four problem 
types (1-relation, no distracter; 1-relation, distracter; 2-
relation, no distracter; 2-relation, distracter) composed 
from the representations DORA had learned during 
Simulation Part One.  For example, to represent the 
problem from Figure 1, we used a representation of the 
chase relation DORA had learned during Simulation Part 
One (relational role, RB, and P units) along with object 
units (e.g, boy and girl) composed of 5 semantic features 
describing that object (see Figure 1).  For 2-Relation 
problems both relations were represented in LISA’s WM 
together (Hummel & Holyoak, 1997).  Vitally, we 
simulated children from the U.S. by using the 
representations DORA had learned after only 400 
comparisons, and those of the children from Hong Kong 
using the representations DORA had learned after 600 
comparisons. 


The laternal inhibition parameter was set exactly as in 
Simulation Part One. Each simulation run consisted of 
firing three phase sets in LISA/DORA’s working 
memory, “randomly” assigned by LISA/DORA and 
allowing LISA/DORA to try to map the representation in 
the driver to the representation in the recipient.  When 
LISA/DORA failed to determine a stable mapping after 
firing three phase sets, an answer was selected at random. 
 
Results 
The simulation results along with the experimental results 
from Richland et al. (2010) are presented in Figure 3.  
LISA/DORA’s performance mirrored experimental 
results for the age groups from both the U.S. and China 
across conditions.   


 
Figure 3: Experimental (Richland et al. 2010) and 
Simulation,. 


General Discussion 
In this paper we presented simulations in LISA/DORA 
that support the hypothesis that both maturation of 
inhibitory control in working memory and development 
of knowledge representations is critical for the 
development of adult-like analogical reasoning. 
Specifically, we demonstrated that simple changes in 
inhibition levels in LISA/DORA (i.e., inhibition between 
elements of competing relational representations in 
working memory) coupled with DORA’s predicate 
learning routines could account for both relational 
complexity and featural distraction effects in young 
children’s analogical reasoning performance across 
cultures.  In contrast, approaches based on knowledge 
accretion and capcity changes in isolation seem unable to 
capture all of these results.   


We conclude that both relational knowledge acquisition 
and inhibitory control in working memory shape an 
individual’s analogical reasoning performance. We 
suggest that the development of analogical reasoning in 
children can be conceptualized as an interaction between 
these two factors.  As children age their knowledge about 
relations advances while their working-memory capacity 
as modulated by inhibitory control also improves.  At a 
given time during development, the child is able to 
perform an analogical task based on both their level of 
relational knowledge and their working-memory 
resources.  Specifically, the equilibrium operates such that 
greater relational knowledge can impose fewer processing 
demands while less knowledge imposes higher demands. 
Thus, Hong Kong children given the same working-
memory resources can better solve relational complex 
problems. Thus, as relational knowledge increases in a 
domain, the demands on working memory decline, 
allowing for more complex reasoning at any given age.  
This pattern in cognitive development builds on an 
understanding of working-memory effects in expertise 
(e.g., Chase & Simon, 1973) where advanced relational 
knowledge can decrease processing demands and thereby 
allow experts to accomplish cognitive tasks which 
novices cannot. 


We believe that to truly understand the development of 
relational reasoning in children, future experimental and 
computational studies must take into account both 
advances in relational knowledge and changes in 
inhibitory control in working memory, and importantly, 
studying how these two aspects of development interact. 
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Category Learning Brain Potentials as Neurocognitive Markers for Pathologic Aging
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Introduction
•  A central challenge for translational cognitive neuroscience is to develop neurocognitive markers for 


normal and pathological aging.  
•  Previous fMRI studies have demonstrated the importance of prefrontal cortex and medial temporal 


lobe (Ashby & Maddox, 2005; Nomura et al., 2007), two areas implicated in pathological aging 
including Alzheimer’s disease (AD), as important for explicit rule-based category learning.
•  Previous event-related potential (ERP) studies involving an incidental learning paradigm suggest that 


memory ERPs can predict the conversion of amnestic mild cognitive impairment (aMCI) to a probable 
AD diagnosis (Olichney et al., 2008).
•  Neuropsychological studies have found that aMCI patients are at increased risk for developing 


probable AD if their executive functions are compromised at the time of aMCI diagnosis (Albert et al., 
2007).
•  Thus, rule-based category learning may be sensitive to factors predicting subsequent pathology.


Methods
Task
•  We adapted a rule-based category learning based on the methods of Maddox et al., (2003) and 


Normura et al., (2007) for use with scalp electroencephalography (EEG; Morrison et al., 2009)
•  Participants categorized Gabor patches (320 trials) that varied in spatial frequency (i.e. how many 


stripes) and orientation (i.e. the angle of the lines in the patch).  
•  Two categories (A or B) were predetermined based on spatial frequency.
•  Participants received feedback on each trial.
•  Participants also completed a second task after initial learning to ensure they could see the 


differences between the category boundary and category exemplars to test possible vision deficits. 


 
 
 
 
 
 
 
 


EEG
•  EEG data was collected using a 38-channel Biosemi Active2 EEG system including two mastoid 


electrodes for digital re-referencing and four electrodes for monitoring eye movements.
•  Data were filtered offline using a 0.01Hz high-pass filter and a 59-61Hz band-stop filter in EMSE 


(Source Signal Imaging) and all channels were corrected for occular artifacts using EMSE’s PCA-
based algorithm. Epochs with greater than ±100µV deflections were rejected.
•  Stimulus-, Response-, and Feedback-locked ERPs were calculated for correct and incorrect trials.
 
Participants
•  We tested 21 younger adults (M = 20.8 , SD = 2.7) and 20 older adults (M =  70.9 , SD = 3) recruited 


from the Northwestern Alzheimer’s Disease Center Core (NADCC).
•  NADCC older adults included in the study were within ±1.5 SD of their age-based norms on  


neuropsychological tests of memory, language, visuospatial ability, and executive function and did 
not meet diagnostic criteria for Mild Cognitive Impairment.


Discussion
•  In this study we identified two subgroups both from a sample of neuropsychologically normal older 


adults who differed in their ability to learn simple visual categories based on trial-by-trial feedback.
•  The rule-learning older adult subgroup performed similarly in accuracy to younger adults but 


showed slower RTs.  The  nonrule-learning older adult subgroup showed chance performance with 
much quicker RTs similar to those exhibited by younger adults. 


•  Older adults who learned the categorization rule generally showed correct/incorrect subtraction 
ERPs of similar mean amplitude to those for younger adults, but with slightly later onset.


•  Two exceptions to the above statement include older adults reduced response-locked CNV, which 
dissipated in the face of distraction approximately 1 s after the response, and older adults’ 
feedback-locked P300 to incorrect trial, which was dramatically reduced compared  to younger 
adults suggesting older adults were less confident in their learning in spite of equivalent accuracy.


•  RT and Impulse Control results in older adults showing pronounced category learning deficits (No-
Rule Subgroup) suggests that this group shows insufficient executive control to modify their 
behavior to adapt to their declining short and long-term memory function, a hallmark of successful 
aging.


•  Our results suggest that with additional modifications, rule-based category learning with ERP 
analysis may be an excellent means to screen older adults for increased risk for pathological aging.
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•  Overall younger and older adults showed similar 
RT for correct trials, but once again the older 
adults divided into two distinct subgroups.


•  The No-Rule subgroup (M = 602 ms) and the 
young adults (M = 738 ms) had faster RTs that 
were lower than the Rule subgroup (M = 841 ms) 
throughout the task.


•  Mean RT across the older adults was correlated 
with MMSE score (r=.42) and Backward Digit 
Span (r=.43).  Thus, older adults with better span 
were slower at categorization on correct trials.


•  The Continuous Negative Variation (CNV), a metric of short-term memory, was measured during the delay between response 
and feedback (0 to 1000 ms post-response). 


•  Correct/Incorrect CNV ERP subtractions of mean amplitude measured at electrode Pz showed a reliable difference for 
younger and rule-learning older adults, but not for nonrule-learning older adults.


•  Older adults showed a slightly broader Correct/Incorrect CNV ERP topography than younger adults.


•  The feedback P300, a metric of violation of expectancy, was measured from 200 to 400 ms; while the feedback LPC, a metric 
of memory updating in response to feedback, was measured from 400 -700 ms in younger adults and from 400 - 900 ms in 
older adults who learned the rule. 


•  Correct/Incorrect P300 and LPC ERP subtractions of mean amplitude measured at electrode Pz showed a reliable difference 
for younger and rule-learning older adults, but not for nonrule-learning older adults.


•  Older adults showed a slightly more left lateralized Correct/Incorrect P300 ERP topography than younger adults while the 
LPC topographies appeared to be identical.


Accuracy












Response Time (Correct Trials)











Impulse Control


•  Overall older adults showed lower accuracy 
than younger adults, but there were two distinct 
subgroups based on patterns of accuracy.


•  The Rule subgroup (n=13; mean age M=71.5, 
SD = 3.9) learned slightly more slowly during 
the beginning of the first block of trials than 
younger adults, but showed equivalent 
asymptotic accuracy. The No-Rule subgroup 
(n=7; mean age M=70.5, SD = 2.3) did not learn 
and showed near chance performance 
throughout the task. 


•  Mean accuracy across the older adults was 
correlated with MMSE score (r=.69) and 
Backward Digit Span (r=.38).


•  Impulse control was determined by calculating 
the proportion of trials that participants 
answered more than once for a single stimulus 
(only the first response was used to determine 
accuracy). 


•  The No-Rule subgroup showed poor impulse 
control compared to the Rule-subgroup.


•  Mean Impulse Control across the older adults 
was correlated with RT (r=.66), Backward Digit 
Span (r=.49), and negatively correlated with 
errors in the Trails B task (r=-.35) suggesting a 
deficit in executive control may be important in 
understanding their task deficit.
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•  The Late Positive Complex (LPC), a metric of memory updating, was measured from 400 to 700ms for younger adults and 
from 500 to 900ms for rule-learning older adults. 


•  Correct/Incorrect LPC ERP subtractions of mean amplitude measured at electrode Pz showed a reliable difference for 
younger and rule-learning older adults as in Morrison et al. (2009), but not for nonrule-learning older adults.


•  Younger and older adults showed similar Correct/Incorrect LPC ERP topographies.
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Discussion
 Our results implicate distinct category-learning mechanisms for rule-based versus information-integration 


conditions, consistent with previous behavioral and fMRI studies.
 Differential ERPs were observed in RB and II category learning but not during passive viewing of the same stimuli.  


1) An enhanced frontocentral ERP at 115-155 ms for correct trials in the RB condition may reflect early top-down 
allocation of attentional resources in the RB strategy.  


2) An occipitoparietal ERP at 170-200 ms showed the opposite pattern for RB and II conditions with respect to 
correct and incorrect trials.


3) A left parietal positivity at 400-700 ms was enhanced for correct trials in the RB condition. This effect was 
present in subjects using rule-based behavior (identified by DBT model fits) in both the RB and II conditions, 
and it may reflect memory retrieval, as in fMRI studies and a previous ERP study of category learning (Curran, 
Tanaka, & Weiskopf, 2002) or alternatively greater decision confidence in the more explicit RB condition.


4) A correct/incorrect subtraction of response locked CNV ERPs differed across category conditions with a larger 
subtraction for RB than II trials. This ERP may reflect differences in working memory demands during delay, 
consistent with working memory dual-task results reported by Zeithamova and Maddox (2006).


5) Participants showed a larger incorrect P300 ERP recorded during feedback in the RB than in the II condition. 
The same ERP from correct trials was not differential across category conditions. This suggests participants 
have greater explicit awareness of the meaning of feedback during RB learning than during II learning.  This 
result provides additional support for the neural dissociation between RB and II category learning, consistent 
with participants’ self reports.


 ERP findings appear to reflect multiple neurocognitive processes engaged during category learning.  Whereas 
processes critical for both RB and II learning may be operational, certain processes are used selectively.
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ERP Results


Electrophysiological Dissociation of Category Learning Mechanisms


Background
 Behavioral (see Ashby & Maddox, 2005), neuropsychological (see Kéri, 2003), and neuroimaging 


(e.g., Nomura et al., 2007) evidence suggests that categories can be learned via explicit and/or 
implicit mechanisms.


 Ashby and Maddox (2005) described a feedback category-learning paradigm with different 
category distributions to selectively encourage one of the two types of learning mechanisms:
Explicit or Rule Based (RB) versus Implicit or Information Integration (II).


 These two types of strategies have been dissociated behaviorally using working memory
dual-tasks (e.g., Zeithamova & Maddox, 2006), feedback delay (e.g., Maddox, Ashby, & Bohil, 
2003), and procedural interference (e.g., Ashby, Ell and Waldron, 2003).


 Nomura and colleagues (2007) used fMRI to demonstrate that RB category learning is 
dependent on areas in Prefrontal Cortex and Medial Temporal Lobe, whereas II category 
learning is dependent on areas in the Basal Ganglia and Occipital Cortex.


Objective
 Building on the success of previous neuroimaging efforts to dissociate RB and II category 


learning (e.g., Nomura et al., 2007), we utilized EEG/ERP methods to obtain additional evidence 
about this neural dissociation with greater temporal precision.


Methods
 In separate sessions, each participant learned an RB category defined by the spatial frequency 


of Gabor patches and an II category defined by a diagonal threshold based on both spatial 
frequency and spatial orientation (session order counterbalanced, ≥1 week apart).


 Participants received no instructions about the nature of the categories, but rather discovered 
the categories via feedback given 2.5 s after stimulus onset.


 EEG data were collected for 64 channels (bandpass 0.05-200 Hz, sampling rate 1000 Hz), 
including 4 channels used for rejecting trials with EOG artifacts and ocular artifact correction.


                                                                                        Robert G. Morrison, Paul J. Reber, and Ken A. Paller


Category Distributions from 2 Parametric Features


Mathematical models of Rule-Based and Information Integration Learning


Mathematical models derived from Decision Bound 
Theory (DBT; see Maddox, Ashby, & Bohil, 2003) were fit 
to each participant's responses to get a more detailed 
picture of how they were categorizing the stimuli. The 
RB model assumed a vertical decision boundary (in 
stimulus space) reflecting the use of a rule dependent 
on a single stimulus dimension (spatial frequency). The 
II model assumed a decision boundary with slope equal 
to 1.0 (i.e., a diagonal line reflecting integration of both 
dimensions). In each case, the model identified the 
placement of this boundary and the perceptual noise 
parameter that best accounted for the observed data. 
Thus the models both had exactly two free parameters 
to allow for direct comparison of fit.


Behavioral Methods


Prelearning_________________________________________
At the beginning of the first session, participants 
passively viewed 80 RB and 80 II stimuli from the 
actual stimulus distributions to ensure that there 
were no systematic differences in ERPs for the two 
types of distributions. None were found.


Learning_________________________________________
Participants performed 320 trials during each 
session divided into four equal blocks, and were 
debriefed after the second testing session.


Distributions Encourage Different Strategies


Category distributions were created by randomly sampling from 
two bivariate normal distributions. The variance of the distributions 
and the separation between them (d-prime) were adjusted based on 
pilot testing to match difficulty of categorization in both conditions.


Dissociations in Early ERPs


Summary____________________________________________________________________________________________________________________________
For RB distributions, potentials at 160-190 ms at the O2’ electrode were more positive for correct than incorrect trials (t (12) = 2.0, p < .07).  In contrast, for 
II distributions, potentials more negative for correct than incorrect trials (t (12) = - 2.6, p < .02), and there was a reliable interaction (RB/II by correct/
incorrect F (1,12) = 5.0, p = .013).


                                  Accuracy and Response Time
Participants_______________________________________________
Of the 28 participants run in the two-part experiment, 15 II 
distribution response profiles were best fit by an II DBT 
model with 2 eliminated because of an inadequate number 
of incorrect trials.  The following data is based on the 
remaining 13 participants. 


Accuracy_______________________________________________
Accuracy in RB and II conditions did not reliably differ 
[F (1,12) = 1.5, ns]. There was a main effect of block 
[F (3,36) = 29, p < .001] and no interaction [F (3,36) < 1, ns].


Response Time________________________________________________
Response time in RB and II conditions did reliably differ 
[F (1,12) = 5.1, p = .043]. There was no main effect of block 
[F (3,36) < 1, ns] and a reliable interaction [F (3,36) = 3.8, 
p = .018].


EEG/ERP Methods


Recording and Analysis_________________________________________
ERPs elicited by Gabor patches throughout 
learning were averaged separately for each 
response type (correct and incorrect) and as a 
function of whether they were near or far to the 
category boundary. Initial statistical comparisons 
focused on amplitudes that were visibly different 
for RB and II waveforms. Formal comparisons of 
ERP amplitude were made using repeated-
measures ANOVA. Waveforms were smoothed 
with a 30-Hz low-pass-zero-phase-shift 
Butterworth filter for presentation purposes only. 
Time-Frequency analyses of these data are on 
going and not reported at this time.


ERP Differences during Delay
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                               Trial Design


Dissociations in Late ERPs


Early ERPs (left)_________________________________________
An early (115-155 ms) negative frontocentral ERP was 
predictive of correct categorization in the RB [F (1,12) 
= 8.1, p = .015], but not the II [F (1,12) =  .07, ns] 
condition.  A slightly later (170-200 ms) negative 
occipitoparietal ERP is modulated by categorization 
condition, with correct RB trials less negative than 
incorrect RB trials [F (1,12) = 8.2, p = .014], but with 
correct II trials more negative than incorrect trials [F 
(1,12) = 7.9, p = .016].


Late ERPs (below)_________________________________________
A late (400-700 ms) positive parietal ERP was 
predictive of correct categorization in the RB condition 
[F (1,12) = 9.0, p = .011], but not in the II condition [F 
(1,12) =  .077, ns].  The magnitude of the correct/
incorrect waveform subtraction (as measured in a 60-
ms window at its maximum) was reliably correlated 
with RB performance [r(11) = .62, p = .02], but not with 
II performance [r(11) = .11, ns].


Effect of Strategy on Late ERPs


As  mentioned  previously,  the  behavior of approximately half of the participants in the II condition was  best  fit by RB DBT models. ERPs  for these "Inconsistent-Strategy" participants suggested 
that they engaged similar processing in  the  II and RB conditions. Correct-incorrect ERPs differed across RB and II conditions for Consistent-Strategy participants [F (1,12) = 10, p = .007], but not 
for Inconsistent-Strategy participants [F (1,12) = .05, ns], yielding a reliable three-way interaction [F (1,24) = 4.3, p = .049].


ERP Differences during Feedback


A CNV ERP (0-1200ms response locked) 


largest in magnitude in left parietal regions 


showed differential amplitudes for correct 


and incorrect trials in RB [F (1,12) = 15, p = 


.002] and II [F (1,12) = 4, p = .06] conditions.  


There was also a significant interaction [F 


(1,12) = 7, p = .02] due to larger correct/


incorrect differences in the RB condition than 


in the II condition.


Midline Parietal ERPs Midline Parietal ERPs


!


Figure 5. Early negative frontocentral ERPs  


at 105-155 ms, larger for correct than for 
incorrect trials during RB learning. 
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Figure 5. Early negative frontocentral ERPs  


at 105-155 ms, larger for correct than for 
incorrect trials during RB learning. 
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Figure 6. Early negative occipital ERPs differed 
at 170-200 ms as a function of accuracy and RB/II. 
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Figure 6. Early negative occipital ERPs differed 
at 170-200 ms as a function of accuracy and RB/II. 
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Figure 8. ERPs recorded during feedback show 


differential RB vs. II P300 responses for incorrect, 
but not correct trials. Waveform shown is from a 


right occipital electrode location. 
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Both correct and incorrect trials showed P300s with broad topographies 


centered around 350 ms. Whereas ERPs for RB and II conditions did not 


differ in the 310 to 410 ms range for correct trials [F (1,12) = .01, ns], they 


did differ for incorrect trials [F (1,12) = 5.7, p = .03].
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It is my privilege to speak on behalf of the Illinois Department of Public Health’s Alzheimer’s 
Disease Research fund from which I received a new investigator award in 2009. This award 
program serves a critical function for Illinois researchers interested in both basic and applied 
research involving Alzheimer’s disease.  It is particularly useful for collecting pilot data to 
obtain proof of concept before seeking larger national awards.  My own project may serve as 
an example of what can be achieved with the support of this program.  
 
I’m interested in understanding the factors that predict the transition from healthy to 
pathologic aging. Understanding these factors is important for the future development of 
pharmacological and behavioral interventions, and also ultimately for making public health 
policy to encourage people to make lifestyle choices to avoid pathologic aging.   
 
Recently federal agencies such as the National Institute of Aging have focused on identifying 
biomarkers for Alzheimer’s disease pathology.  These tests are both expensive and invasive 
and at present are not widely available.  In theory pharmacological therapies would be 
offered to people testing positive for these biomarkers. However, post-mortem analyses of 
the brains of healthy older adults show that sometimes people die with the pathologies 
targeted by these biomarkers without experiencing the disabling symptoms of dementia that 
are the primary public health concern from Alzheimer’s disease. 
 
An alternative that my laboratory is exploring  focuses on using behavioral and neuroimaging 
approaches to develop inexpensive and noninvasive methods that could be widely available 
to predict the dementia associated with Alzheimer’s disease rather than its pathology.  We 
believe this approach may prove to be effective for selecting people for interventions aimed 
at helping them cope with the behavioral changes associated with this potentially disabling 
disease. 
 
Along these lines the IDPH supported a collaboration between my laboratory and the 
Northwestern Alzheimer’s Disease Center that allowed us to develop EEG methods to screen 
healthy older adults.  We identified a cohort who we believe to be at risk for later pathologic 
change.  Leveraging funding from the National Institute of Aging that allows the Alzheimer’s 
Disease Center to track healthy adults for subsequent clinical change and post-mortem 
pathology, we are continuing our efforts to determine the efficacy of these methods for 
predicting subsequent decline.  Pilot data obtained thanks to the IDPH funding also allowed 
us to secure subsequent research funding from the American Federation of Aging Research to 
perform a new project with individuals already diagnosed with Mild Cognitive Impairment.  
 
Thank you for understanding the grave importance of addressing this important public health 
issue for the people of Illinois and supporting those of us trying to face the challenge. 
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Abstract 


Developmental, neuropsychological, and neuroimaging 
studies have all suggested that inhibitory control in working 
memory (WM) is an important aspect of both visual and 
verbal analogical reasoning critically dependent on prefrontal 
cortex. However, very little is known about how inhibitory 
control contributes to analogy. In an effort to explore the time 
course of inhibitory control in analogy we developed an 
experimental paradigm for use with scalp 
electroencephalography (EEG). On each trial participants 
were cued to solve a visual analogy based on one of three 
abstract relations present in the stimuli. Critically, on some 
valid trials one of the other relations was not congruent. 
Based on previous EEG results showing that individual 
differences in working memory span correlate with 
differences in inhibitory control, we subdivided our 
participant group based on working memory span.  Our 
results indicate that increasing distracting relational 
information modulated the N2 event-related potential, 
previously associated with inhibitory control. Further, EEG 
results also suggested that (as in a previous study using a 
simple delay match to sample paradigm) individuals with 
high working-memory span showed a modulation of 
inhibitory control during analogical mapping, whereas those 
with low working-memory span did not. These findings 
suggest that inhibitory control is integral to analogical 
processing, and that computational accounts need to explain 
the mechanisms by which inhibitory control is engaged 
during analogy. 


Keywords: analogy, working memory, inhibitory control, 
electroencephalography, EEG 


Introduction 
Studies involving children (Richland, Chan, Morrison, & 
Au, 2010; Richland, Morrison, & Holyoak, 2006; Thibaut, 
French, & Vezneva, 2010a, 2010b), younger adults (Cho, 
Holyoak, & Cannon, 2007; Cho et al., 2010), older adults 
(Viskontas et al., 2004), and patients with damage to 
prefrontal cortex (Krawczyk et al., 2008; Morrison et al., 
2004) have all provided evidence that inhibitory control in 
working memory (WM) is an important aspect of both 
visual and verbal analogical reasoning. Neuroimaging 
studies of analogical reasoning have implicated areas in 
prefrontal cortex (PFC) as critical for semantic retrieval 
during analogy (Bunge, Wendelken, Badre, & Wagner, 
2005), avoiding distraction from non-goal related relational 
information (Cho et al., 2010), and performing analogical 
mapping and similar types of relational integration (Bunge, 
Helskog, & Wendelken, 2009; Cho et al., 2010; Green et al., 
2010; Morrison, Nikitin, & Bharani, 2012). Computational 
accounts of these data (Doumas, Morrison, & Richland, 
under review; Knowlton, Morrison, Hummel, & Holyoak, 
under review; Morrison et al., 2004; Morrison, Doumas, & 
Richland, 2011; Viskontas et al., 2004) suggest that 
inhibitory control is central to the processes of semantic 
retrieval and analogical mapping; however, there is little 
direct experimental evidence for mechanisms by which 
inhibitory control is recruited during analogical reasoning. 







WM has been thought to play a critical role during 
analogical reasoning (Halford, 1992; Morrison, 2005). 
Domain-specific as well as central-executive WM dual tasks 
interfere with analogical processing (Morrison, Truong, & 
Holyoak, 2001; Waltz, Lau, Grewal, & Holyoak, 2000).  
Likewise, individual differences in working-memory span 
(see Conway et al., 2005) frequently predict matrix 
reasoning performance (Kane & Engle, 2002). In an effort 
to understand how inhibitory control may be involved in 
WM processing, Vogel, McCollough, and Machizawa 
(2005) asked participants with high and low WM span to 
perform a simple delayed match-to-sample WM task while 
their brain activity was monitored using scalp 
encephalography (EEG). Vogel et al. identified an event-
related potential (ERP) during the delay period in the task 
that correlated with the number of items the participants 
were required to hold in WM. Interestingly, when 
participants were asked to remember two items and ignore 
two others, the ERPs of high-WM span participants 
resembled those for two item trials, those of low-WM span 
participants resembled those for four items. Thus, it appears 
that inhibitory control is a fundamental mechanism of 
working memory functioning, and that this capacity is 
critically dependent on PFC (Shimamura, 2000).  


Based on Learning and Inference with Schema and 
Analogy (LISA; Hummel & Holyoak, 1997, 2003), a 
neutrally-plausible model of analogical reasoning, we have 
previously argued that inhibitory control is necessary 
throughout analogical processing (Morrison et al., 2004; 
Morrison, Doumas, & Richland, 2011; Viskontas et al., 
2004). Specifically, inhibition plays a central role in (a) 
LISA’s manipulation of relations in WM, (b) its ability to 
select items for placement into WM, (c) its ability to 
discover analogical mappings.  Thus, we anticipate that 
inhibitory control will be evident in analogical reasoning, 
and may be modulated by the WM span of participants.  


In an effort to measure the time course of inhibitory 
control, we developed an experimental paradigm for use 
with EEG (see Figure 1). On each trial participants were 
cued to solve a visual analogy based on one of three abstract 
relations present in the stimuli. Critically, on some valid 
trials one of the other relations was not congruent. Thus, 
participants need to ignore these relations to arrive at the 
correct solution. Thus, the task is similar to the version of 
the People Pieces analogy task we had developed for 
behavioral (Cho, Holyoak, & Cannon, 2007; Morrison et al., 
2001; Viskontas et al., 2004) and neuroimaging studies 
(Cho et al., 2010) except that participants were considering 
abstract asymmetric relations as opposed to same-different 
relations. The task was also similar to Vogel et al. (2005), in 
that one condition required ignoring information that was 
important on other trials, but was not goal-relevant on a 
particular trial. Like Vogel et al. we also tested participants 
with both high and low WM span. 


We hypothesized that (after early visual processing) 
neural evidence of inhibitory control would be present 
throughout problem solving. Specifically, we expected to 
observe a greater N2 ERP on distraction trials relative to 
those with all congruent relations. The N2, a negative wave 
peaking shortly after early sensory processing, typically 
with frontal topography, has been considered to be an index 
of early engagement of inhibitory control  (Folstein & Van 
Petten, 2008). We also anticipated that evidence of 
inhibitory control would continue throughout processing, 
including during analogical mapping.  Based on the results 
of Vogel et al. (2005) we anticipated that these ERP results 
would be modulated by WM span, with high WM span 
participants showing greater engagement of inhibitory 
control. 


Method 
Participants were asked to verify visual analogies 
constructed from shapes that possessed three varying 
properties (luminance, orientation, and number; see Figure 
1). Before solving each problem, participants were cued to 
attend to the relation formed by only one of the three 


Figure 1: Participants saw analogy problems in one of 
three conditions. In “Valid–No Distraction” problems, 
participants mapped based on a single relation for 
(e.g., luminance—the shapes got darker from left to 
right), while the other relations (e.g., orientation and 
number, agreed).  In “Valid—Distraction” problems, 
participants also mapped based on only one relation 
(e.g., number—the number of dots in the shape 
decreased from left to right); however, one of the 
other relations present disagreed with the mapping 
(e.g., luminosity in the source decreased from left to 
right, while it increased from left to right in the 
target). “Invalid” trials were like “Valid–Distraction” 
trials; however, participants were to map based on one 
of the invalid relations (e.g., orientation—the 
arrowhead of the shape rotated counterclockwise in 
the source, but clockwise in the target). 







properties (e.g., number). Participants were asked to decide 
whether the relation in the top pair was the same or different 
than the relation in the bottom pair (e.g., whether number is 
increasing from left to right). There were three conditions in 
this experiment: “Valid–No Distraction,” “Valid–
Distraction,” and “Invalid.” In the “Valid–No Distraction” 
condition, all three relations were congruent between the top 
and bottom pair, with the correct answer being “yes” to 
indicate that the problem as cued was a valid analogy. In the 
“Valid–Distraction” condition, the cued property had 
congruent relations as in the previous condition; however, 
one of the two unattended relations was incongruent, in 
spite of the problem requiring a “yes” response. In the 
“Invalid” condition, the relation of the attended property in 
the top pair did not match the relation of that in the bottom 
pair, and thus required a “no” response.  


Participants 
Seventeen undergraduate students from Loyola University 
Chicago participated in the experiment. Of the 17 
participants, three were omitted from the analysis because of 
poor EEG recording quality. The other 14 participants were 
divided into two groups based on their WM span.  The low 
span group (M = 33, SD = 12) had an operation span 
reliably less than the high span group  (M = 57, SD = 5; 
t(8.3) = 5.5, p = .001).  


Participants gave informed consent to take part in the 
study and were paid $30 for participation in a 1.5 hour 
testing session. All procedures were approved by the Loyola 
University Chicago Institutional Review Board. 


Materials 
Each analogy problem consisted of two pairs of geometric 
shapes (see Figure 1). Each shape had one of four levels of 
three parametrically manipulated  properties: luminance, 
orientation, and number. Shapes were combined into pairs 
to create transitive relations with respect to the three 
properties. For instance, pairs of shapes could be 
increasingly bright or dark (luminance); rotate clockwise or 
counter clockwise (orientation); and increase or decrease in 
number. In any given problem a relation in the source (i.e., 
top pair) could either match or mismatch the corresponding 
relation in the target (i.e., bottom pair). A set of 144 unique 
stimuli was generated, 72 of which contained pairs of 
shapes with all congruent relations (used for Valid-No 
Distraction trials). The remaining 72 stimuli were divided 
into thirds, with each third having mismatching relations in 
only one of the three properties. For the problems 
containing a mismatching relation, if the participant was 
cued to attend to the mismatching relation the trial was 
Invalid, but if the participant was cued to attend to the 
matching relation the trial type was Valid-Distraction. 


EEG Recording 
Scalp electroencephalography signal (EEG) was recorded 
from each participant using a 38-channel Biosemi Active2 
EEG system. 32 electrodes were located at standard 10/20 
locations in a nylon-elastic cap. Two electrodes were placed 
on the mastoid bones for subsequent digital re-referencing. 
To expand the coverage of EEG monitoring, we placed four 
electrodes on the face on the inferior and lateral aspects of 
the eye orbit. These electrodes were used to expand PFC 
electrode coverage and for ocular artifact correction and 
rejection. Raw EEG was re-referenced to an average of the 
two mastoid electrodes and a 0.01 Hz high-pass filter was 
applied. A band-stop filter from 59 to 61 Hz was also 
applied to the raw EEG to remove any AC electrical 
contamination. EEG signal was corrected for ocular artifacts 
using a spatial PCA filter corrected for the average noise 
level in the signal according a method available in EMSE 
(Source Signal Imaging, San Diego CA). Signal was further 
cleaned via a ±100µV rejection criterion. 


Procedure 
After a participant was fitted with the EEG cap and 
electrodes, he or she sat in a soundproof chamber equipped 
with a 21-inch CRT monitor and an electronic response box. 
The average distance between the participant’s head and the 
monitor was 100cm. The stimulus was adjusted to 4 degrees 
of visual angle. The participant then received task 
instructions followed by 24 practice trials with feedback. 
After completing these trials, the participant was asked if 
they had any questions, and then was reminded to respond 
as quickly and as accurately as possible and to blink only 
after a response was made. 


Each trial began with a jittered fixation screen that lasted 
500 to 1000ms. Then, the name of one of the three 
properties appeared near the fixation point, also for 500 to 
1000ms, before it disappeared (for 500 to 1000ms) and was 
replaced by the stimulus shapes, which remained visible 
until a button press was made. The entire experiment 
consisted of 216 trials, and accuracy and response times 
were measured. Participants completed four blocks of 54 
trials, with conditions and stimuli randomized within and 
across blocks. One-minute breaks were given between 
blocks, during which cumulative mean accuracy and 
response times were reported to the participant. 


WM Span 
After completing the visual analogy task, participants 
completed a 15-20min operation span WM task (Conway et 
al., 2005). On each trial, participants were asked to verify a 
simple mental arithmetic problem and then were to 
remember a letter.  Trials were from 2 to 7 problems/letters 
long. At the conclusion of a trial, participants were 
presented with an array of letters and were to click the 
letters in the sequence they were presented. The WM span 
was defined as the total number of letters correctly 







remembered in the presented order. Participants were 
required to perform at a minimum of 85% accuracy in the 
math problems.  


Results 


Behavioral Results 
Participants maintained above 85% accuracy and had mean 
response times faster than 2600ms across all three 
conditions.  Because yes-valid/no-invalid responses were 
used, we report accuracy using d-prime1 (see Table 1). 
There was no reliable difference in d-prime between the 
Valid–No Distraction and Valid–Distraction conditions 
(F(1,12) = .022, ns, ηp


2=.002), no group effect between low 
and high WM span participants (F(1,12) = .25, ns, ηp


2=.02), 
and no interaction (F(1,12) = .33, ns, ηp


2=.03). Participants 
were slightly faster to make correct Valid-Distractor than 
Valid-No Distractor verifications (F(1,12) = 21, p = .001, 
ηp


2=.6); however, there were no reliable differences 
between low and high WM span participants (F(1,12) = .13, 
ns, ηp


2=.01), and no interaction with condition (F(1,12) = 
.34, ns, ηp


2=.03). 
 


Table 1: Behavioral Results. 


  
Error:  Standard Deviation  


EEG Results 
Early N2 ERP Only correct trials in the Valid–No 
Distraction and Valid–Distraction conditions were used in 
the neuroimaging analyses. Stimulus-locked event-related 
potentials (ERPs; see Figure 2), baseline-corrected to 200ms 
before analogy problem onset were averaged for each 
condition across all participants. Contrasts between the 
Valid–No Distraction and Valid–Distraction conditions 
between 430 and 480ms revealed differences in the N2 
ERP, with Valid-Distraction trials showing a more negative 
N2 relative to Valid-No Distraction trials (F(1,12) = 5.3, p = 
.04, ηp


2 =.3),  in electrodes over the left dorsolateral 
prefrontal cortex. There was no reliable difference between 
WM groups (F(1,12) = 1.6, ns, ηp


2 =.1),  and no interaction 
(F(1,12) = 1.0, ns, ηp


2 =.08). 


                                                
1 Hit or False Alarm rates of 1 were replaced with .999 and 0 was 


replaced with .001 for purposes of calculating d-prime. 


Late Positive Complex Morrison, Nikitin, and Bharani 
(2012) used a method previously developed for use with 
functional magnetic resonance imaging (fMRI; Bunge, 
Helskog, & Wendelken, 2009), to separate analogical 
mapping from simple evaluation  of perceptual relations. 
They. identified a frontopolar late positive complex ERP 
approximately 200 to 600ms prior to response that was 
strongly correlated with accuracy, which is believed to 
represent analogical mapping/relational integration. We 
identified a similar ERP in the present study (see Figure 3) 
shown here in the stimulus-locked ERPs approximately 
1200 to 500 ms prior to response (1000 to 1700 ms after 
analogy problem onset).  


Late Negativity In order to identify whether inhibitory 
control was operating at a similar time as analogical 
mapping, we compared ERPs in the 1000 to 1700 post-
stimulus range for Valid–No Distraction vs Valid–
Distraction conditions for both low and high WM span 
participants (see Figure 4). Overall there was no effect of 
distraction (F(1,12) = 1.7, ns, ηp


2 =.12); however, there was 
a difference in the ERPs between the low and high WM 


WM 
Span 


Condition d-prime RT (ms) 
(correct) 


 Valid-No Distraction 3.5(1.1) 2578(487) 
Low Valid-Distraction 


Invalid 
3.3(1.2) 


 
2188(404) 
2504 (439) 


 Valid-No Distraction 3.1(0.8) 2611(288) 
High 


 
Valid-Distraction 


Invalid 
3.2(1.2) 


	  
2309(515) 
2417 (321) 


Figure 2:  ERPs for correct valid analogies, showing a 
greater N2 for trials with distraction, recorded in electrodes 
over left prefrontal cortex. Topographical map shows 430 
to 480 ms subtraction.  


 


Figure 3: Collapsing across valid analogy problems 
yielded frontopolar EEG activation patterns very similar to 
those that have been associated in previous fMRI studies 
with relational integration during analogical mapping. 







span groups (F(1,12) = 5.4, p = .04, ηp
2 =.3) with a reliable 


interaction between distraction and WM span group 
(F(1,12) = 7.1, p = .02, ηp


2 =.37). Specifically, high WM 
span participants showed a negativity in the Valid-
Distraction condition relative to the Valid-No Distraction 
condition, while the low WM span participants did not 
(F(1,12) = 7.1 , p = .02 ηp


2 =.4) 


Discussion 
In this study we have for the first time presented evidence 
that inhibitory control is a central aspect of analogical 
reasoning both at early and late stages of processing.  This 
result is consistent with the results from a previous fMRI 
study using a very similar task that identified areas in 
bilateral inferior frontal gyrus (IFG) as being more active 
during analogy in the presence of relational distraction (Cho 
et al., 2010). Although EEG is not well-suited for precise 
spatial localization, the topography shown in Figure 4 is 
consistent with the activation reported by Cho and 
colleagues. It is also interesting that this topography appears 
to be at least partially distinct from the frontopolar area 
previously identified as being associated with analogical 
mapping via both EEG (Morrison et al., 2012) and fMRI 
(Green et al., 2010) methods. Future investigations will 
need to focus on how these two areas may interact in the 
service of analogical reasoning. 


Several previous behavioral studies have shown evidence 
of the importance of inhibitory control during analogical 
reasoning in the face of distraction (e.g., Cho et al., 2007; 
Krawczyk et al., 2008; Morrison et al., 2004; Viskontas et 
al. 2004); however, these studies typically only found 
reliable effects when distraction was present in more 
relationally complex problems.2 In the present study we 
show the engagement of inhibitory control for even simple 
one-relation analogy problems. However, this effect was 
apparent only in the ERP results, not in accuracy or RT.  It 
is also interesting that, just as in Vogel et al. (2005), the 
effective goal-relevant use of inhibitory control interacted 


                                                
2 One notable exception is distraction effects during analogical 


reasoning in young children (Richland et al., 2006; 2010). 


with WM span.  Specifically, participants with high WM 
span seemed to show differential activity in bilateral areas 
of anterior PFC compared to low-WM span individuals.  It 
is not possible with EEG to definitively determine whether 
this difference involves an increase or decrease of activation 
in IFG activity in the distraction condition. However, given 
the similar behavioral performance across the two groups 
and the previous results from Vogel et al. (2005), it seems 
possible that this difference may involve IFG-driven 
suppression mechanisms that are better developed in the 
high WM group.  This ability, while not of behavioral 
consequence in these simple problems, may manifest itself 
in better behavioral performance in high WM-span 
individuals when solving more relationally complex 
problems.  


So what exactly does inhibitory control do during 
analogical reasoning?  It is quite likely that the answer is not 
a unitary one.  Rather, the function of inhibitory control may 
be multifaceted, and may differ across the time course f 
processing analogies. Future studies will need to be driven 
by precise computational accounts of the neural mechanisms 
underlying analogical processing (e.g., Knowlton et al., 
2012) and will likely require time-frequency analysis 
techniques capable of temporally resolving the interaction 
between areas in PFC and areas in posterior cortex 
responsible for the processing of stimuli. 
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Morrison Probationary Review Document 


I. Overview 
 
Candidates are to provide a concise overview of their development as faculty members including 
their perception of their strengths and weaknesses and to comment on their contributions to the 
department. 


 
When I came to Loyola in the fall of 2009, Deans Fennell and Attoh charged me with developing a 
neuroscience program that engages undergraduate and graduate students and reaches across 
geographic bounds to include the Neuroscience Institute located at the Stritch School of Medicine in 
Maywood.  During the last several years I have embraced this challenge and been greatly rewarded by 
the enthusiasm of Loyola’s students for neuroscience. Following I highlight several of the things I’ve 
been able to begin since coming to Loyola and look forward to what, together with my students and 
colleagues we can accomplish in the future. 


I believe teaching and research in higher education work together like the left and right sides of the 
body. Since coming to Loyola I have developed four new courses, three of which are new to Loyola. 
Cognitive and Behavioral Neuroscience (psyc 382) serves as a group A course in the psychology 
major and will be a required course for the soon to be 
implemented Neuroscience Major.  The course provides a 
challenging introduction to one of the fastest growing areas in 
psychology.  As you will see from their comments, the students 
have embraced the course and are using it as a gateway to 
experiential learning through conducting research.  Several 
alumni of this course have already received Carbon and Provost 
Fellowships for Neuroscience related projects and several new 
alumni are applying this year.  Likewise several of these students 
have presented their own work at the Cognitive Neuroscience 
Society and Society for Neuroscience annual meetings as well as 
at the St. Albert’s Day celebration at the Stritch School of 
Medicine.  
I have also developed a companion graduate course, Seminar in 
Cognitive Neuroscience (psyc 435), which introduces graduate 
students to the methods of cognitive neuroscience (e.g., cognitive 
neuropsychology, structural and functional neuroimaging, and neurogenetics) using the primary 
literature from developmental, social, and clinical psychology.  Students in the course are required to 
write an NRSA proposal that integrates their own research interest and at least one cognitive 
neuroscience method. One such proposal has already resulted in a funded multidisciplinary grant.  We 
anticipate the submission of three NRSA proposals from course alumni this summer. Thanks to my 
role on the Neuroscience Institute Executive Committee, I was able to make connections with the 
medical school’s Neuroscience Graduate Program, and this course is now a requirement for their 
program as well.  Thus, graduate students from Maywood and Lakeshore campuses are now meeting 
regularly to expand their research methods repertoire and build relationships.  


I have also developed a new honors course, Psychology of 
Creativity (Hon 204) that I am teaching for the second time 
this spring. This prerequisite-free course introduces students 
from across the College of Arts and Sciences to methods in 
experimental psychology and also case-based approaches in 
the study of creativity.  The course seeks to dispel the 
common belief that there are intrinsically creative disciplines, 
and rather argues that creativity involves the use of a set of 
mental processes to solve problems in novel ways. We also 
address, socio-affective factors that tend to bias certain people 
towards engaging these processes more than others.  The 


CANlab member and Carbon Scholar Brian 
Sweis shares his research with 
Neuroscience Graduate Program Director 
E.J. Neafsey at the St. Albert’s Day Poster 
Session at the Stritch School of Medicine in 
Maywood. 


Student groups brainstorming topics for their 
group project in Psychology of Creativity. 
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course is based around a set of active learning assignments, which require students either individually 
or in small groups to critically evaluate creative products and the people who made them and present 
these to the class or broader community in non-traditional ways including blogs 
(whatscreativeluc.blogspot.com) or through class presentations which include theatre and film. 
Students from this course have engaged me with research ideas and have formed a “creativity work 
group” in my lab.  This group, currently made up of three undergraduate students, a post-baccalaureate 
student, and a philosophy graduate student are currently working on a project to understand the role of 
working memory in insight and incubation in creative problem solving. 


Lastly, I developed a curriculum for Laboratory in Experimental Psychology: Cognition (Psyc 314) 
which weds a survey of methods in cognitive psychology with a scaffolded curriculum intended to 
build basic skills in Microsoft Excel, what I consider to be an essential element of any experimental 
scientist’s data management toolbox. I believe that an essential part of higher education is to not only 
teach students about their discipline, but also to build practical skills that they can use after school, 
regardless of their chosen career path. I believe this course reaches that goal.  Perhaps the greatest 
complement I’ve received is from a student who had this course during its inaugural run and who ran 
up to me a year later to tell me how valuable what she had learned in the class was in the work she was 
doing in another psychology faculty member’s lab. I’ve likewise had students who have headed onto 
jobs in business who now have the Excel skills they need to be effective in their jobs. 


Research has long been my passion and I have been delighted to find so many willing collaborators 
here at Loyola.  With Dr. Rebecca Silton, I have been able to set up the Cognitive and Affective 
Neuroscience Lab (canlab.org) in the lower level of Coffey Hall.  This is a state-of-the-art laboratory 
allowing for multiple physiological recording methods including scalp electroencephalography (EEG) 
during computer-controlled tasks.  I am also an active member of the Cognitive Neurology and 
Alzheimer’s Disease Center at the Feinberg School of Medicine (Northwestern University) which 
gives me access to a clinical 
core including Alzheimer’s 
and Mild Cognitive 
Impairment patients as well 
as longitudinally tracked 
older adults.  I have received 
multiple extra and intramural 
grants since I began at 
Loyola and have an 
aggressive plan in place for 
major awards from the NIH, 
NSF and the Alzheimer’s 
Association.  While it took two years to set up my laboratory because of the timing in moving from 
Damen to Coffey I minimized disruption through taking students to Northwestern University on nights 
and weekends to continue to collect EEG data.  This has resulted in some delay in publication for 
several studies, but has provided us with a steady stream of new publishable data which is expanding 
rapidly.  I’m also pleased that three Loyola graduate students from our laboratory intend to submit 
NRSA fellowship applications this summer.  
One of the greatest joys of my time here at Loyola, has been my role as the faculty mentor of the 
Neuroscience Society, a Loyola Student Activities funded group here on campus.  This group made of 
many of the undergraduates in the Interdisciplinary Neuroscience Minor organizes biweekly meetings 
during the school year, hosts an annual banquet (this year featuring Harvard University professor Dr. 
Dan Schacter), special speakers (e.g., Dean Buonomono from UCLA and Marsel Mesulam and Ken 
Paller from Northwestern University), special activities for Brain Awareness Week, and a team in the 
annual Walk to End Alzheimers (a fund raiser sponsored by the Alzheimer’s Association). The 
student’s enthusiasm for Neuroscience is absolutely infectious, and the group provides great 
opportunities for students to meet faculty mentors and hear about different career options for people 


EEG chamber, control and data analysis rooms in the CAN Lab on the lower level 
of Coffey Hall.  More details on the lab can be found at canlab.org. 
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interested in Neuroscience.  The group also fuels the rapidly 
growing Interdisciplinary Neuroscience Minor. 


In summary, I believe that I have fully embraced the 
challenge offered by Deans Fennel and Attoh and assisted in 
the development of neuroscience at Loyola and helped to 
begin the process of connecting our program to the 
neuroscience community at the medical school.  I have 
established an effect classroom and experiental-learning 
program that has been recognized by two years of 
nominations for the Loyola Undergraduate Research 
Opportunities Program Distinguished Mentor Award, 
repeated internal funding for my student’s research projects 
and most recently a nomination for the Sujack Award for 
Teaching Excellence. My scholarship has been recognized 
through receiving extramural research funding, serving on the 
program committee of a major international conference, and serving as the co-editor of the definitive 
volumes in the field of thinking and reasoning (Holyoak & Morrison, 2005, 2012).  I look forward to 
building on this strong start in future years and am delighted to be a part of this learning community.  


Members of the Neuroscience Society 
and the CANlab at the 2011 Walk to End 
Alzheimer’s where we raised over $2000 
to help care for people with Alzheimer’s 
disease and their families. 
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II. Scholarship demonstrated in Teaching 
 
A. Summary of Teaching Activities 
 
1. Classes taught semester by semester 


 
Fall 2009 (Start-up teaching release) 
Psyc 314 Laboratory in Experimental Psychology:  Cognition 
 
Spring 2010 
Psyc 314 Laboratory in Experimental Psychology:  Cognition 
Psyc 435 Information Processing (graduate) 
 
Fall 2010 (Start-up teaching release) 
Psyc 398 Cognitive and Behavioral Neuroscience 
 
Spring 2011 
Psyc 314 Laboratory in Experimental Psychology:  Cognition 
Hon 204 Science and Society:  Psychology of Creativity 
 
Fall 2011 (Grant sponsored teaching release) 
Psyc 382 Cognitive and Behavioral Neuroscience 
 
Spring 2012 
Psyc 435 Seminar in Cognitive Neuroscience (graduate) 
Hon 204 Science and Society:  Psychology of Creativity 


 
2. Independent Readings and Research (list topics and student names) 
 
I have mentored the following students during my first three years at Loyola. 
 
Loyola Graduate  


1. Valerie Flores (Developmental Psychology) – Development of the Neural Correlates of 
Relational Reasoning. Currently working on her masters degree. Coauthored poster presented 
at the Cognitive Development Society. 


2. Stephanie Hare (Philosophy) – Insight in Problem Solving. Currently applying for graduate 
studies in Cognitive Science. Coauthored manuscript in preparation. 


3. Dane Wendell, M.A. (Political Science) – Neural Correlates of Political Ideology. Preparing 
to propose his dissertation. Coauthored conference presentations accepted for presentation. 


4. Vanessa Raschke, M.A. (Developmental Psychology) – Neural Correlates of Executive 
Function in Bilingualism.  Currently completing her dissertation. 


Post- Baccalaureate 


1. Dan Cunningham (2010-2011) – Neural Correlates of Verbal Analogical Reasoning. 
Currently doctoral student at Kirksville College of Osteopathic Medicine. 


2. Sean McCarthy (2011-2012) -- Insight in Problem Solving.  2000 graduate. Applied for 
graduate studies in Cognitive Science. Coauthored manuscript in preparation. 


3. Slava Nikitin (2010-2011) -- Neural Correlates of Visual Analogical Reasoning. Coauthored 
manuscript in preparation. 2010 graduate. Currently PhD student in Cognitive Neuroscience at 
Ohio State University. 
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4. Kalen Flynn (2011 – 2012) – Neural Correlates of Political Ideology. Currently enrolled in 
the Biology Post-Baccalaureate Program at Loyola. 


Loyola Undergraduate 


1. Dan Cunninghan (2009-2010; Psyc 389/Neuroscience 302 Mentor) – Neural Correlates of 
Verbal Analogical Reasoning. 2010 Graduate. Currently doctoral student at Kirksville College 
of Osteopathic Medicine. 


2. Krishna Bharani (2009-2011; Carbon Scholar, Psyc 389/Neuroscience 302) – 
Electrophysiology of Category Learning in Older Adults. Coauthored poster at International 
Conference on Alzheimer’s disease and Cognitive Neuroscience Society.  Several coauthored 
manuscripts in preparation. Currently Lab Manager of the CAN lab Loyola Department of 
Psychology and preparing applications for MD/PhD programs. 


3. Kelly Brandstatt (2010-2012; Psyc 399) – Insight in Problem Solving. Coauthored poster at 
Cognitive Neuroscience Science. Currently a senior. 


4. Dietta Chihade (2010-2011; Biol 396)-- Electrophysiology of Category Learning in Older 
Adults. Coauthored poster at International Conference on Alzheimer’s disease. 2011 graduate. 
Currently seeking employment as a research assistant. 


5. Miraj Chokshi (2009-2012; Psyc 399, Psyc 397, 2-year Provost Fellow ) – Neural Correlates 
of Relational Similarity. Currently a senior.  


6. Andrew Cirt, (2009-2011) – Neural correlates of age related memory changes. Currently a 
junior. 


7. Elise Gagnon (2011-2012), -- Development of the Neural Correlates of Relational Reasoning. 
Currently a sophomore. 


8. Mirinda James (2009-2010) -- Neural correlates of age related memory changes. Coauthored 
poster at Cognitive Neuroscience Society. 2011 graduate. 


9. Matt Kmiecik3,7 (2010-2012, Psyc 399; Provost Fellow) -- Neural Correlates of Verbal 
Analogical Reasoning. Coauthored poster at Cognitive Neuroscience Society. Currently a 
junior. 


10. John Molony (2011-2012, Psyc 399) – Insight in Problem Solving. Coauthored poster at 
Cognitive Neuroscience Society. Currently a senior. 


11. Kevin Nuechterlein (2010-2011, Psyc 389/Neuroscience 302) -- Neural correlates of age 
related memory changes. 2011 graduate. Coauthored poster at Cognitive Neuroscience 
Society. 


12. Slava Nikitin (2009-2010, Psyc 389/Neuroscience 302) --Neural Correlates of Visual 
Analogical Reasoning. 2010 graduate. Coauthored poster at Cognitive Neuroscience Society. 
Coauthored manuscript in preparation. Currently PhD student in Cognitive Neuroscience at 
Ohio State University. 


13. Nirav Patel (2010-2012, Psyc 399, Provost Fellow) – Neural Correlates of Political Ideology. 
Currently a junior. 


14. Puja Patel (2010, Psyc 399) -- Effect of Personal Perceived Power on Relational Processing. 
2010 graduate. 


15. Izabelle Rymut (2011-2012) – Neurocomputational Explanations of Visual Analogical 
Reasoning. Currently a sophomore. 


16. Rebecca Shukhman (2011-2012, Psyc 399) – Neural correlates of age related memory 
changes. Currently a junior. 
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17. Leonidas Skiadopoulos (2011-2012, Psyc 399) – Insight in Problem Solving. Coauthored 
poster at Cognitive Neuroscience Society. Currently a junior. 


18. Brian Sweis (2009-2012, Carbon Scholar, Psyc 369, 370) – The Behavioral and 
Neurochemical Analysis of the Effects of Chronic Stress on Mental Health (with Louis 
Lucas); Neural Correlates of Visual Analogical Reasoning. Coauthored student at Cognitive 
Neuroscience Society. 


3. Thesis and Dissertation Committees 


1. Sandra Vargas (Developmental) 


2. Dane Wendell (Political Science) 


3. Donna Bridge (Northwestern University Interdisciplinary Neuroscience Program) 


 


 







Morrison Mid-Probationary Review 7 


B. Discussions and Teaching Philosophy 
 
1. How has the candidate’s teaching philosophy developed and changed over the years as a 


faculty member? 
 
2. How is this philosophy reflected in the courses taught and research directed? 
 
Items 1 and 2 are addressed together in the following statement. 


In my view higher education has three essential roles: 1) fostering a spirit of inquiry that empowers 
them with the critical thinking skills necessary to become life-long learners,  2) helping students 
discover their passion that propels them in the direction of a fulfilling career, and 3) helping students 
gain the skills necessary for their future careers. Psychology is an excellent domain within which to 
create such a critical learning environment given its use of the scientific method to explore questions 
of enduring significance and great personal relevance. If successful this is a transformative education 
experience, a central focus of Loyola’s mission. 


Learning by Teaching 


During my years both as a liberal arts student and teaching assistant at Wheaton College, as well as 
during my various graduate and faculty teaching appointments, I have repeatedly been impressed by 
the power of "learning by teaching".  In this pedagogy, the instructor structures active-learning projects 
and encourages students to "teach each other" in order to deeply learn content as well as improve their 
communication and reasoning skills.  Making students responsible for not only their own learning, but 
also the learning of others helps to build motivation for learning, teamwork and also deep conceptual 
understanding (e.g., Stigler & Hiebert, 1999).   


Implementation:  


In my Psychology of Creativity (Hon 204) 
course, students work in small groups to 
become experts on a particular eminent creative 
person from the modern period.  Working 
together they create a novel way to share their 
expertise with the class.  Past projects have 
included an episode of a food network TV show 
to learn how to bake up an Einstein (including 
video infomercials on the discovers from his 
greatest year of discoveries) and Freud 
undergoing psychoanalysis from a class 
member to share how his childhood shaped him 
as a creative person. The students also identify 
and interview a creative person in the 
Chicagoland area and likewise build a case 
study on the person and similarly share their 
learning with the class though a second creative presentation.  Throughout the experience both student 
teachers and audience members exhibit an unrivaled level of engagement and subsequent class 
discussions are insightful and FUN!  


In another assignment, students develop blog entries (whatscreativeluc.blogspot.com) around the 
theme, What’s Creative? Students develop their own operational definition of creativity and use it to 
identify specific creative products and analyze the creative process of the person who created it. The 
intent of the assignment is to apply course material to think critically about creativity in the world and 
share this with a broad audience beyond just the class or even the university community. 


In my undergraduate Cognitive and Behavioral Neuroscience (psyc 398/382) course, students blog 
(brainpoints.blogspot.com) about cognitive neuroscience news items and comment on each other’s 


Student groups brainstorming topics for their group 
project in Hon 204 
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blog entries. The intent of the assignment is to apply course material to think critically about science 
and share this with a broad audience beyond just the class or even the university community.  


In another assignment students create Hollywood style short films to share their research on a 
particular neurological disorder (see more detail in the following section).  I recently presented this 
assignment at the Spring 2012 Focus on Teaching and Learning. 


In my undergraduate Laboratory in 
Experimental Psychology: Cognition 
(psyc 314) course, students work in 
small groups to develop one of the 
course projects into a conference 
poster, which each student is 
responsible for orally presenting to 
the class.  This gives students 
practice communicating about 
research questions and methodology 
including fielding questions from the 
class. 


In my graduate Cognitive 
Neuroscience Seminar (psyc 435) 
students are responsible for presenting two papers from the primary literature to the remainder of the 
class and leading a discussion about these papers.  They are also responsible for developing a grant 
proposal integrating their research interests with course material.   As a part of this project they give an 
oral presentation to present their research idea and to solicit feedback from the course.  They then write 
an NRSA grant proposal with their research idea. Both assignments serve as teaching opportunities for 
the students and provide them with opportunities to integrate course learning with research. 


The Power of Story to Engage, Remind and Apply 


Story has been a principle means of teaching for most of human history. I believe the arts provide a 
natural way to engage students in compelling stories, which can serve as a scaffold for further learning 
in the sciences.  Specifically I believe stories can catalyze students to ask important questions about 
psychological content, and help them to apply course content to analyze or solve real-world problems 
in their own lives and the lives of others (see Morrison & Bergman, 2005). As an example, prior to 
coming to Loyola I produced a short narrative film about the fallibility of human memory (“Retrieval”; 
see APS observer articles for more information).  Retrieval engages the students in a story they can 
relate to so that as see the workings of false memory in the story and learn about the concepts 
governing this process, they are drawn to reflect on how these processes may be at work in their own 
lives. 


Implementation:  


I make extensive use of film for this purpose. In my undergraduate Cognitive and Behavioral 
Neuroscience (psyc 398/382) course, students work in small groups to develop a film on a neurologic 
disorder frequently not covered during 
the course (see also Morrison et al., 
2012, January).  Some create episodes 
of “House”, while others use various 
Hollywood films like “Memento” as 
analogues. In the assignment students 
apply concepts they have learned in the 
course to construct novel ways to share 
their learning.   


As described in the previous section, in 
my Psychology of Creativity (Hon 204) Two student made films as seen posted in YouTube 


Student poster from Spring 2011 psyc 314 Class 
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course, students work in small groups to become experts on a 
particular eminent creative person from the modern era and once 
again on a contemporary Chicago creator that they identify.  They 
work together to build a creative way to share their expertise with 
the class.   


Experiential Learning 


Many years ago I was infected with a pernicious virus. 
Retroviruses are fascinating things, when they infect a cell they 
inject their genetic material into the host and take over its 
metabolic machinery. Keith, John, Barbara, Bob and Ken (my own 
mentors) knew they were contagious, but took no precautions and 
infected me during the countless hours we have spent working 
together.  They inoculated me with their passion and their ideas 
slipped into me without my notice.  Once spliced into my own 
thoughts, their memes replicated within, becoming integral parts of 
my own. I never knew I was a host at the time, I just knew that I 
loved what I did more and more—I was more engaged and more 
passionate.  I cared deeply for what I did.  Insidious! 


Now I too am contagious.  I seek my hosts amongst the willing 
Loyola students.  We spend many hours, days, nights, weekends, 
doing research, talking about ideas, life, and our futures.  Whether 
in the lab or at conferences, I see it--clear signs of transmission--
devotion, passion, and curiosity—late night texts with research 
ideas! Most rewarding is when they infect their friends--more 
students every month show up at the lab door. 


Neuroscience is an intrinsically interdisciplinary and collaborative 
discipline, and there is no greater joy than to work together with 
my student collaborators as we strive to understand the human 
mind and brain together. I can’t imagine anything more fulfilling 
than walking with them as their passion builds and their paths 
emerge, as they become successful scholars on their own. 


Screen capture from canlab.org 
showing lab personnel during 
Spring 2012 







Morrison Mid-Probationary Review 10 


 
C. Participation in Workshops and Other Advanced Training to Enhance Teaching Skills 
 


Morrison, R.G., Flores, V., Chokshi, M., Gagnon, M., Kmiecik, M., Patel, N.,& Sweis, B. (2012, 
January). Student made Films as a Means to Deep Learning. Presentation given at Spring 2012 
Focus on Teaching and Learning Conference. 
 
See supplemental materials in portfolio under teaching>presentations. 
 
  


D. Evidence of Teaching Effectiveness 
 


Course Evaluations 
  
Course Semester Size  Instructor  Course  GPA 
   Enrollment (#TCEs)  Mean     Median  Mean   
Median 
Psyc314* Fall (2009) 22 (20) 3.9 4 4 4 2.9 
Psyc314 Spring (2010) 20 (14) 4.64 5 4.64 5 3.1 
Psyc435* Spring (2010) 16 (15) 3.67 4 3.73 4 3.7 
Psyc399*† Fall (2010) 19 (17) 4.12 4 3.88 4 2.9 
Psyc314 Spring (2011) 21(18) 4.3 4 4.1 4 3.1 
Hon204* Spring (2011) 33 3.6/4 4/4   3.7  
Psyc382 Fall (2011) 28(27) 4.0 4 4.1 4 2.9 
__________________________________________________ 


* New Prep 
† Psyc399 will now be called Psyc382 
 
 
Comments on Teaching from Course Evaluations 
 
Cognitive and Behavioral Neuroscience  
(psyc 398 – Fall 2010 – new prep/382 – Fall 2011) 
 


Dr Morrison’s knowledge of the subject was the best part…Everything from methods to 
attention, it was a great class 


This class was vey interesting and provide thorough information about many different 
topics…Dr Morrison is friendly and enthusiastic 


Really well done, interesting and definitely a good introduction to cognitive neuroscience 


Dr Morrison is OBVIOUSLY passionate about the subject matter and he brings real world 
experience.  He is willing to help with difficulties and is very professional 


Dr. Morrison is very knowledgeable and has extensive research experience which I think is 
very important for this course since a lot of neuro has to do with research findings 


Very interesting material and professor obviously engaged in the material. Great use of 
examples/connection to the real world 


Good use of technology and instructor has in depth knowledge of material 


…helpful and made time for students outside of class 
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Sacks – great perspective.  Keep it.  I loved it. May even have changed my life. 


Lots of info covered but did it in a manner that was easily followed.  fun video project 


One of the best courses I’ve taken.  Great subject, well presented material, professor makes it 
interesting 


Professor is enthusiastic and well prepared…the wealth of knowledge, professionalism and 
preparation was outstanding 


The combination of textbook material + current/important studies provided a well rounded 
course. 


Dr Morrison is very knowledgeable on the subject.  He is an amazing scholar on Neuroscience 


Very detailed lectures and power point but also very descriptive when someone is confused 


Professor Morrison was very knowledgeable and prepared.  His assignments were interesting 
and rewarding. 


Lots of opportunities to learn more outside class (banquet talks) 


The project in the end (movie) makes looking into these disorders really interesting and makes 
you apply what you learn to “real” life 


Psychology of Creativity  
(Hon 204 – Spring 2011 – new prep) 
 


Very passionate about what he teaches and clearly knows what he is talking about.   


This class was very interesting and fun- I enjoyed learning about many different creative 
individuals and analyzing how we view and characterize creativity.  


I really enjoyed and looked forward to going to this class every week. 


Great course and professor! 


Extraordinarily knowledgeable and able to bring in other material and information pertinent 
to our topics as our discussions diverged. 


Dr. Morrison did a fantastic job with this course!  Easily my favorite honors course to date. 


Bob was amazing, his passion for this subject really resonated with his students and it made us 
want to work hard for him! 


Laboratory in Experimental Psychology:  Cognition  
(psyc 314 – Fall 2009 – new prep, Spring 2010, Spring 2011) 
 


Thank you for a great semester. I really enjoyed the course and feel like I got some very good 
insight about how research is conducted in the field of cognitive psychology. I 


think that even the small tips you would give when sharing your previous experiences in 
research with the class can go a long way for those students who are pursuing a 
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career in research. I'm glad I was able to take two courses with an instructor so 
knowledgeable, experienced, and enthusiastic about their work. Also I would like to thank 


you for your extra help with my Psyc 318 course, if you remember! It was very helpful! 


- great teacher…help always available…lectures good 


The lectures and various readings were insightful and engaging 


Strongly organized…tight as a drum 


Well organized…helpful…listened to students feedback…good instruction 


The experiments done were very interesting 


Dr Morrison and Meghan were very clear and helpful when asked for help 


One of my hardest but favorite classes 


This has been one of my favorite and best class experiences…Dr Morrison is definitely on top 
of his game. 


The constant stream of work and use of multiple lab work formats definitely prepares students 
for real world work experience. 


The teacher and TA were very reachable for help outside and inside the classroom.  There was 
a good amount of work for each assignment and time to do it. 


Very well organized.  I really liked the design – write different APA sections of different exp’s 
– then finish 1 off into a paper and/or a poster 


Info presented well. Feedback very helpful 


Seminar in Cognitive Neuroscience (Information Processing)  
(psyc 435 – Spring 2010 – new prep)  
 


I was very glad this class was offered. Dr Morrison taught the subject with a great deal of 
enthusiasm 


Interesting topic, great instructor.  Good balance between learning, discussion and testing 


This course sparked my interest in neuro psych and made me exciting to possibly do research 
in this area one day 


 
Teaching Awards 
 
2011 Loyola Undergraduate Research Opportunities Program Distinguished Mentor Award     


Honorable Mention 


2012 Nominated for the Loyola Undergraduate Research Opportunities Program Distinguished 
Mentor Award 


2012 Nominated for the Sujack Award for Teaching Excellence, College of Arts and Science, 
Loyola University Chicago 
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Teaching Innovation 


Morrison, R.G., Flores, V., Chokshi, M., Gagnon, M., Kmiecik, M., Patel, N.,& Sweis, B. (2012, 
January). Student made Films as a Means to Deep Learning. Presentation given at Spring 2012 
Focus on Teaching and Learning Conference. 
 
A fundamental challenge for higher education is to connect abstract concept learning with the lives 
of students thereby improving retention and increasing accessibility of learned information in 
relevant contexts.  Active learning exercises attempt to facilitate this process.  Herein we describe 
an assignment from Psychology 382 Cognitive and Behavioral Neuroscience, which asks students 
to work in small groups to write, direct, film and edit short films about neurologic disabilities. In 
the films, students act as patients, friends and family, and science and medical experts to bring these 
disabilities, their diagnosis and treatment, to life.  Frequently using humor the short firms connect 
to contemporary media familiar to the students. Thus, students move from mere consumers of 
information to disseminators, with videos posted on youtube.com to enable a much greater audience 
for their work. Students will present excerpts from several of their films and describe their learning 
from the process. 
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III. Scholarship Demonstrated in Research 
 
A. Bibliography (Always give complete citation including all co-authors) 


 
Recent peer-reviewed publications, book chapters, conference proceedings, posters, and 
manuscripts under review may be found in the supplemental materials portfolio. 


 
1. Research published in edited journals 


1. Morrison, R.G., Doumas, L.A.A., & Richland, L.E. (2011). A computational account of 
children's analogical reasoning:  Balancing inhibitory control in working memory and relational 
representation. Developmental Science, 14(3), 516-529. doi:10.1111/j.1467-7687.2010.00999.x 


2. Richland L.E., Chan, T-K., Morrison, R.G., & Au, T.K-F. (2010). Young children’s analogical 
reasoning across cultures: Similarities and differences. Journal of Experimental Child Psychology, 
105, 146-153. 


3. Richland, L.E., & Morrison, R.G. (2010). Is analogical reasoning just another measure of 
executive functioning? Frontiers in Human Neuroscience, 4, 180. 


Prior to Loyola 


4. Morrison, R.G., & Cho, S. (2008). Neurocognitive process constraints on analogy:  What changes 
to allow children to reason like adults? Behavioral and Brain Sciences, 31, 391-392. PMID: 
18662450  


5. Krawczyk, D. C., Morrison, R. G., Viskontas, I., Holyoak, K. J., Chow, T. W., Mendez, M., 
Miller, B.L., & Knowlton, B. J. (2008). Distraction during relational reasoning:  The role of 
prefrontal cortex in interference control. Neuropsychologia, 46, 2020-2032. PMID: 18355881  


6. Lu, H., Morrison, R.G., Hummel, J.E., & Holyoak, K.J. (2006). Role of gamma-band 
synchronization in priming of form discrimination for multi-object displays. Journal of 
Experimental Psychology:  Human Perception and Performance, 32, 610-617. PMID: 16822127  


7. Richland, L.E., Morrison, R.G., & Holyoak, K.J. (2006). Children’s development of analogical 
reasoning: Insights from scene analogy problems. Journal of Experimental Child Psychology, 94, 
249–273. PMID: 16620867 


8. Morrison, R.G., Krawczyk, D., Holyoak, K.J., Hummel, J.E., Chow, T., Miller, B., & Knowlton, 
B.J. (2004). A neurocomputational model of analogical reasoning and its breakdown in 
frontotemporal lobar degeneration. Journal of Cognitive Neuroscience, 16, 260-271. 
doi:10.1162/089892904322984553 


9. Viskontas, I.V., Morrison, R.G., Holyoak, K.J., Hummel, J.E., &  Knowlton, B.J.,  (2004) 
Relational integration, inhibition and analogical reasoning in older adults. Psychology and Aging, 
19, 581-591. doi:10.1037/0882-7974.19.4.581 


10. Morrison, R.G., & Wallace, B.  (2001). Imagery vividness, creativity, and the visual arts. Journal 
of Mental Imagery, 25, 135-152.  


11. Spellman, B.A., Holyoak, K.J., & Morrison, R.G. (2001).  Analogical priming via semantic 
relations.  Memory & Cognition, 29, 383-393. PMID: 11407415 


 
2. Chapters and books 


1. Morrison, R.G. (in press). Analogical reasoning: Models of development. In H. Pashler (Ed.), 
Encyclopedia of the mind. Thousand Oaks, CA:  Sage Publications. 


2. Morrison, R. G. (in press). Problem solving. In M. Aminoff & R. Daroff (Eds.), The encyclopedia 
of the neurological sciences (2nd Edition). San Diego: Academic Press.  
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3. Holyoak, K.J., & Morrison, R.G. (Eds.) (2012). Oxford Handbook of Thinking and Reasoning.  
New York, NY: Oxford University Press. 


4. Holyoak, K.J., & Morrison, R.G. (2012). Thinking and reasoning: A reader’s guide. In K.J. 
Holyoak & R.G. Morrison (Eds.), Oxford Handbook of Thinking and Reasoning. New York: 
Oxford University Press. 


5. Morrison, R.G., & Knowlton, B.J. (2012). Cognitive neuroscience of higher cognition. In K.J. 
Holyoak & R.G. Morrison (Eds.), Oxford Handbook of Thinking and Reasoning. New York: 
Oxford University Press. 


Prior to Loyola 


6. Morrison, R.G. (2005).  Thinking in working memory.  In K.J. Holyoak & R.G. Morrison (Eds.), 
Cambridge Handbook of Thinking and Reasoning (pp. 457-473).  New York, NY: Cambridge 
University Press. 


7. Holyoak, K.J., & Morrison, R.G. (2005).  Thinking and reasoning:  A readers guide.  In K.J. 
Holyoak & R.G. Morrison (Eds.), Cambridge Handbook of Thinking and Reasoning.  (pp. 1-9). 
New York, NY: Cambridge University Press. 


8. Holyoak, K.J., & Morrison, R.G. (Eds.) (2005). Cambridge Handbook of Thinking and 
Reasoning.  New York, NY: Cambridge University Press.  


9. Morrison, R. G., & Holyoak, K. J. (2003). Problem solving. In M. Aminoff & R. Daroff (Eds.), 
The encyclopedia of the neurological sciences (Vol. 1, pp. 60-62). San Diego: Academic Press.  


 
3. Published Conference Proceedings 


1. Morrison, R.G., Bharani, K., Chihade, D., Nuechterlein, K., Weintraub, S., Reber, P.J., & Paller, 
K.A. (2011). Category learning brain potentials as neurocognitive markers for pathologic aging.  
Alzheimer’s & Dementia, 7(4), S32-33. 


2. Morrison, R.G., Bharani, K., Chihade, D., Nuechterlein, K., Weintraub, S., Reber, P.J., & Paller, 
K.A. (2011). Category learning brain potentials as neurocognitive markers for pathologic aging.  
Alzheimer’s & Dementia, 7(4), S216. 


3. Doumas, L. A. A., Morrison, R. G., & Richland, L. E. (2010).  Differences in development of 
analogy across cultures: A computational account.  Proceedings of the Thirty-Second Annual 
Conference of the Cognitive Science Society. 


4. Doumas, L.A.A., Morrison, R.G., & Richland, L.E. (2009). The development of analogy: Task 
learning and individual differences. Proceedings of the Thirty-First Annual Conference of the 
Cognitive Science Society  (pp. 3133-3138). Mahwah, NJ:  Erlbaum. 


5. Morrison, R.G., Reber, P., & Paller, K.A. (2009). Dissociation of category-learning mechanisms 
via brain potentials. Proceedings of the Thirty-First Annual Conference of the Cognitive Science 
Society (pp. 3076-3081).  Mahwah, NJ:  Erlbaum. 


Prior to Loyola 


6. Morrison, R.G., Doumas, L.A.A., & Richland, L.E. (2006). The development of analogical 
reasoning in children:  A computational account.  Proceedings of the Twenty-eighth Annual 
Conference of the Cognitive Science Society (pp. 603-608).  Mahwah, NJ:  Erlbaum. 


7. Thompson, G., Morrison, R.G., Holyoak, K.J., & Clark, T.K. (2006). Evaluation of an online 
analogical patient simulation program.  Proceedings of the Nineteenth IEEE International 
Symposium on Computer-Based Medical Systems (pp. 623-628).  Los Alamitos, CA:  IEEE 
Computer Society.  
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8. Richland, L.E., Morrison, R.G., & Holyoak, K.J. (2004). Developmental Change in Analogical 
Reasoning:  Evidence from a Picture-Mapping Task. Proceedings of the Twenty-seventh Annual 
Conference of the Cognitive Science Society  (pp. 1149-1154). Mahwah, NJ: Erlbaum. 


9. Morrison, R.G., Krawczyk, D., Knowlton, B.J., Holyoak, K.J., Boone, K.B., Chow, T., & 
Mishkin, F.S. (2001). Relational reasoning and semantic inhibition in human prefrontal cortex. 
Brain & Cognition, 47, 292-296. 


10. Morrison, R.G., Holyoak, K.J., & Truong, B. (2001). Working memory modularity in analogical 
reasoning. Proceedings of the Twenty-fourth Annual Conference of the Cognitive Science Society 
(pp. 663-668).   Mahwah, NJ: Erlbaum. 


11. Morrison, R.G., Holyoak, K.J., & Spellman, B.A. (2000). Analogical priming in a word naming 
task. Proceedings of the Twenty-second Annual Conference of the Cognitive Science Society (pp. 
1045).   Mahwah, NJ: Erlbaum. 


4. Presentations 


1. Doumas, A., Morrison, R.G., & Richland, L.E. (2012, August). Computational perspectives on 
the role of comparison in structure learning: Developmental, learning science, and computational 
perspectives. Symposium proposal for the 34th Annual Cognitive Science Society, Sapporo, 
Japan. 


2. Sweis, B.M., Bharani, K.L. & Morrison, R.G.  (2012, August). The time course of inhibition in 
analogical reasoning:  An event-related potential approach. Paper submitted for the 34th Annual 
Cognitive Science Society, Sapporo, Japan. 


3. Wendell, D.G., Matland, R.E., & Morrison, R.G. (2012, August).  Inhibitory response in the 
political brain.  Paper proposal submitted for annual meeting of American Political Science 
Association. New Orleans, LA.  


4. Morrison, R.G., (2012, July). Processing dynamics in analogical reasoning:  Developmental, 
neuropsychological, neuroimaging, and computational evidence. Talk to be presented at the 6th 
International Conference on Thinking, London, England. 


5. Morrison, R.G., (2012, July). Analogical reasoning. Symposium organized for the 6th 
International Conference on Thinking, London, England. 


6. Wendell, D.G., Matland, R.E., & Morrison, R.G. (2012, July).  Using electroencephalography to 
measure inhibition in political ideologues.  Paper proposal submitted for annual meeting of 
International Society of Political Psychology.  Chicago, IL. 


7. Wendell, D.G., Matland, R.E., & Morrison, R.G. (2012, April).  Neural correlates of political 
ideology and self-regulation.  Paper to be presented at annual meeting of Midwest Political 
Science Association.  Chicago, IL. 


8. Hare, S., Molony, J., McCarthy, S., Brandstatt, K., Skiadopoulos, L., Bharani, K.L. & Morrison, 
R.G. (2012, March). Insight follows incubation in the Remote Associates Test. Poster accepted for 
the Cognitive Neuroscience Society Annual Meeting, Chicago IL. 


9. Morrison, R.G., Kmiecik, M., & Bharani, K.L. (2012, April). When analogy is like priming:  The 
N400 in verbal analogical reasoning. Poster accepted for the Cognitive Neuroscience Society 
Annual Meeting, Chicago IL. 


10. Sweis, B.M., Bharani, K.L. & Morrison, R.G. (2012, April). Relational complexity and relational 
distraction modulate response-locked event-related potentials in analogical reasoning. Poster 
accepted for the Cognitive Neuroscience Society Annual Meeting, Chicago IL. 


11. Bharani, K., Weintraub, S., Reber, P.J., Paller, K.A., & Morrison, R.G.,  (2012, March). Category 
learning brain potentials as neurocognitive markers for pathologic aging. Poster to be presented at 
the Chicago Area Undergraduate Research Symposium, Chicago, IL. 
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12. Molony, J., Brandstatt, K., Skiadopoulos, L., Hare, S., McCarthy, S., Bharani, K.L. & Morrison, 
R.G. (2012, March). Insight follows incubation in the Remote Associates Test. Poster to be 
presented at the Chicago Area Undergraduate Research Symposium, Chicago, IL. 


13. Kmiecik, M., Bharani, K.L., & Morrison, R.G. (2012, March). When analogy is like priming:  
The N400 in verbal analogical reasoning. Poster to be presented at the Chicago Area 
Undergraduate Research Symposium, Chicago, IL. 


14. Sweis, B.M., Veverka, K.K., Bawa, G.S., Dhillon, E.S., Morrison, R.G., Lucas, L.R. (2012, 
March). Individual differences in the effects of chronic stress on memory: Neuropeptide Y and 
anxiety as biobehavioral correlates of resiliency. Poster to be presented at the Chicago Area 
Undergraduate Research Symposium, Chicago, IL. 


15. Sweis, B.M, Bawa, G.S., Veverka, K.K., Dhillon, E.S., Morrison, R.G., & Lucas, L.R. (2011, 
October). Repeated stress impairs or enhances spatial memory depending on individual coping 
differences in stress reactivity and anxiety. Poster submitted for the Society for Neuroscience 
Annual Meeting, Washington D.C. 


16. Morrison, R.G., Doumas, L.A.A., Flores, V. & Richland, L.E. (2011, October). Individual 
differences in executive functions explain longitudinal development trends In analogical 
reasoning. Poster to be presented at the Cognitive Development Society.  Philadelphia, PA. 


17. Morrison, R.G., Bharani, K., Chihade, D., Nuechterlein, K., Weintraub, S., Reber, P.J., & Paller, 
K.A. (2011, July). Category learning brain potentials as neurocognitive markers for pathologic 
aging.  Poster presented at the Alzheimer’s Imaging Consortium, Paris, France. 


18. Morrison, R.G., Bharani, K., Chihade, D., Nuechterlein, K., Weintraub, S., Reber, P.J., & Paller, 
K.A. (2011, July). Category learning brain potentials as neurocognitive markers for pathologic 
aging.  Poster presented at the International Conference on Alzheimer’s Disease, Paris, France. 


19. Bharani, K., Chihade, D., Nuechterlein, K., Weintraub, S., Paller, K.A., Reber, P.J., & Morrison, 
R.G.  (2011, April). Electrophysiology of rule-based category learning as a function of age.  
Abstract submitted for presentation at the 17th Annual Alzheimer Day at Northwestern 
University’s Cognitive Neurology and Alzheimer’s Disease Center, Chicago, IL. 


20. Bharani, K., Chihade, D., Nuechterlein, K., Weintraub, S., Paller, K.A., Reber, P.J., & Morrison, 
R.G.  (2011, April). Electrophysiology of rule-based category learning as a function of age.  
Poster presented at the Cognitive Neuroscience Society Annual Meeting, San Francisco, CA. 


21. Nikitin, S., & Morrison, R.G. (2011, April). Analogical Reasoning in Human Prefrontal Cortex:  
An Event-Related Potential Approach. Poster presented at the Cognitive Neuroscience Society 
Annual Meeting, San Francisco, CA. 


22. Doumas, L. A. A., Morrison, R. G., & Richland, L. E. (2010, August).  Differences in 
development of analogy across cultures: A computational account.  Poster presented at the Thirty-
Second Annual Conference of the Cognitive Science Society. Portland, Oregon. 


23. Morrison, R.G., Lucas H., Florczak, S., James, M., Wingo, J., & Paller, K.A. (2010, April). Brain 
Potentials Reflect Changes in Memory with Age. Poster presented at the Cognitive Neuroscience 
Society Annual Meeting, Montreal, Canada. 


24. Morrison, R.G., Reber, P., & Paller, K.A. (2009, October). Brain potentials dissociate category-
learning mechanisms. Poster presented at the Society for Neuroscience, Chicago, IL. 


25. Doumas, L.A.A., Morrison, R.G., & Richland, L.E. (2009). The development of analogy: Task 
learning and individual differences. Poster presented at the Thirty-First Annual Conference of the 
Cognitive Science Society.  Amsterdam, Netherlands. 


26. Morrison, R.G., Reber, P., & Paller, K.A. (2009). Dissociation of category-learning mechanisms 
via brain potentials. Poster presented at the Thirty-First Annual Conference of the Cognitive 
Science Society. Amsterdam, Netherlands. 
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27. Morrison, R.G. (2009, July). Implementing analogy in the brain: A computational approach to 
Neuropsychological Results. Talk presented at the 2nd International Analogy Conference, Central 
and East European Center for Cognitive Science, New Bulgarian University, Sofia, Bulgaria. 


28. Richland, L.E., Doumas, L.A.A., & Morrison, R.G. (2009, July). Implementing. Talk presented at 
the 2nd International Analogy Conference, Central and East European Center for Cognitive 
Science, New Bulgarian University, Sofia, Bulgaria. 


Prior to Loyola 


29. Morrison, R.G., Reber, P., & Paller, K.A. (2009, April). Electrophysiological decomposition of 
category-learning mechanisms. Poster accepted for presentation at the Fifteenth International 
Congress on Event-Related Potentials of the Brain, Bloomington, Indiana. 


30. Morrison, R.G., Reber, P., & Paller, K.A. (2009, March). Electrophysiological dissociation of 
category learning mechanisms. Poster presented at the Cognitive Neuroscience Society Annual 
Meeting, San Francisco, California 


31. Morrison, R.G., & Reber, P.J., & Paller, K.A. (2008, November). Neurophysiological 
dissociation of rule-based and information integration category learning mechanisms. Poster 
presented at the 49th Annual Meeting of the Psychonomic Society, Chicago, IL.  


32. Doumas, L.A.A., & Morrison, R.G., & Richland, L.E. (2008, November). A computational 
account of the development of structured thought. Poster presented at the 49th Annual Meeting of 
the Psychonomic Society, Chicago, IL.  


33. Thompson, G., Morrison, R.G., Milne, C. & Holyoak, K.J. (2008, July). Multi-faceted E-
learning:  Comparison of methods study #2. Poster and Talk presented at the International 
Association of Medical Science Educators, Salt Lake City, UT. 


34. Morrison, R.G., Reber, P., & Paller, K.A. (2008, May). Using event-related potentials to 
dissociate category-learning mechanisms. Poster presented at the Association for Psychological 
Science 20th Annual Convention, Chicago, IL. 


35. Morrison, R.G., Reber, P., & Paller, K.A. (2008, May). Dissociation of rule-based and 
information integration category learning:  An event-related potential approach. Poster presented 
at the Cognitive Neurology & Alzheimer's Disease Center’s Alzheimer’s Day Poster Session, 
Chicago, IL. 


36. Morrison, R.G., Reber, P., & Paller, K.A. (2008, April). Dissociation of rule-based and implicit 
category learning:  An electrophysiological approach. Poster presented at the Cognitive 
Neuroscience Society, San Francisco, California. 


37. Doumas, L.A.A., & Morrison, R.G. (2007, November). Modeling process differences in implicit 
and explicit category learning:  A symbolic-connectionist approach. Poster presented at the 48th 
Annual Meeting of the Psychonomic Society, Long Beach, California.  


38. Morrison, R.G., Doumas, L.A.A., & Richland, L. (2007, November). Cross Cultural Cognitive 
Differences in Analogical Reasoning:  A Computational Account. Poster presented at the 48th 
Annual Meeting of the Psychonomic Society, Long Beach, California.  


39. Morrison, R.G., Doumas, L.A.A., & Richland, L. (2007, November). Inhibition vs. Relational 
Knowledge constraints in Children’s Analogical Reasoning:  A symbolic-connectionist approach. 
Poster presented at the Fifth Biennial Meeting of the Cognitive Development Society, Santa Fe, 
New Mexico. 


40. Morrison, R.G. (2006, November). Beyond the passive video experience:  Challenges for 
research on new approaches in video for psychology education. Paper presented 36th Meeting of 
the Society for Computers in Psychology, Houston, Texas. 


41. Morrison, R.G., Doumas, L.A.A., & Richland, L.E. (2006, July). The development of analogical 
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reasoning in children:  A computational account.  Paper presented at the Twenty-ninth Annual 
Conference of the Cognitive Science Society, Vancouver, Canada. 


42. Thompson, G., Morrison, R.G., Holyoak, K.J. &  (2006, June). Evaluation of an Online 
Analogical Patient Simulation Program. Paper presented at the IEEE International Symposium on 
Computer-Based Medical Systems:  Advances in Medical Simulation, Salt Lake City, Utah. 


43. Morrison, R.G., Lu, H., Holyoak, K.J., & Hummel, J.E. (2005, November). Asynchronous 
priming in the gamma band facilitates discrimination of Kanizsa-type forms. Poster presented at 
the 46th Annual Meeting of the Psychonomic Society, Toronto, Canada. 


44. Thompson, G., Morrison, R.G., & Holyoak, K.J. (2005, June). MedulatorTM analogical reasoning 
study:  Evaluation of an online case-based learning tool. Talk presented by Gregory Thompson at 
the Slice of Life conference sponsored by the Academy of American Medical Colleges), Portland, 
OR. 


45. Morrison, R.G. (2005, May). Retrieval.  Invited presentation at the 17th Annual American 
Psychological Society Conference, Los Angeles, CA. 


46. Morrison, R.G., & Bergman, C.E. (2005, May). Analogy into the world: Cuing learning in 
everyday life using narrative film.  Poster presented at the Teaching Institute of the 17th Annual 
American Psychological Society Conference, Los Angeles, CA.  


47. Richland, L.E., Morrison, R.G., & Holyoak, K.J. (2004, November). Development of Analogical 
Reasoning: Inhibitory Control and Working Memory. Poster presented at the 45th Annual Meeting 
of the Psychonomic Society, Minneapolis, MN. 


48. Richland, L.E., Morrison, R.G., & Holyoak, K.J. (2004, August). Developmental Change in 
Analogical Reasoning:  Evidence from a Picture-Mapping Task. Talk read by Lindsey Richland at 
the Twenty-seventh Annual Conference of the Cognitive Science Society, Chicago, IL. 


49. Richland, L.E., Morrison, R.G., & Holyoak, K.J. (2003, October). Working memory and 
inhibition constraints on children's analogical reasoning. Poster presented at the 3rd Annual 
Meeting of the Cognitive Development Society, Park City, UT.  


50. Morrison, R.G., Viskontas, I., & Hummel, J. (2003, April). A computational account of working 
memory and inhibition changes in analogical reasoning during normal aging. Poster presented at 
the Cognitive Neuroscience Society Annual Meeting, New York, NY. 


51. Krawczyk, D., Morrison, R.G., Holyoak, K.J.,  Chow, T.W., Mendez M., & Knowlton, B.J., 
(2003, April). The role of prefrontal cortex in inhibiting competing perceptual and semantic 
information in relational reasoning. Poster presented at the Cognitive Neuroscience Society 
Annual Meeting, New York, NY. 


52. Morrison, R.G., Holyoak,  K.J., Ash, A., & Erickson, E. (2002, November). The role of working 
memory in analogical reasoning. Talk read by Keith Holyoak at the Annual Meeting of the 
Psychonomic Society, Kansas City, MO. 


53. Stevens, G., Morrison, R.G., & Stark, R. (2002, November). Neural-network model of a directed 
forgetting working memory task. Poster presented at the Annual Meeting of the Psychonomic 
Society, Kansas City, MO. 


54. Morrison, R.G., Hummel, J., & Holyoak, J. (2002, April). A computational account of working 
memory and inhibition in analogical reasoning. Poster presented at the Cognitive Neuroscience 
Society Annual Meeting, San Francisco, California. 


55. Krawczyk, D., Morrison, R.G.,  Holyoak, K.J.,  Chow, T.W., Miller, Bruce L., & Knowlton, B.J., 
(2002, April). Analogical reasoning and inhibition in prefrontal cortex. Poster presented at the 
Cognitive Neuroscience Society Annual Meeting, San Francisco, California. 


56. Morrison, R.G., Macdonald, J.W., & Bjork, R.A. (2001, November). Active suppression in the 
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management of working memory.  Poster presented at the Annual Meeting of the Psychonomic 
Society, Orlando, FL. 


57. Morrison, R.G., Holyoak, K.J., & Truong, B. (2001, August). Working memory modularity in 
analogical reasoning.  Talk delivered at the Twenty-third Annual Conference of the Cognitive 
Science Society, Edinburgh, UK. 


58. Krawczyk, D., Morrison, R.G.,  Holyoak, K.J.,  Chow, T.W., Miller, Bruce L., & Knowlton, B.J., 
(2001, March). Reasoning about picture analogies in prefrontal cortex. Poster presented at the 
Cognitive Neuroscience Society Annual Meeting, New York, NY.  


59. Morrison, R.G., Krawczyk, D., Holyoak, K.J.,  Chow, T.W., Miller, Bruce L., & Knowlton, B.J., 
(2001, March). Semantic inhibition and analogical reasoning in human prefrontal cortex. Poster 
presented at the Cognitive Neuroscience Society Annual Meeting, New York, NY.  


60. Morrison, R.G., Holyoak, K.J., & Spellman, B.A. (2000, August). Analogical priming in a word 
naming task.  Poster presented at the Twenty-second Annual Conference of the Cognitive Science 
Society, Philadelphia, PA. 


61. Morrison, R.G., Krawczyk, D., Knowlton, B.J., Holyoak, K.J., Boone, K.B., Chow, T., & 
Mishkin, F.S. (2000, March). Relational reasoning and semantic inhibition in human prefrontal 
cortex. Poster presented at  the 10th Annual Rotman Research Institute Conference, Toronto, 
Ontario. 


62. Allen, P.A., Pickle, J., Lien, M-C, Groth, K., & Morrison, R.G.  (1997, November). A Three-
Stream Model of Visual Word Recognition.  Paper presented at the Annual Meeting of the 
Psychonomic Society, Philadelphia, PA. 


 
B. Grant Activity 
 
1. Grants received 
 


 Source Title Role Amount 


1. Illinois Department of Public Health/ 
Alzheimer’s Disease Research Fund 


Electrophysiology of category 
learning in Alzheimer's Disease 


PI $34,958 
  


 


2. Loyola University – Summer Stipend Electrophysiology of Category 
Learning in Super Agers 
 


PI $7,000 


3. Alzheimer’s Association – 
International Conference on 
Alzheimer’s Disease Travel Award 
 


Category learning brain 
potentials as neurocognitive 
markers for pathologic aging   
 


Recipient $2,000 


4. Rosalinde and Arthur Gilbert 
Foundation/American Federation of 
Aging Research – New Investigator 
in Alzheimer’s Disease Award  
 


1. Electrophysiology of Category 
Learning in Mild Cognitive 
Impairment 
 


PI $99,988 


5. Loyola Undergraduate Research 
Opportunities Program – Provost 
Fellowship – Nirav Patel 


The Role of Inhibition in 
Determining Political Ideology 


Mentor $1,900 


     
6. Loyola Undergraduate Research 


Opportunities Program– Provost 
Fellowship – Miraj Chokshi 


Neurocorrelates of Relational 
and Featural Similarity 
Processing 


Mentor $1,500 
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7. Loyola Undergraduate Research 


Opportunities Program – Provost 
Fellowship – Matthew Kmiecik 
 


Electrophysiology of Verbal 
Analogical Reasoning 
 


Mentor $1,900 


8. Loyola University – Multidisciplinary 
Development Grant 


Is political ideology 
hardwired? Testing political 
variables in the brain 
 


Co-PI $25,000 


9. Loyola Undergraduate Research 
Opportunities Program– Provost 
Fellowship – Miraj Chokshi 


The Effect of Personal 
Perceived Power on Reasoning 
Strategy Selection 
 


Mentor $2,000 


10. 2. Carbon Undergraduate Research 
Fellowship Program – Carbon 
Fellowship – Brian Sweis 
 


The Behavioral and 
Neurochemical Analysis of the 
Effects of Chronic Stress on 
Mental Health 
 


Co-Mentor $15,000 


Prior to Loyola  
 


11. Illinois Department of Public Health/ 
Alzheimer’s Disease Research Fund 


Electrophysiology of category 
learning in Alzheimer's Disease 


PI $30,000 


12. National Institute of Aging, 
Northwestern Alzheimer's Disease 
Core Center – Declined because of 
institution change 


3. Electrophysiological of 
Category Learning in Patients 
with Mild Cognitive 
Impairment 
 


PI $28,000 


13. National Institute of Mental Health – 
Training Award  
  


Yearly Workshop in the Event-
Related Potential Technique at 
University of California, Davis  
 


Recipient  


14. T32AG020506 – National Institute 
of Aging – National Research 
Service Award 


 


Mechanisms of Aging and 
Dementia 


Fellow $100,000 


14. SBIR OSD03-DH07 Office of Naval 
Research 


Medical Training for Force 
Mobilization and Disaster 
Response 


4.  


Consultant $25,000 


15. SBIR OSD01-CR11 Office of Naval 
Research 


An Intelligent System for Case-
Based Instruction  


Consultant $25,000 


     
16. F31MH064244-01A1 – National 


Institute of Mental Health – National 
Research Service Award  


Working Memory and 
Inhibition in Analogical 
Reasoning  
 


Trainee $70,000 


17. T32MH019926-05 – National 
Institute of Mental Health – National 
Research Service Award 


Developmental Cognitive 
Science  


Trainee $30,000 
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2. Unfunded grant proposals (Loyola only) 
 


Source Title Role Amount 


Templeton Foundation The influence of affective 
disorders on the neural 
correlates of cognitive creativity 


PI $400,000 


Loyola University – President’s 
Intercampus Collaborative Research 
Simulation Awards 


The Impact of Cognitive Training 
on Older Adults and Individuals 
with Traumatic Brain Injury as 
Influenced by Stress  


PI $85,000 


    
 
Plans for Continued Research Productivity 
  
1. Material under consideration 


Doumas, L.A.A., Morrison, R.G., & Richland, L.E. (2012). Individual differences in relational 
learning and analogical reasoning over time: A computational approach. Manuscript under 
review. 


Sweis, B.M., Bharani, K.L. & Morrison, R.G.  (2012). The time course of inhibition in analogical 
reasoning:  An event-related potential approach. Manuscript under review. 


 
2. Material in preparation (specify degree of completion and projected completion date)     
 
Bharani, K., Weintraub, S., Reber, P.J., Paller, K.A., & Morrison, R.G. (2012). Electrophysiology of 


rule-based category learning as a function of age.  Manuscript in preparation. – 80% -- June 2012 


Knowlton, B.J., Morrison, R.G., Hummel, J.E., & Holyoak, K.J. (2012). The neural basis of human 
thought. Manuscript invited for submission to Trends in Cognitive Science. -- 80% -- March 2012 


Morrison, R.G., Kmiecik, M., Bharani, K.L. (2012). When analogy is like priming:  The N400 in 
verbal analogy. Manuscript in preparation. – 30% -- August 2012 


Morrison, R.G., Nikitin, V. & Bharani, K.L. (2012). Neurocorrelates of analogical reasoning:  An 
event-related potential approach.. Manuscript in preparation. -- 80% -- March 2012 


Morrison, R.G., Bharani, K., Reber, P., & Paller, K.A. (2012). Neural dissociations in category 
learning:  An electrophysiological approach. Manuscript in preparation. -- 80% -- March 2012 


 
3. Future research plans and description of research program 
 
Following are descriptions of several major areas of inquiry that characterize my research program. 
 


Neurocognitive Mechanisms of Relational Reasoning 


Relational thinking is ubiquitous in human learning and thought. We decide whether a law is 
unconstitutional by comparing it to previous cases, "guess" at the ending of a movie or television show 
based on schemas developed from watching similar films in the past, or even decide whether to try a 
new ingredient in the dish we are preparing for dinner by comparing the current recipe to other recipes 
in the past which used that same ingredient. Many of the great scientific discoveries such as models of 
atomic structure and the theory of evolution are the result of the ability to form and manipulate explicit 
relational representations, a capacity closely related to the size and complexity of the prefrontal cortex 
(PFC) and believed to be a relatively recent evolutionary development.  This capacity is not just of 
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phylogenic interest by also of ontogenic, in that the ability to explicitly reason changes dramatically 
during the lifespan.  


Central to understanding how humans learn and reason is a theory of how relational information is 
represented in the brain’s distributed network of neurons and in turn how these representations allow 
the type of flexibility characteristic of human higher cognition. One possible solution to this problem 
is to hypothesize conjunctive coding of information in a distributed network representation in long-
term memory and dynamic binding of this information into relational structures through the use of 
attention in working memory. For instance, if you were trying to appreciate the relational structure 
“Bob is taller than Jim” [i.e., taller (Bob,Jim)], you may have specific height information about Bob 
and Jim each stored in long-term memory, and then when you think about “Bob is taller than Jim” you 
systematically fire these representations in working memory in such a way that it is clear that Bob is 
taller than Jim.  Note that the propositional statement Bob is taller than Jim is not stored in long-term 
memory, rather it is constructed when necessary from its parts.  This allows for the flexibility 
characteristic of relational reasoning.  For instance, if we know that Bob is taller than Jim and Jim is 
taller than John we can infer that Bob is taller than John, without any prior experience with the 
comparative height of Bob and John.  Hummel and Holyoak (1997, 2003) have implemented such a 
theory of relational reasoning in a neutrally-plausible computational model (Learning and Inference 
with Schemas and Analogy, LISA) that is cable of simulating human performance in a broad range of 
relational reasoning tasks.  


Currently, my collaborators and I (Knowlton, Morrison, Hummel, & Holyoak, in prep) are attempting 
to offer a detailed explanation of how LISA operates in the brain.  We believe that neurons in PFC are 
responsible for systematically firing neurons in posterior areas of the cortex responsible for coding the 
information being reasoned about. Some evidence for this type of interaction has already been shown 
in humans (Canolty & Knight, 2010) using electrocortigraphy (ECOG) in patients preparing for brain 
surgery.  Using scalp EEG we hope to be able to show this type of cross-frequency coupling and 
demonstrate differences based on the modality of analogy problems being solved. We also intend to 
look at how this neural circuit is modulated in the face of featural and relational distraction, an 
important aspect of analogy that has been the focus of my work for the last ten years (e.g., Morrison et 
al., 2004; Krawczyk et al., 2008; Richland et al., 2006; Morrison et al., 2011; Sweis, Bharani, & 
Morrison, under review).  
A predoctoral NRSA award, from the NIMH, funded early work on this project.  One of my 
undergraduate students is currently applying for a Carbon Scholarship to fund his work on this project. 
During 2012-2013 I also anticipate preparing a grant proposal to be submitted to the NSF for 
additional funding for this line of research. 


The Development of Analogical Reasoning in Children 


While it seems clear that frontal patients’ executive 
deficits (i.e., inhibitory control and working memory) are 
the cause of their problems in analogical reasoning 
(Morrison et al., 2004; Krawyczk, Morrison, et al., 2008) 
there is disagreement if this same explanation is 
appropriate for a similar pattern of performance in young 
children.  A counter explanation for the pattern of results 
in children posits that children show deficits in analogy 
because of inadequate relational knowledge rather than 
deficits in executive functions (see Richland, Morrison, 
& Holyoak, 2006). For instance (see Figure 1), a child 
may be more familiar with the relation hit-by (nail, 
hammer) or looks-like (hammer, gavel) than with the 
relational response kept-in (hammer, toolbox).  While analogy tasks finding deficits in processing 
distractors in children (e.g., Richland et al., 2006; Richland, Cho, Morrison, & Au, 2010) have been 
careful to use only relations familiar to children, it is possible in situations that are particularly 


Figure 1. Example problem from Krawczyk et al. (2008) 
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executively demanding (i.e., relationally complex or featurally distracting analogies), additional 
familiarity with relations may assist in processing. To study this issue my collaborators (Lindsey 
Richland--University of Chicago and Alex Doumas,--University of Hawaii) and I use experimental 
and computational methods to address how relational knowledge and executive function interact to 
enable development of analogical reasoning and other forms of structured thought (e.g., Morrison, 
Doumas, & Richland, 2011; Doumas, Morrison, & Richland, under review).  


Extending this line of inquiry, I have begun a project to look at how the brain changes during 
development to support the patterns of behavior we have already documented.  Recently, Dumontheil 
et al. (2010) has provided evidence that areas of the brain responsible for analogical reasoning show 
cortical thinning during adolescence, and that this thinning correlates with improvement in analogy 
performance during development.  This study, however, does not establish a mechanism by which 
changes in the brain support changes in analogy.  We intend to use both visual (like Dumenthiel et al., 
and Morrison, Nikitin, & Bharani (in prep)) and verbal analogy paradigms (Morrison, Kmiecik, & 
Bharani (in prep)) with simultaneous EEG to address this issue.  Our plan involves recruiting 10 to 14 
year old girls from several area Catholic schools to be a part of a study run in the CAN lab.  
Specifically we will use EEG time frequency analysis to look for evidence of increases in neural 
efficiency between PFC and specific areas responsible for processing task-related information 
(occipital/parietal lobe for visual task and left temporal lobe for verbal task).  This would provide 
direct evidence for why cortical thinning aids in the development of analogy. We will look at these 
measures both in the girls as well as female college students. 


A training grant from the NICD and a predoctoral NRSA award, from the NIMH, funded early work 
on this project.  One of my undergraduate students is currently applying for a Carbon/Johnson 
Scholarship to fund her work on this project. During 2012-2013 I also anticipate preparing a grant 
proposal to be submitted to the NICD for additional funding for this line of research. 


Neurocognitive Biomarkers for Pathologic- and Super-Aging 


One characteristic of cognitive aging is an increase in variability for cognitive tasks with age. This has 
resulted in efforts to exam older adults exhibiting sub-standard performance for signs of pathology 
including amnestic Mild Cognitive 
Impairment (aMCI) or Alzheimer’s disease 
(AD). Early detection would allow for 
behavioral or pharmacological intervention 
prior to the debilitating pathology associated 
with the diseases. 


For the last several years my laboratory has 
been exploring the use of rule-based category 
learning with EEG monitoring for this 
purpose.  The ability to learn and use 
categories is a fundamental property of the 
human memory system.  Past functional 
Magnetic Resonance Imaging (fMRI) studies have suggested that rule-based category learning is 
critically dependent on prefrontal cortex and medial temporal lobe, two brain regions associated with 
aMCI and probable AD. Past neuropsychological studies have suggested that executive function in 
MCI patients predicts which patients go on to convert to a diagnosis of probable AD. Thus, rule-based 
category learning may be an excellent paradigm to detect and track MCI and possibly even predict 
which normal adults convert to aMCI diagnoses.  Using behavioral and EEG methods in older adults 
with normal neuropsychological profiles, we have found a marked individual difference in both the 
ability to perform the task and awareness for task learning (Morrison et al. 2011). We believe that 
these differences may be related to anterior cingulate (ACC) functions and thus we are exploring 
additional tasks that recruit this brain area for which we can also collect behavioral and functional 
neuroimaging data. We are currently preparing a manuscript with the results from our first category 
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learning study with normally aging adults and beginning data collection with both aMCI and AD 
patients.   


All of the participants in our studies are registered in the clinical core of the Cognitive Neurology and 
Alzheimer’s Disease Center (CNADC) at Northwestern University.  As a part of this registry they 
have agreed to brain donation and have yearly neuropsychological evaluations. Most participants have 
also been tested for genetic markers for Alzheimer’s disease and had their brains analyzed for 
volumetric changes. We have access to all of this data and will longitudinally track participants to 
understand how these various factors predict pathologic aging. 


This work has been funded by several grants from the Illinois Department of Public Health’s 
Alzherimer’s Disease Research Fund, a New Investigator in Alzheimer’s Disease Award from the    
Rosalinde and Arthur Gilbert Foundation/ American Federation of Aging Research, and a travel award 
from the Alzheimer’s Association. 


An alternative route to understanding the changes which can result in pathologic aging is to investigate 
the neural correlates of successful aging.  One model of successful aging seeks to identify elderly 
people older than 80 years old who have the long-term memory abilities of the average 50 year old 
person.  The CNADC has described these people as Super-Agers (SA). Identification of SAs provide 
an opportunity to study the genetic, lifestyle, or cognitive habits which may contribute to successful 
aging.  Like the other participants at the CNADC the SAs have agreed to brain donation and have 
yearly neuropsychological evaluations. They have also been tested for genetic markers for Alzheimer’s 
disease and had their brains analyzed for volumetric changes. A recent finding using structural MRI to 
analyze cortical thickness found that one dramatic difference between SAs and their age-matched 
controls involves the thickness of the ACC, an area frequently associated with conflict monitoring. We 
intend to test these patients using our rule-based category learning task with EEG monitoring and also 
in a recently developed ACC intensive task, also with EEG monitoring.  We will also run age-matched 
controls from the clinical core.  We anticipate that these participants will perform like younger 
controls, including showing preserved ACC function.  This will provide additional validation for our 
method of gauging pathologic aging. 


This work has recently been funded through a Loyola University Summer Stipend and a proposal has 
been submitted to the Gannon Center’s WISER Summer Research Program to fund several students 
during Summer 2012. In addition, one of my undergraduate students is currently applying for a 
Carbon/Johnson Scholarship to fund her work on this project. 


Topics in Cognitive and Affective Neuroscience 


Funding priorities and jobs in contemporary psychology are now dominated by opportunities utilizing 
neuroscience methods. In order to assist Loyola graduate students in preparing for the job market that 
awaits them, I have broadened my research focus to mentor a number of graduate and undergraduate 
students interested in learning these methods to apply to their own research interests. This has resulted 
in several different projects described below. 


Neural Correlates of Political Ideology   


This project is a collaboration with Rick Matland (professor in political science), Dane Wendell 
(graduate student in political science), Nirav Patel (undergraduate student in psychology), and Rebecca 
Silton (assistant professor in psychology).  


In this project we seek to understand the neural correlates of political behavior. We propose that 
political orientation is influenced by the cognitive processes responsible for self-regulation.  Prior 
studies have suggested that the ACC may be critical for monitoring these processes.  In this study we 
will use several cognitive tasks along with EEG monitoring to characterize ACC function in a 
stratified sample of strong liberals and conservatives.  We will also measure differences in resting state 
EEG believed to be related to individual differences in approach and avoidance. This study builds on 
previous work by Amodio, Jost, Master, and Yee (2007), but measures ideology in a multidimensional 







Morrison Mid-Probationary Review 26 


way and uses a non-student sample that we believe will much more adequately appraise political 
behavior.   


This project has been funded by a Multidisciplinary Grant from the Dean of the Graduate School, and 
a Provost Scholarship to Nirav Patel. 


Insight in Problem Solving 


This project grew out of my Psychology of Creativity and Cognitive Lab classes and is a collaboration 
with Stephanie Hare (graduate student in Philosophy), Sean McCarthy (Loyola Alum volunteering in 
the lab), and undergraduate students Kelly Brandstadt, John Molony, and Leonidas Skiadopoulos. 


The Gestalt psychologists first began describing the phenomenon of insight in experimental contexts 
and hypothesized that insight differed from other problem-solving strategies in that it did not utilize 
traditional trial-and-error testing.  The subjective experience of insight can be described as a sudden 
awareness of the answer accompanied by a sense of confidence that this is the correct answer. Smith 
and Blankenship (1991) suggested that when individuals are solving a problem, they often reach an 
impass and suggested that a time period away from the problem (i.e., incubation), could help overcome 
problem fixation.  Our intent in this study is to understand how individual differences in inhibitory 
control in working memory relate to the subjective experience of insight. Currently we are completing 
an experiment using Remote Associate problems to study the impact blocking has on subjective 
insight with and without incubation.  This paradigm will then use a variety of approaches for looking 
at how individual differences in inhibitory control/working memory interact with incubation and the 
experience of insight. 


Executive Function in Bilinguals 


This project is a collaboration with Valerie Flores, Vanessa Raschke (Developmental Psychology 
Graduate Students) and Rebecca Silton (Assistant Professor of Psychology). 


A number of studies have now suggested that bilinguals show advantages in executive function across 
development.  Executive function (EF) is a term used to describe cognitive processing which directs 
thought and action in the midst of contradictory information.  While EF is necessary for everyday 
living, strengths in these areas have been positively linked with school readiness during the preschool 
years as well as negatively associated with mild cognitive impairment during late adulthood. The 
current study employs scalp electroencephalography (EEG) methods to measure neural responses 
during EF tasks in Loyola students who are language brokers—students who during their childhood 
regularly served as translators in their family. The goals of the current study are to assess (1) 
differences in brain activity involved in both verbal and non-verbal versions of executive function 
tasks, (2) differences in brain activity when accounting for language brokering experience across 
development, and (3) differences in performance and reaction times on the executive function tasks 
between language groups (i.e., monolinguals, bilingual brokers, bilingual non-brokers). 
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C. Evidence of the Quality of One’s Research 
 


My research has been published in several of the top journals in cognitive (neuro)science. Below is a list of the journals where my work has appeared 
with some statistics describing both the impact of the journals and the papers. 
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III. Service  
 
Provide the approximate time commitments per month and point out those services which were 
provided without charge. 


 
A. Service to the Discipline of Psychology and the Profession of University Teaching 
 


Possible examples include: manuscript reviews, editorial boards, association committee work, 
offices held, published letters to the editor of professional publications, editorial consultation to 
text book publishers. 


                            
Holyoak, K.J., & Morrison, R.G. (Eds.) (2012). Oxford Handbook of Thinking and Reasoning.  New 


York, NY: Oxford University Press. 


Holyoak, K.J., & Morrison, R.G. (Eds.) (2005).  Cambridge Handbook of Thinking and Reasoning.  
Cambridge, UK:  Cambridge University Press. 


Ad Hoc Reviewer or Commentator for the following peer-reviewed publications (pro bono): 
 Behavioral and Brain Sciences 
 Brain Research 
 Cambridge University Press (Books) 
 Cognitive Psychology 
 Human Brain Mapping 
 Journal of Cognitive Neuroscience 
 Journal of Experimental Child Psychology 
 Journal of Experimental Psychology: General 
 Journal of Experimental Psychology:  Learning, Memory, & Cognition  
 Memory & Cognition 
 Neuropsychologia 
 Neuroscience 
 Oxford University Press (Books) 
 Proceedings of the Cognitive Science Society 
 Thinking & Reasoning 


 


2012 Grant Selection Committee—Alzheimer’s Disease Reaseach Fund—Illinois 
Department of Health (pro bono) 


2012 Keynote address and hosted faculty roundtable at the Chicago Area Undergraduate 
Research Symposium -- www.caurs.com (pro bono) 


2012 Symposium proposal for the 34th Annual Cognitive Science Society, Sapporo, Japan. 


2011-2012  Program Committee 6th International Conference on Thinking, University of London, 
Birkbeck College -- www.ict2012.bbk.ac.uk (pro bono) 


2011 Symposium organized on Analogical Reasoning at the Society for Research in Child 
Development 


 
B. Service to the Institution 
 
1. Psychology Department and Programs 


2011-2012 Executive Committee – Department of Psychology 


2011 Monday meetings for redesign of graduate program – provided research on 
graduate course utilization 


2010-2011 Executive Committee – Department of Psychology 
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2009-2010 Executive Committee – Department of Psychology 


 
2. Arts and Sciences Collage 


2011-2012 Search Committee – Neuroscience 


2009-2010 Search Committee – Pediatric Neuropsychology, Clinical Psychology Program 


2009-2012 Guest lecturer in Neurosci 300 and Psyc 514. 
 
3. Loyola University 


2011-2012 Faculty Advisor – Loyola University Chicago Neuroscience Society 


2011-2012 Neuroscience Institute Retreat Committee – Stritch School of Medicine 


2011-2012 Executive Committee – Neuroscience Institute, Stritch School of Medicine 


2011 Ad Hoc Classroom Technology Consultant to the Associate Provost 


2010-2011 Executive Committee – Neuroscience Institute, Stritch School of Medicine 
 
C. Service to The Community 


2012 Keynote address and hosted faculty roundtable at the Chicago Area Undergraduate 
Research Symposium -- www.caurs.com 


2011 Testified on behalf of the Illinois Department of Public Health for the General 
Assembly’s Health & Healthcare Disparities Committee 
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IC-P-057 AMYLOID IMAGING IN NONDEMENTED

OLDEST OLD

ChesterMathis1, Beth Snitz1, Julie Price1, WilliamKlunk1, Judith Saxton1,


Lisa Weissfeld1, Bedda Rosario1, Lewis Kuller1, Oscar Lopez1,


Steven DeKosky2, 1University of Pittsburgh, Pittsburgh, Pennsylvania,


United States; 2University of Virginia, Charlottesville, Virginia, United


States.


Background: PiB PET was used to assess amyloid load in a cohort


of 190 older individuals [82-95 years of age (YOA)] from the Pitts-


burgh Ginkgo Evaluation of Memory Study (PGEMS) who were cog-


nitively normal (NL) or had mild cognitive impairment (MCI).


Methods: PiB PET imaging was performed in 152 PGEMS NL (MMSE


¼ 28 6 2; 85 6 3 YOA) and 38 PGEMS MCI (MMSE ¼ 25 6 3; 86 6
3 YOA). MRI defined the regions-of-interest (ROIs), and PiB images


were sampled using MRI template ROIs including anterior and posterior


cingulate, parietal, frontal, lateral temporal cortices and cerebellum


(CER). PiB retention 50-70 min post-injection was measured using the stan-


dardized uptake value ratio for each ROI relative to CER. A comparative


Pittsburgh (PITT) PiB PET data set (n ¼ 123) consisted of 77 NL


(MMSE ¼ 29 6 2; 71 6 6 YOA) and 46 MCI (MMSE ¼ 28 6 2; 68 6 7


YOA), whose age range was 54-79. Amyloid status (PiB + or PIB-) was de-


termined using a statistical outlier method based on data quartiles over the


five specified cortical regions. APOE status was available for 158 PGEMS


subjects (126 NL, 32 MCI) who were classified as either E4 carrier or non-


carrier. Results: Of the “oldest-old” PGEMS, PiB + prevalence in NL was


51% and 68% in MCI. PiB + prevalence in the (younger) PITT elderly co-


hort was 21% in NL and 46% in MCI. In PGEMS cases� 90 YOA, 67% of


15 NL and 100% of 5MCI were PiB +.While only 17% of PGEMS subjects


were APOE4 carriers, PiB-positivity for E4 carriers was 84% (21 of 25) in


the NL and 100% (7 of 7) in MCI. Conclusions: The presence of PiB-pos-


itivity in NL subjects increased from w20% in subjects 54-79 YOA to


w50% in subjects � 82 YOA. Prevalence of PiB-positivity in MCI in-


creased from w50% in subjects 54-79 YOA to w70% in subjects � 82


YOA. APOE4 carriers comprised a low percentage of oldest-old PiB + sub-


jects, but those cases had very high prevalence of PiB-positivity. The pres-


ence of amyloid pathology as indexed by PiB-positivity increased


progressively in the oldest-old, even with cognition in the normal range.


These data are in agreement with the prevalence of amyloid-positivity in


autopsy studies of people in this age range.

IC-P-058 CATEGORY LEARNING BRAIN POTENTIALS AS

NEUROCOGNITIVE MARKERS FOR


PATHOLOGIC AGING

Robert Morrison1, Krishna Bharani1, Dietta Chihade1,


Kevin Nuechterlein1, Sandra Weintraub2, Paul Reber3, Ken Paller3, 1Loyola


University Chicago, Chicago, Illinois, United States; 2Northwestern


University, Chicago, Illinois, United States; 3Northwestern University,


Evanston, Illinois, United States.


Background: A central challenge for treating Alzheimer’s disease is to


develop neurocognitive markers to identify at-risk individuals before


significant neural damage is done. Towards this aim our research pro-


gram centers on measuring event-related potentials (ERPs) recorded dur-


ing tasks requiring long-term memory and executive functions in


younger adults and in older adults both with and without mild cognitive


impairment or Alzheimer’s diagnoses. Here we present behavioral and


event-related potential results from younger and older adults on


a rule-based category-learning task, as this may be an excellent task


for predicting which older adults show Alzheimer’s disease pathology


later. Categories are central to our mental lives. Behavioral, neuropsy-

chological, and neuroimaging methods have suggested that categories


can be learned via either explicit (declarative) rule-based mechanisms


or implicit (non-declarative) information-integration mechanisms. Patient


and neuroimaging studies have further suggested that information-inte-


gration category learning is dependent on structures in the basal ganglia


and sensory areas, whereas rule-based category learning depends on the


medial temporal lobe and prefrontal cortex, two brain regions associated


with mild cognitive impairment and Alzheimer’s disease. It is likely that


both mechanisms often operate together, and neuroimaging methods


may thus be useful in dissociating them during behavioral performance


and in identifying neural changes indicative of pathologic aging. Previ-


ous studies using event-related potentials to study changes in long-term


memory have been effective in predicting which patients diagnosed with


amnestic mild cognitive impairment go onto develop a diagnosis of


probable Alzheimer’s disease (e.g., Olichney et al., 2008). Likewise,


neuropsychological studies have suggested that executive functioning


at the time of diagnosis with mild cognitive impairment is the best pre-


dictor of which mild cognitive impairment patients go on to probable


Alzheimer’s disease (Albert et al., 2007). Rule-based category learning


requires executive functions and long-term memory, both to test, update


and maintain a rule as well as to learn, update, and maintain informa-


tion about boundary conditions. Thus, we believe event-related poten-


tials during this task hold promise for predicting the mild cognitive


impairment to Alzheimer’s disease progression and perhaps also for re-


vealing changes even earlier in the aging progression. Methods: The


rule-based category-learning task used in this study (Maddox et al., 2003)


required participants to study visual gratings (Gabor patches) that varied


in spatial frequency (i.e. how many stripes) and spatial orientation (i.e.


the angle of the lines in the patch) and categorize each patch into one of


two groups. In this rule-based version of the task we chose a particular spa-


tial frequency as the decision threshold and randomly varied spatial orien-


tation. Participants gradually learned the categories via auditory feedback


on each trial. In the rule-based version of the task, participants can easily de-


scribe the rule they were using after learning. In a previous event-related po-


tential study with younger adults we identified several event related-


potentials that effectively dissociated explicit rule-based category learning


from implicit information integration category learning (Morrison, Reber,


& Paller, 2009). In the current study 18 healthy younger adults (m ¼ 21


years) and 12 older adults (m ¼ 71 years) performed 320 category-learning


trials divided into four blocks. Older adults were within 1.5 standard devia-


tions of their age norm on neuropsychological tests of long-term memory


and had no sign of dementia.We recorded EEG using a Biosemi Active2


EEG system with 32 electrodes located at standard 10/20 system locations,


two mastoid electrodes for subsequent digital re-referencing, and four elec-


trodes to monitor eyemovements for artifact correction and rejection. To en-


sure that participants could follow basic task directions and could see the


differences between stimuli from the two categories, each participant com-


pleted a second control task after initial category learning. In this task each


participant was given the category rule based on spatial frequency (members


of category A have more, narrower stripes and members of category B have


fewer, wider stripes;) and shown two Gabor patches on each trial. One patch


represented the boundary condition while the other was sampled from the


actual category distribution, with exemplars both near and far from the cat-


egory boundary. Participants indicated via a button press whether the right


patch had wider or narrower stripes. Like the learning stimuli, these stimuli


also randomly varied in spatial orientation. Results: Older adults showed


lower accuracy and longer RTs than did younger adults, but there were


two distinct subgroups of older adults based on their categorization accu-


racy. The rule subgroup (n¼6) learned slightly more slowly than younger


adults, but showed equivalent asymptotic accuracy. The no-rule subgroup


(n¼6) did not learn the category rule and showed near chance performance


throughout the task. Event related potentials were calculated for correct and


incorrect trials across participant groups. We were particularly interested in


a stimulus-locked late positive complex (LPC, 400-700ms), frequently
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associated with long-term memory functioning and shown to be decreased


in mild cognitive impairment patients subsequently diagnosed with proba-


ble Alzheimer’s disease (Olichney et al., 2008), and a feedback-locked


P300 which we believe is reflective of participants’ confidence in their cat-


egory learning. Younger adults showed similar patterns for the late positive


complex and P300 event-related potentials as in our original study (Morri-


son, Reber, and Paller, 2009). Because of the previously described differ-


ences in accuracy between the rule and no-rule subgroups, we examined


event-related potentials separately in these two subgroups. The rule sub-


group showed a larger late positive complex for correct than incorrect trials,


similar in magnitude to that observed for younger adults. The no-rule sub-


group showed no late positive complex differences between correct and in-


correct trials. The rule subgroup also showed a feedback P300 difference for


correct/incorrect trials, but it was smaller than that in younger adults, sug-


gesting decreased rule-learning confidence (despite similar accuracy across


groups). The no-rule subgroup showed event-related potentials characteris-


tic of chance performance, with no differences between correct and incor-


rect trials in the feedback-locked P300, paralleling the lack of an effect


on the stimulus-locked late positive complex.There were no significant dif-


ferences in the control task between younger and older adults. Rule and no-


rule older adults also performed similarly showing performance approxi-


mately equal to the asymptotic categorization performance for the rule-sub-


group during the primary task. This suggests that no-rule subgroup


categorization performance was likely reflecting deficits in long-term mem-


ory or executive functions. Conclusions: Preliminary results in this study


showed that a simple rule-based category-learning task elicited differential


performance and event-related potential findings as a function of age. We


focused on findings from a group of older adults known to have long-term


memory within the normal range on standard neuropsychological tests.


Yet, some members of this group were successful in learning to categorize


stimuli and some were not. We thus identified two distinct subgroups of


healthy older individuals, one subgroup with category learning similar to


college students and the other with dramatic deficits. Event-related poten-


tialss recorded during categorization confirmed this stratification. Specifi-


cally a stimulus-locked late positive complex believed to index long-term


memory was preserved in older adults who learned to categorize, but not


in the others. Secondly a feedback-locked P300 believed to reflect the de-


gree to which the participant is confident in their category learning showed


a graded decrement. P300 differences for feedback on correct versus incor-


rect trials were greatest in amplitude in younger adults, intermediate in rule-


learning older adults, and smallest in those older adults who failed to learn to


categorize. The current study suggests that rule-based category learning,


a task utilizing long-termmemory and executive functions, may be an effec-


tive means for identifying individuals at increased risk for mild cognitive


impairment and probable Alzheimer’s disease. Event-related potentials re-


corded during this task may provide a more sensitive measure of changes


in cognition compared to simple neuropsychological tests by measuring


neural function even when participants perform well, thus providing an ob-


jective measure of confidence in learning. Future work will be directed at


testing patients with mild cognitive impairment and Alzheimer’s disease us-


ing this paradigm.

IC-P-060 CONVERSION FROM MILD COGNITIVE

IMPAIRMENT TO ALZHEIMER’S DISEASE OVER


12 MONTHS: PREDICTIVE VALUE OFAb


IMAGING WITH 18F-FLORBETABEN

Kevin Ong1, Victor Villemagne1, Alex Bahar-Fuchs1, Fiona Lamb1,


Gael Chetelat1, Cornelia Reininger2, Barbara Putz2, Beate Rohde2,


Colin Masters3, Christopher Rowe1, 1Austin Health, Melbourne, VIC,


Australia; 2Bayer Schering Pharma AG, Berlin, Germany; 3Mental Health


Research Institute, Melbourne, VIC, Australia.

Background: In-vivo amyloid imaging studies enable researchers to more


clearly define the role of Aß deposition in the development of dementias


where Aß may play a role. Methods: 45 subjects (72.7 6 6.6 yo, MMSE


27.2 6 1.8) with Mild Cognitive Impairment (MCI) underwent neuropsy-


chological examination, MRI and 18F-Florbetaben PET at baseline and


12 months later. MCI was defined by a history of cognitive decline but


largely intact normal activities and performance more than 1.5 standard de-


viation below normal on neuropsychological assessment. 41 were amnestic.


Subjects were classified Aß-positive when Florbetaben cortical SUVR was


greater than 1.4. Results: At baseline, 24 MCI subjects (53%) showed high


Aß deposition, while 29/42 (69%) had hippocampal atrophy. By the


12-month follow-up 13 met criteria for dementia, 9 (20%) for probable


AD, 3 for frontotemporal dementia and 1 for dementia with Lewy bodies.


In a year, 33% of the Aß-positive MCI and one Aß-negative converted to


AD, and 19% of Aß-negative subjects progressed to other dementias. While


Aß-positive MCI were 7 times more likely to convert to AD in a year than


Aß-negative, MCI with hippocampal atrophy were 1.3 times more likely to


convert to AD.Conclusions:The presence of brain Aß deposits as measured


by 18F-Florbetaben PET is a very strong predictor of progression fromMCI


to AD at one year. Follow-up is continuing to determine the longer-term


predictive accuracy of 18F-Florbetaben PET for development of Alzheim-


er’s disease.

IC-P-061 PERIVENTRICULARWHITE MATTER LESIONS

IN EARLY LEWY BODY DEMENTIA

Ketil Oppedal1, Michael Firbank2, Hogne Sonnesyn1, Mona Beyer1,


Kolbjørn Brønnick1, Ole-Bjørn Tysnes3, Dag Aarsland1, 1Stavanger


University Hospital, Stavanger, Norway; 2Newcastle University,


Newcastle, United Kingdom; 3Haukeland University Hospital,


Bergen, Norway.


Background:White matter lesions (WML) are increased in AD, but the


frequency and impact of WML in patients with dementia with Lewy bod-


ies (DLB) are not known. The objective of this study was to explore the


load of WML in patients with mild DLB and compare to patients with


AD and healthy elderly normal controls (NC), using a semi-automatic


method. We hypothesized that 1) patients with mild dementia have


more WML than non-demented controls, and 2) DLB have similar degree


of WML as AD and more than NC. Methods: The Dementia Study in


Western Norway (DemWest) recruited outpatients with mild dementia. Di-


agnosis are made according to consensus criteria for AD, DLB and Parkin-


son’s disease dementia (PDD) using standardised clinical instruments,


blood tests andMRI. DLB and PDDwere combined in a Lewy-body demen-


tia (LBD) group. Cerebrospinal fluid and dopamine transporter scan were


available in a subgroup. NC were recruited from friends and relatives of pa-


tients with Parkinson’s disease in the same region. MRI scans of sufficient


quality was available for 95 subjects. We segmented WML from T2-


weighted FLAIR images and calculated the volume of WML in several re-


gions of the brain using an atlas. We used non-parametric tests to compare


groups. WML load was calculated as a ratio compared to total size of brain.


Results: There were no significant difference in age or years of education


between any of the groups, and no significant difference in MMSE between


AD and LBD. The proportion with males was higher in LBD (82 %)


than AD (24 %) and NC (38 %) (p < 0.02). There were significant


differences in total periventricular WML between the groups (Kruskal


Wallis, p ¼ 0.04). Both LBD (Mann-Whitney test; p ¼ 0.045) and AD


(p ¼ 0.029) had more WML than NC. There were no differences between


AD and DLB (p ¼ 0.45). Conclusions: LBD had more WML than elderly


without brain disease, and the severity of WML in LBD was similar to


that of AD. More studies are needed to explore the clinical impact of


WML in LBD.
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Where Art Meets Science


Xunesis, an interdisciplinary
company of scientists, media,
and performing artists,  will
premier the short  film on
human memory,  "Retrieval,"
along with a companion
learning module,  at the
National Institute for the
Teaching of Psychology
conference in January.


The project was developed by
Xunesis co-founders Robert
Morrison, a cognitive
psychologist, and Chad Eric
Bergman, a theater professor.


"Xunesis is dedicated to finding ways to use creative and media arts for science
education," Morrison said.


In the film's early stages,  Morrison and Bergman worked with former APS President  and
memory researcher Robert A.  Bjork,  University of California,  Los Angeles.  Prominent
memory experts,  including APS Past President  Elizabeth Loftus,  University of California,
Irvine;  APS Fellow and Charter Member Daniel Schacter,  Harvard University;  and APS
Fellow Martin Conway,  University of Durham, were consulted for the learning module,
which expands on topics explored in the film,  as well as other trends and experiments in
the field. Morrison believes "Retrieval" can impact  many levels of psychology education.


"We showed the film to academics on the West Coast,  and their reaction surprised me,"
he said.  "I  see the science in this film as basic,  but  the graduate students embraced it at
a whole different  level, which makes me think there may be applications across a broad
range of learners."


The film was cut in both five and 15 minute versions to offer teachers flexibility. Morrison
cited the growing number of high school psychology students as another possible
audience, and he also thinks Xunesis can make an impact  in science museums.


"Psychology is underrepresented in science museums,  and we would like to see that
change," Morrison said.  He is currently consulting with APS Fellow and Charter Member
David Myers, Hope College, a leading textbook author and psychology advocate,  to
select  key topics and attract  grant  possibilities.


Morrison even envisions Xunesis shows on Broadway,  where Proof  and Copenhagen,
both about scientists, have received acclaim. "The ability to use narrative,  dramatic story
is a natural fit  for teaching psychology," he said.


For more information, visit  www.xunesis.org.
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Lab in Experimental Psychology – Cognition Professor Teaching Assistant 
Psychology 314 Section 001 Robert (Bob) Morrison Valerie Flores 
Spring 2011 rmorrison@luc.edu vflore1@luc.edu 
Life Sciences 315 Coffey 244 Coffey LL6B 
Tues/Thurs 8:30-9:45a Office Hours: Office Hours: 
 Wed 4 – 5p Tues 10 – 11a 
 Thurs 10-11a 
 
 
Prerequisites 
Introductory Psychology (101), Statistics (304), Research Methods (306), and Cognitive Psychology 
(250).  You must have taken ALL of these classes in order to eligible for 314.  A student’s lack of 
appropriate course prerequisites constitutes grounds for being withdrawn from the class at any time. 
 
Materials 


I will make extensive use of Blackboard during this course.  To logon go to: 
https://blackboard.luc.edu/webapps/login/  or simply go to the luc.edu homepage, click on 
Resources>Technology and then Access 24/7>Blackboard and login in with your UNIVERSAL ID and 
PASSWORD.  All the links in this document can be found there so you don’t need to type them in. 
 
Required:   


 
Francis, G., & Neath, I. (2007). CogLab:  Online with Access Code (Version 2.0 – 4th Edition) 
[Computer Software]. Belmont, CA: Thomson Wadsworth.   


 
We will use this software throughout the semester.  Every student must have their own access code. 
A paper version of the software manual and registration code is available at the Loyola Bookstore.  
You may also buy a registration code and download the manual at : 
http://www.ichapters.com/tl1/en/US/storefront/ichapters?cmd=catProductDetail&ISBN=0495502960 
You MUST have a registration code for the software by class a week from Thursday (1/27). 


 
Additional readings will be available on Blackboard. 
 


Individual readings of relevant background literature for your research paper will be available 
through the library or through Professor Morrison. 


 
Recommended (but not required): 


 
American Psychological Association (2010). Publication Manual of the American Psychological 
Association (6th ed.). Washington, DC: American Psychological Association. 


 
 The 6th edition of the style manual has just been published. If you are planning to stay in academic 


psychology you should own a copy. There are numerous online resources (search “APA style”) to 
help you in this class and I will also provide one chapter from the Style manual as well. 


 
If you are new to using Microsoft Excel you may find these tutorials helpful: 
 
http://www.baycongroup.com/el0.htm 
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Course Description and Goals 


Experimental methods allow psychologists to move beyond mere speculation and intuition to build 
theories of how people think based on the scientific method. You have previously learned about many 
of these theories and perhaps a few of the methods in your Cognitive Psychology course. During this 
course you will further your skills to design experiments to answer your own questions. To meet this 
goal, in this course you will participate in a variety of experiments used by cognitive psychologists to 
address questions about attention, memory and reasoning.  You will also learn to analyze these 
experiments and practice presenting your results in the ways commonly used by experimental 
psychologists. 


It is my intention to make this a laboratory course in the strictest sense.  That is, during many of the 
class periods you will be required to take part in various data-gathering exercises.  During these class 
periods you will take measurements on yourself and your classmates that tap underlying cognitive 
processes.  The nature of these measurements and the processes that are tapped should become clear 
to you as the course progresses.  It is my intention that you leave the course with at least some insight 
into the steps taken by cognitive psychologists when they perform experiments, and that you learn 
some of the basics of data management and analysis as well as presentation.  This is intended to be a 
skills course rather than a content course, although I do hope that you learn something about cognitive 
processes along the way. 


In order to prepare you for particular labs, it will be necessary for at least some class time to consist of 
lectures in which I will attempt to provide the necessary background material for the laboratories and 
completion of lab assignments.   It should be understood that this is not intended to be a survey course 
in Cognitive Psychology.  A few topics will be covered in depth, while many areas that could be 
covered here will be ignored.   


Being able to effectively communicate is important in every vocation, but it is critical in science 
because the product of science is simply shared information.  If you can’t clearly share information 
with others it’s almost like it doesn’t exist. Thus, it is critical for experimental psychologists, like other 
scientists, to learn how to effectively communicate their results via both written and oral means.  We 
will practice both things in this course and we will also revisit how to find out what other psychologists 
are doing through both computer-based literature searches (psycINFO) and reading from the primary 
literature. 


Lastly, I want this course to be VERY practical and empower you with basic critical thinking and 
computer skills that will serve you well regardless of your future academic and professional endeavors.  
Thus, we will spend time making sure everyone knows how to work with data sets in Microsoft Excel 
including basic statistical calculations.  You will also learn how to present your results visually, by 
using plots and figures.  Lastly, you will be (re)introduced to SPSS, an industry standard statistics tool 
and will practice using it to analyze the types of data cognitive psychologists routinely work with. 


 
 
Expectations 


1. Academic conduct:  All students are expected to abide by the academic integrity policies outlined in 
the Loyola University Undergraduate Studies Catalog (e.g., online information at).  Each individual 
student is expected to complete his/her work in the course in an honest and ethical manner.  
Furthermore, you may not submit a paper or assignment for this class that has already been 
submitted by you in another class.   All forms of academic misconduct (including but not limited to 
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cheating; plagiarism; tampering with materials, grades, or records; aiding in academic misconduct) 
will not be tolerated, and acts of cheating and plagiarism will be punishable by failure in the 
respective assignment/quiz.  In addition, university policy states that instructors must report all forms 
of academic misconduct to their departmental chairperson.  The chairperson is required to report all 
forms of academic misconduct to the dean’s office, and all forms of academic misconduct are 
recorded.  The administration may impose additional sanctions against the student including 
expulsion from the university. The consequences of academic misconduct go beyond the imposed 
sanctions.  For example, consider the following process for application to medical or law school and 
how these schools would use records of academic misconduct in their decision to accept or reject 
applicants.  As part of a general policy in the selection process, medical and law schools contact the 
administration at the applicant’s undergraduate institution to inquire about instances of academic 
misconduct.  Any record of academic misconduct on the part of the applicant is reported to the 
medical or law school, which would then likely translate into a rejection.  


An additional note about plagiarism:  In writing assignments, plagiarism can take a number of forms, 
and engaging in any form will result in a failure in the assignment.  The following are examples of 
plagiarism:  


• purchasing or using a pre-written paper and submitting it as your own 
• rewriting, revising, or paraphrasing another person’s paper and submitting it as your own 
• having another person write or research a paper for you, with or without payment 
• copying any amount of material from a published sources (e.g., a book, article or other printed 


source, the internet, CD or DVD, or any audio or video source) without giving proper 
recognition 


As such, there are instances where plagiarism is deliberate, and there are instances where plagiarism 
may be unintentional, such as when a student fails to cite a source of information properly.  
Following are some tips to help avoid instances of unintentional plagiarism.  PLEASE CONTACT ME 
IF YOU HAVE ANY QUESTIONS ABOUT PLAGIARISM.   


For ALL written assignments, make sure you use your own words; NEVER copy material from a 
source and portray those words as your own. 
•  When you take a quote from an article, book, or other source, you must cite the name(s) of the 


author(s), year of publication, and page number(s).  For example: Crawley, Anderson, Wilder, 
Williams, and Santomero (1999) suggest that preschoolers’ comprehension of televised material 
increased with repeated exposure because “invested mental effort would increase as children 
became more familiar with the program’s formats and demands” (p. 636). 


•  When you summarize or paraphrase a result or multiple consistent findings, you need to give 
proper recognition to the source(s) by citing the name(s) of the author(s) and publication year(s).  
For example:  Preschoolers’ comprehension of televised material increased with repeated 
exposure because they exhibited greater mental effort as the familiarity of the program increased 
(Crawley, Anderson, Wilder, Williams, & Santomero, 1999). 


An excellent source of information on how to avoid plagiarism was prepared by the university 
English department and may be found here (http://www.luc.edu/english/writing.shtml#source) 
Your papers may be submitted to Turnitin (www.turnitin.com), a plagiarism detection service.  


2.  You are expected to attend every class and be prepared to discuss the assigned readings.  Many of 
our class goals are dependent on your participation in in-class activities.  Your success, as well as the 
success of your classmates is thus dependent on your presence and active participation. To enforce 
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this expectation we will take attendance every day and this will be a part of your grade (see below). 
If you come to class more than 15 minutes late or leave more than 15 minutes early this will count 
as a half absence for that day.  


Students who wish to observe their religious holidays need to notify me within the first two weeks of 
the semester of the date(s) when they will be absent so that course accommodations can be made. If 
you do not do this these absences will be recorded and counted towards your grade. 


Student athletes are responsible for providing their travel schedule to me within the first two weeks 
of class or these absences will be recorded and counted towards your grade.  You will be 
responsible for all work missed during your absence. 


Extended absences from class because of severe illnesses or family or personal emergencies may 
keep students away from class for extended periods.  Such situations will be resolved on a case-by-
case basis.  Students who are absent from a significant number of classes due to one of these causes 
may want to consider taking the course at another time. 


3. A significant way you will be exposed to new information in this course is through regular reading 
assignments. Assigned readings must be read BEFORE the class for which they are assigned. As you 
read try to outline or concept map the information you are reading.  Also write down questions you 
have about the material and questions based on the material you can ask each other.   


4. Class participation and discussion are mandatory for all students. I expect you to participate verbally 
in class by asking and answering questions and contributing to discussion.  I also expect you to 
participate in in-class activities including various group activities.  


5. I also expect you to maintain respectful behavior towards all course members as consistent with the 
Loyola Student Promise (http://www.luc.edu/judicial/thepromise.shtml). Please do not talk when 
others are speaking, or interrupt during discussion. Please consider other’s perspectives and try to be 
constructive when providing feedback and critiques.  We will all (including the professor and TA) 
turn off our cell phones at the beginning of class. If your phone rings during class please gather 
your belongings and leave for the day.  This will count as an absence.  Reading email or instant 
messaging on your phone or on a computer is also not appropriate during class.  Please focus your 
attention on what is happening in class and not on things outside of class. 


6. A major component of your grade will be several written assignments.  I expect you to turn in these 
assignments on time and write them thoughtfully, using standard English, APA style and correct 
spelling.  Please do not write your assignment as if it was a text message, use full sentences with 
proper punctuation and refrain from using slang. All written assignments must be typed and will be 
submitted electronically. Copying your classmates’ work or handing in a paper, that copies anyone 
else’s work including sources you may find on the Internet is grounds for immediate assignment 
failure and disciplinary action.  See item 1 for information about plagarism and academic 
dishonesty. 


7. All written and other computer assignments in this course will be submitted electronically via 
Blackboard.  Assignments will likewise be returned to you via Blackboard and the grade will be 
posted in your grade book there. I will make extensive use of Blackboard during this course.  To 
logon go to: https://blackboard.luc.edu/webapps/login/  or simply go to the luc.edu homepage, click 
on Resources>Technology and then Access 24/7>Blackboard and login in with your UNIVERSAL ID 
and PASSWORD.  All the links in this document can be found there so you don’t need to type them 
in. All assignments will be stored electronically according to departmental/university policy, and 
then they will be disposed preserving confidentiality. 
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8. Late assignments and/or papers will be graded down according to the number of days that the paper 


is late, with the exception of unforeseen emergencies and extenuating circumstances with 
documentation and only at the discretion of the instructor.  There will be a deduction of 10% of the 
total possible points for each day that the paper or assignment is late (e.g., 10% point deduction if 
the paper is one day late, 20% point deduction if the paper is two days late, and so on). 
Assignments are due at the beginning of class.  Thus if you submit the assignment to Blackboard after 
class or later that day it will be considered 1 day late.  Thus, please attempt to submit the assignment 
the night before class. PLEASE observe the deadlines for assignments and papers. 


9. General e-mail policy: I reply to e- mails within 1 to 2 business days, with the exception of when I 
am away on university business.  Typically I will check class email first thing in the morning and 
around 6p. Please make sure you spell my e-mail address correctly (rmorrison@luc.edu).  To ensure 
a timely response please put psyc314 in the subject line of the email. 


10. Students with disabilities who require accommodations for access and participation in this course 
must be registered with the Services for Students with Disabilities (SSWD) office. Please contact 
SSWD at 773-508-7714 (http://www.luc.edu/sswd/index.shtml), and see me immediately. All 
students with special needs are expected to fulfill all course requirements. 


 
 
Assignments & Assessment 


1. Participation and Attendance (30pts). As mentioned previously it is essential you attend class 
every day.  You are also expected to participate in class discussions, ask and answer questions, 
and do in-class activities.  From time to time you will be asked to work in small groups, including 
for your Poster presentation.  You are also expected to read assigned readings before class.  To 
ensure that this happens, 30% of your grade will be made up of attendance, participation and 
short-answer pop quizzes on reading material and previous lecture material.  


2. Assignments (40pts). Course assignments will be of two types.   


a. First, a major course objective will be to learn the skills of data management, analysis, and 
presentation for the types of results experimental psychologists, and particularly cognitive 
psychologists, typically encounter.  Thus, you will have a series of in-class and take-home 
assignments that will require you to use a number of different software packages including 
Microsoft Excel and PowerPoint and SPSS.  These assignments will be distributed via 
Blackboard and typically will be due at the beginning of the next class period and should 
be submitted to Blackboard.  There will be two of these assignments. The first will be 
worth 4pts and the second 6pts. 


b. Second, another major course objective is for you to practice writing the various sections 
of an APA style research paper.  During the semester, you will be required to write one 
introduction, methods, results, discussion section.  Each assignment will be for a different 
experiment that you will have participated in. The introduction and discussion sections 
will require some literature searching and a reference section.  The results section will 
require a detailed statistical analysis. You will need to write an APA style abstract for each 
of these. I expect you to turn in these assignments on time and write them thoughtfully, 
using standard English, APA style and correct spelling.  Please do not write your 
assignment as if it was a text message, use full sentences with proper punctuation and 
refrain from using slang. All written assignments must be typed and will be submitted 
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electronically. Copying your classmates’ work or handing in a paper which copies anyone 
else’s work including sources you may find on the Internet is grounds for immediate 
assignment failure and disciplinary action.  See item 1 for information about plagarism 
and academic dishonesty.  These assignments will be 7 to 8pts each. 


3. Final Paper (15pts). You are to choose one of the class experiments, for which you wrote either 
an introduction, methods, results, or discussion section, and complete the rest of the paper 
including abstract, introduction, methods, results, discussion, references, figures, tables.  A rough 
draft of this paper is due approximately one week before the final version is due. This assignment 
is due on the last day of class. 


4. Poster Presentation (15pts).  The major way that particularly young investigators share their 
research is through poster presentations at scientific meetings (e.g., APA, APS, Psychonomics, 
Cognitive Science, etc.). A poster is just that, typically a 3 x 6’ piece of paper that contains the 
basic elements of an APA format paper, but in very abbreviated format.  Thus, it will contain 
some bullet points, but emphasis is usually placed on figures.  When you present a poster, you 
put it up and stand there while people come walking past.  Typically you have a 10min “elevator 
speech” ready to tell people about your work.  Usually you start by asking them about whether 
they are familiar with this kind of work, so you can tailor your presentation to them, or focus on 
what they might find interesting.  This takes a lot of practice! I’ve done maybe 40 or so posters 
now and I’m still practicing!  So for this assignment you will work with several other classmates 
and prepare a poster in PowerPoint.  The poster will be sized just like it would be for a meeting 
(I’ll provide a template).  To save cost/paper we will use LCD projectors to project them on the 
wall.  Each person in the group will then present their poster to half the class.  The “poster 
session” will be during the final exam time. 


 
Grading.  Final Grades will be assigned as follows: 
  
 A: 90-100% 
 B+: 87-89.9% 
 B: 80-86.9% 
 C+: 77-79.9%    
 C: 70-76.9%     
 D+: 67-69.9% 
 D: 60-66.9% 
 F: less than 60% 
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WEEK DATE REMINDERS DUE 
 
 
 1 1/18 First Class   
  1/20 Lecture on Experimental Design Student Questionnaire 
 
 2 1/25 Work on Assignment 1 in class    
  1/27 Experiment A data collection Assignment 1 
   MUST HAVE A COGLAB REGISTRATION!   
   
 3 2/1 Lecture on Experiment A   
  2/3 Work on Assignment 2 in class   
    
 4 2/8 Experiment B data collection Assignment 2   
  2/10 Lecture on Experiment B 
 
 5 2/15 Lecture on APA Style  
  2/17 Work on Assignment 3 in class   
 
 6 2/22 Experiment C data collection Assignment 3   
  2/24 Lecture on Experiment C  
 
 7 3/1 APA Style: Methods  
  3/3 Work on Assignment 4 in class   
  3/4 Midnight Friday Assignment 4 
   
 8 3/8 Spring Break – NO CLASS 
  3/10 Spring Break – NO CLASS  
 
 9 3/15  Experiment D data Collection  
  3/17 Lecture on Experiment D  
       
 10 3/22 APA Style Introduction 
  3/24 Work on Assignment 5 in class  
 
 11 3/29 Experiment E data collection Assignment 5 
  3/31   
  
 12 4/5 APA Style Discussion  
  4/7 Lecture on Experiment E  
   
 13 4/12 Work on Assignment 6 in class  
  4/14 Work on Assignment 6 in class 
  
 14 4/19 NO CLASS Assignment 6 
  4/21 Presentation on Conference Posters 
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15 4/26 Work in groups on final paper and poster 
  4/28 Work in groups on final paper and poster 
  4/29 Midnight Friday Final Paper Due  
   
  5/6 Noon Friday PowerPoint Poster Due   
Final 5/7 Poster Session Saturday 9am 
 
DATES ARE TENTATIVE.  ASSIGNMENT DUE DATES MAY CHANGE DURING THE SEMESTER!  I will 
communicate changes both in class and also on Blackboard. 
 
17 January 2011 
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OXFORD L IBRARY OF  PSYCHOLOGY


Th e Oxford Library of Psychology, a landmark series of handbooks, is published 
by Oxford University Press, one of the world’s oldest and most highly respected 
publishers, with a tradition of publishing signifi cant books in psychology. Th e 
ambitious goal of the Oxford Library of Psychology is nothing less than to span a 
vibrant, wide-ranging fi eld and, in so doing, to fi ll a clear market need.


Encompassing a comprehensive set of handbooks, organized hierarchically, the 
Library incorporates volumes at diff erent levels, each designed to meet a distinct 
need. At one level are a set of handbooks designed broadly to survey the major 
subfi elds of psychology; at another are numerous handbooks that cover impor-
tant current focal research and scholarly areas of psychology in depth and detail. 
Planned as a refl ection of the dynamism of psychology, the Library will grow 
and expand as psychology itself develops, thereby highlighting signifi cant new 
research that will impact on the fi eld. Adding to its accessibility and ease of use, 
the Library will be published in print and, later on, electronically.


Th e Library surveys psychology’s principal subfi elds with a set of handbooks 
that capture the current status and future prospects of those major subdisciplines. 
Th is initial set includes handbooks of social and personality psychology, clini-
cal psychology, counseling psychology, school psychology, educational psychol-
ogy, industrial and organizational psychology, cognitive psychology, cognitive 
neuroscience, methods and measurements, history, neuropsychology, personality 
assessment, developmental psychology, and more. Each handbook undertakes to 
review one of psychology’s major subdisciplines with breadth, comprehensiveness, 
and exemplary scholarship. In addition to these broadly conceived volumes, the 
Library also includes a large number of handbooks designed to explore in depth 
more specialized areas of scholarship and research, such as stress, health and cop-
ing, anxiety and related disorders, cognitive development, or child and adolescent 
assessment. In contrast to the broad coverage of the subfi eld handbooks, each of 
these latter volumes focuses on an especially productive, more highly focused line 
of scholarship and research. Whether at the broadest or most specifi c level, how-
ever, all of the Library handbooks off er synthetic coverage that reviews and evalu-
ates the relevant past and present research and anticipates research in the future. 
Each handbook in the Library includes introductory and concluding chapters 
written by its editor to provide a roadmap to the handbook’s table of contents and 
to off er informed anticipations of signifi cant future developments in that fi eld.


An undertaking of this scope calls for handbook editors and chapter authors 
who are established scholars in the areas about which they write. Many of the 
nation’s and world’s most productive and best-respected psychologists have 
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agreed to edit Library handbooks or write authoritative chapters in their areas of 
expertise.


For whom has the Oxford Library of Psychology been written? Because of its 
breadth, depth, and accessibility, the Library serves a diverse audience, including 
graduate students in psychology and their faculty mentors, scholars, researchers, 
and practitioners in psychology and related fi elds. Th ese individuals will fi nd in 
the Library the information they seek on the subfi eld or focal area of psychology 
in which they work or are interested.


Befi tting its commitment to accessibility, each handbook includes a compre-
hensive index, as well as extensive references to help guide research. And because 
the Library was designed from its inception as an online as well as a print resource, 
its structure and contents will be readily and rationally searchable online. Fur-
thermore, once the Library is released online, the handbooks will be regularly and 
thoroughly updated.


In summary, the Oxford Library of Psychology will grow organically to provide a 
thoroughly informed perspective on the fi eld of psychology, one that refl ects both 
psychology’s dynamism and its increasing interdisciplinarity. Once published 
electronically, the Library is also destined to become a uniquely valuable interac-
tive tool, with extended search and browsing capabilities. As you begin to consult 
this handbook, we sincerely hope you will share our enthusiasm for the more 
than 500-year tradition of Oxford University Press for excellence, innovation, and 
quality, as exemplifi ed by the Oxford Library of Psychology.


Peter E. Nathan
Editor-in-Chief


Oxford Library of Psychology
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PREFACE


A few decades ago, when the science of cognition was in its infancy, the early 
textbooks on cognition began with perception and attention and ended with 
memory. So-called higher-level cognition—the mysterious, complicated realm of 
thinking and reasoning—was simply left out. Th ings changed—any good cogni-
tive text (and there are many) devotes several chapters to topics such as categori-
zation, various types of reasoning, judgment and decision making, and problem 
solving. As the new century began, we noticed that unlike fi elds such as percep-
tion or memory, the fi eld of thinking and reasoning lacked a true Handbook—a 
book meant to be kept close “at hand” by those involved in the fi eld, particularly 
those new to it. In response, we edited the Cambridge Handbook of Th inking and 
Reasoning (2005). Our aim was to bring together top researchers to write chapters 
each of which summarized the basic concepts and fi ndings for a major topic, 
sketch its history, and give a sense of the directions in which research is currently 
heading. Th e Handbook provided quick overviews for experts in each topic area, 
and more important for experts in allied topic areas (as few researchers can keep 
up with the scientifi c literature over the full breadth of the fi eld of thinking and 
reasoning). Even more crucially, this Handbook was meant to provide an entry 
point into the fi eld for the next generation of researchers, by providing a text 
for use in classes on thinking and reasoning designed for graduate students and 
upper-level undergraduates.


Th e fi rst Handbook achieved these aims. However, a fast-moving scientifi c 
fi eld has a way of quickly rendering the “state of the art” the “state of yesterday.” 
By the time the book appeared, new developments that our book had barely 
touched on were already generating excitement among researchers. Th ese new 
themes included advances in Bayesian modeling, which helped to understand 
the rational foundations of thinking and reasoning, and advances in cognitive 
neuroscience, which began to link higher order cognition to its neural and even 
genetic substrate . In addition, new topics such as moral reasoning became active. 
After a few years, we decided the fi eld of thinking and reasoning was ripe for a 
new comprehensive overview. Th is is it. Our aim is to provide comprehensive and 
authoritative reviews of all the core topics of the fi eld of thinking and reasoning, 
with many pointers for further reading. Doubtless we still have omissions, but we 
have included as much as could realistically fi t in a single volume. Our focus is on 
research from cognitive psychology, cognitive science, and cognitive neuroscience, 
but we also include work related to developmental, social and clinical psychology, 
philosophy, economics, artifi cial intelligence, linguistics, education, law, business, 
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and medicine. We hope that scholars and students in all these fi elds and others 
will fi nd this to be a valuable collection.


We have many to thank for their help in bringing this endeavor to fruition. 
Th e editors at Oxford University Press, Catherine Carlin and more recently Joan 
Bossert, were instrumental in initiating and nurturing the project. We fi nd it 
fi tting that our new Oxford Handbook of Th inking and Reasoning should bear 
the imprint and indeed the name of this illustrious press, with its long history 
reaching back to the origins of scientifi c inquiry and its unparalleled list in the 
fi eld of psychology. Th e entire staff  at Oxford, especially Chad Zimmerman, 
provided us with close support throughout the arduous process of editing 40 
chapters with 76 authors. During this period our own eff orts were supported 
by grants from the Offi  ce of Naval Research (N000140810126), the Air Force 
Offi  ce of Scientifi c Research (FA9550-08-1-0489), and the Institute of Educa-
tion Sciences (R305C080015) (KJH); and from the National Institute of Aging 
(T32AG020506), the Illinois Department of Public Health Alzheimer’s Disease 
Research Fund, American Federation of Aging/Rosalinde and Arthur Gilbert 
Foundation, and the Loyola University Chicago Deans of Arts and Sciences and 
the Graduate School (RGM).


And then there are the authors. (It would seem a bit presumptuous to call them 
“our” authors!) People working on tough intellectual problems sometimes experi-
ence a moment of insight (see Chapter 24), a sense that although many laborious 
steps may lay ahead, the basic elements of a solution are already in place. Such 
fortunate people work on happily, confi dent that ultimate success is assured. In 
preparing this Handbook, we also had our moment of “insight.” It came when all 
these outstanding researchers had agreed to join our project. Before the fi rst chap-
ter was drafted, we knew the volume was going to be of the highest quality. Along 
the way, our distinguished authors graciously served as each other’s reviewers as 
we passed drafts around, nurturing each other’s chapters and adding in pointers 
from one to another. Th en the authors all changed hats again and went back to 
work revising their own chapters in light of the feedback their peers had provided. 
We thank you all for making our own small labors a great pleasure.


Keith J. Holyoak Robert G. Morrison
University of California, Los Angeles Loyola University Chicago
December, 2011
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  1


Keith J. Holyoak and Robert G. Morrison


1 Th inking and Reasoning: A Reader’s 
Guide


“Cogito, ergo sum,” the French philosopher René 
Descartes famously declared, “I think, therefore I 
am.” Every fully functioning human adult shares a 
sense that the ability to think, to reason, is a part of 
one’s fundamental identity. A person may be struck 
blind or deaf yet still recognize his or her core cog-
nitive capacities as intact. Even loss of language, the 
gift often claimed as the sine qua non of Homo sapi-
ens, does not take away a person’s essential human-
ness. Perhaps thinking, not language, lies closest to 
both the core of our individual identity and to what 
is special about our species (see Penn & Povinelli, 
Chapter 27; Gleitman & Papafragou, Chapter 28). 
A person who loses language but can still make 
intelligent decisions, as demonstrated by actions, is 
viewed as mentally competent. In contrast, the kinds 
of brain damage that rob an individual of the capac-
ity to think and reason are considered the harshest 
blows that can be struck against a sense of person-
hood (see Morrison & Knowlton, Chapter 6).


Cogito, ergo sum.


What Is Th inking?
We can start to answer this question by look-


ing at the various ways the word thinking is used 
in everyday language. “I think that water is neces-
sary for life” and “Keith and Bob think George was 
a fascist” both express beliefs (of varying degrees 
of apparent plausibility)—explicit claims of what 
someone takes to be a truth about the world. “Ann 
is sure to think of a solution” carries us into the 
realm of problem solving, the mental construction 
of an action plan to achieve a goal. Th e complaint, 
“Why didn’t you think before you went ahead with 
your half-baked scheme?” emphasizes that thinking 
can be a kind of foresight, a way of “seeing” the pos-
sible future.1 “What do you think about it?” calls 


for a judgment, an assessment of the desirability of 
an option. “Genocide is evil” takes judgment into 
the moral domain. And then there’s “Albert is lost 
in thought,” where thinking becomes some sort 
of mental meadow through which a person might 
meander on a rainy afternoon, oblivious to the 
world outside.


Rips and Conrad (1989) elicited judgments from 
college students about how various mentalistic terms 
relate to one another. Using statistical techniques, 
the investigators were able to summarize these rela-
tionships in two diagrams, shown in Figure 1.1. 
Figure 1.1A is a hierarchy of kinds, or categories. 
Roughly, people think planning is a kind of decid-
ing, which is a kind of reasoning, which is a kind of 
conceptualizing, which is a kind of thinking. People 
also think (that verb again!) that thinking is part 
of conceptualizing, which is part of remembering, 
which is part of reasoning, and so on (Fig. 1.1B). 
Th e kinds ordering and the parts ordering are quite 
similar; most strikingly, thinking is the most general 
term in both orderings—the grand superordinate of 
mental activities, which permeates all the others.


Cogito, ergo sum.
It is not easy to make the move from the free 


fl ow of everyday speech to scientifi c defi nitions of 
mental terms, but let us nonetheless off er a pre-
liminary defi nition of thinking to suggest what this 
book is about:


Th inking is the systematic transformation of mental 
representations of knowledge to characterize actual or 
possible states of the world, often in service of goals.


Obviously our defi nition introduces a plethora 
of terms with meanings that beg to be unpacked, 
but at which we can only hint. A mental represen-
tation of knowledge is an internal description that 


C H A P T E R 
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2 thinking and reasoning


can be manipulated to form other descriptions 
(see Markman, Chapter 4). To count as thinking, 
the manipulations must be systematic transforma-
tions that may be described computationally (see 
Doumas & Hummel, Chapter 5), governed by 
certain constraints. Whether a logical deduction 
(see Evans, Chapter 8) or a creative leap (see Smith 
& Ward, Chapter 23), what we mean by thinking 
is more than unconstrained associations (with the 
caveat that thinking may indeed be disordered; see 
Bachman & Cannon, Chapter 34). Th e internal 
representations created by thinking describe states of 
some external world (a world that may include the 
thinker as an object of self-refl ection; see Gelman 
& Frazier, Chapter 26); that world might be our 
everyday one or perhaps some imaginary construc-
tion obeying the “laws” of magical realism. And 
often (not always—the daydreamer, and indeed the 
night dreamer, is also a thinker), thinking is directed 
toward achieving some desired state of aff airs, some 
goal that motivates the thinker to do mental work 
(see Molden & Higgins, Chapter 20).


Our defi nition thus includes quite a few stipula-
tions, but notice also what is left out. We do not 
claim that thinking necessarily requires a human 
or even a sentient being. Nonetheless, our focus 
in this book is on thinking by hominids with elec-
trochemically powered brains constrained by their 
genes. Th inking often seems to be a conscious 
activity, of which the thinker is aware (cogito, ergo 
sum); but consciousness is a thorny philosophi-
cal puzzle, and some mental activities seem pretty 


much like thinking except for being implicit rather 
than explicit (see Evans, Chapter 8). Finally, we do 
not claim that thinking is inherently rational, or 
optimal, or desirable, or even smart (see Stanovich, 
Chapter 22). A thorough history of human think-
ing will include quite a few chapters on stupidity; 
but at its pinnacle, thinking can be sheer genius (see 
Simonton, Chapter 25).


Th e study of thinking includes several interre-
lated subfi elds, which refl ect slightly diff erent per-
spectives on thinking. Reasoning, which has a long 
tradition that springs from philosophy and logic, 
places emphasis on the process of drawing infer-
ences (conclusions) from some initial information 
(premises). In standard logic, an inference is deduc-
tive if the truth of the premises guarantees the truth 
of the conclusion by virtue of the argument form. 
If the truth of the premises renders the truth of the 
conclusion more credible, but does not bestow cer-
tainty, the inference is called inductive.2 Judgment 
and decision making involve assessment of the value 
of an option or the probability that it will yield a 
certain payoff  (judgment), coupled with choice 
among alternatives (decision making). Problem 
solving involves the construction of a course of 
action that can achieve a goal.


Although these distinct perspectives on thinking 
are useful in organizing the fi eld (and this volume), 
these aspects of thinking overlap in every conceiv-
able way. To solve a problem, one is likely to reason 
about the consequences of possible actions and to 
make decisions to select among alternative actions. 


A Kinds Orderings


Thinking Thinking 


Conceptualizing Conceptualizing 


Reading 


Reading 


Deciding 


Deciding 


Planning 


Planning 


Remembering Remembering 


Reasoning 


Reasoning 


B Parts Orderings


Fig. 1.1 People’s conceptions of the relationships among terms for mental activities. (A) Ordering of “kinds.” (B) Ordering of “parts.” 
(Adapted from Rips & Conrad, 1989, with permission.)
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A logic problem, as the name implies, is a problem 
to be solved (with the goal of deriving or evaluating 
a possible conclusion). Making a decision is often a 
problem that requires reasoning. And so on. Th ese 
subdivisions of the fi eld, like our preliminary defi -
nition of thinking, should be treated as guideposts, 
not destinations.


A Capsule History
Th inking and reasoning, long the academic 


province of philosophy, have over the past century 
emerged as core topics of empirical investigation and 
theoretical analysis in the modern fi elds known as 
cognitive psychology, cognitive science, and cogni-
tive neuroscience. Before psychology was founded, 
the 18th-century philosophers Immanuel Kant (in 
Germany) and David Hume (in Scotland) laid the 
foundations for all subsequent work on the origins 
of causal knowledge, perhaps the most central prob-
lem in the study of thinking (see Cheng & Buehner, 
Chapter 12). And if we were to choose one phrase to 
set the stage for modern views of thinking, it would 
be an observation of the British philosopher Th omas 
Hobbes, who in 1651 in his treatise Leviathan pro-
posed “Reasoning is but reckoning.” Reckoning is an 
odd term today, but in the 17th century it meant 
“computation,” as in arithmetic calculations.3


It was not until the 20th century that the psy-
chology of thinking became a scientifi c endeavor. 
Th e fi rst half of the century gave rise to many 
important pioneers who in very diff erent ways laid 
the foundations for the emergence of the modern 
fi eld of thinking and reasoning. Foremost were the 
Gestalt psychologists of Germany, who provided 
deep insights into the nature of problem solving 
(see Bassok & Novick, Chapter 21; van Steenburgh 
et al., Chapter 24). Most notable of the Gestaltists 
were Karl Duncker and Max Wertheimer, students 
of human problem solving, and Wolfgang Köhler, a 
keen observer of problem solving by great apes.


Th e pioneers of the early 20th century also 
include Sigmund Freud, whose complex and ever-
controversial legacy includes the notions that forms 
of thought can be unconscious, and that “cold” 
cognition is tangled up with “hot” emotion (see 
Molden & Higgins, Chapter 20). As the founder of 
clinical psychology, Freud’s legacy also includes the 
ongoing integration of research on “normal” think-
ing with studies of thought disorders, such as schizo-
phrenia (see Bachman & Cannon, Chapter 34).


Other early pioneers in the early and mid-century 
contributed to various fi elds of study that are now 


embraced within thinking and reasoning. Cognitive 
development (see Gelman & Frazier, Chapter 26) 
continues to be infl uenced by the early theories 
developed by the Swiss psychologist Jean Piaget and 
the Russian psychologist Lev Vygotsky. In the United 
States, Charles Spearman was a leader in the system-
atic study of individual diff erences in intelligence (see 
Stanovich, Chapter 22). In the middle of the cen-
tury, the Russian neurologist Alexander Luria made 
immense contributions to our understanding of how 
thinking depends on specifi c areas of the brain, antici-
pating the modern fi eld of cognitive neuroscience (see 
Morrison & Knowlton, Chapter 6). Around the same 
time in the United States, Herbert Simon argued that 
the traditional rational model of economic theory 
should be replaced with a framework that accounted 
for a variety of human resource constraints, such as 
bounded attention and memory capacity and limited 
time (see LeBoeuf & Shafi r, Chapter 16). Th is was 
one of the contributions that in 1978 earned Simon 
the Nobel Prize in Economics.


In 1943, the British psychologist Kenneth Craik 
sketched the fundamental notion that a mental rep-
resentation provides a kind of model of the world 
that can be “run” to make predictions (much like 
an engineer might use a physical scale model of a 
bridge to anticipate the eff ects of stress on the actual 
bridge intended to span a river).4 In the 1960s and 
1970s, modern work on the psychology of reason-
ing began in Britain with the contributions of Peter 
Wason and his collaborator Philip Johnson-Laird 
(see Evans, Chapter 8; Johnson-Laird, Chapter 9).


Th e modern conception of thinking as computa-
tion became prominent in the 1970s. In their classic 
treatment of human problem solving, Allen Newell 
and Herbert Simon (1972) showed that the com-
putational analysis of thinking (anticipated by Alan 
Turing, the father of computer science) could yield 
important empirical and theoretical results. Like a 
program running on a digital computer, a person 
thinking through a problem can be viewed as taking 
an input that represents initial conditions and a 
goal, and applying a sequence of operations to 
reduce the diff erence between the initial conditions 
and the goal. Th e work of Newell and Simon estab-
lished computer simulation as a standard method 
for analyzing human thinking (see Doumas & 
Hummel, Chapter 5). It also highlighted the poten-
tial of production systems, which were subsequently 
developed extensively as cognitive models by John 
Anderson and his colleagues (see Koedinger & Roll, 
Chapter 40).
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4 thinking and reasoning


Th e 1970s saw a wide range of major develop-
ments that continue to shape the fi eld. Eleanor 
Rosch, building on earlier work by Jerome Bruner 
(Bruner, Goodnow, & Austin, 1956), addressed 
the fundamental question of why people have the 
categories they do, and not other logically possible 
groupings of objects (see Rips, Smith, & Medin, 
Chapter 11). Rosch argued that natural categories 
often have fuzzy boundaries (a whale is an odd 
mammal), but nonetheless have clear central ten-
dencies, or prototypes (people by and large agree 
that a bear makes a fi ne mammal). Th e psychology 
of human judgment was reshaped by the insights of 
Amos Tversky and Daniel Kahneman, who identi-
fi ed simple cognitive strategies, or heuristics, that 
people use to make judgments of frequency and 
probability. Often quick and accurate, these strat-
egies can in some circumstances lead to nonnor-
mative judgments. After Tversky’s death in 1996, 
this line of work was continued by Kahneman, 
who was awarded the Nobel Prize in Economics 
in 2002. Th e current view of judgment that has 
emerged from 30 years of research is summarized 
by Griffi  n et al. (Chapter 17; also see LeBoeuf & 
Shafi r, Chapter 16). Goldstone and Son (Chapter 
10) review Tversky’s infl uential theory of similarity 
judgments.


In 1982 David Marr, a young vision scientist, 
laid out a vision of how the science of mind should 
proceed. Marr distinguished three levels of analysis, 
which he termed the levels of computation, represen-
tation and algorithm, and implementation. Each level, 
according to Marr, addresses diff erent questions, 
which he illustrated with the example of a physi-
cal device, the cash register. At Marr’s most abstract 
level, computation (not to be confused with com-
putation of an algorithm on a computer), the basic 
questions are “What is the goal that the cognitive 
process is meant to accomplish?” and “What is the 
logic of the mapping from the input to the output 
that distinguishes this mapping from other input-
output mappings?” A cash register, viewed at this 
level, is used to achieve the goal of calculating how 
much is owed for a purchase. Th is task maps precisely 
onto the axioms of addition (e.g., the amount owed 
shouldn’t vary with the order in which items are pre-
sented to the sales clerk, a constraint that precisely 
matches the commutativity property of addition). 
It follows that without knowing anything else about 
the workings of a particular cash register, we can be 
sure that (if it is working properly) it will be doing 
addition (not division).


Th e level of representation and algorithm, as the 
name implies, deals with the questions, “What is 
the representation of the input and output?” and 
“What is the algorithm for transforming the former 
into the latter?” Within a cash register, addition 
might be performed using numbers in either deci-
mal or binary code, starting with either the leftmost 
or rightmost digit. Finally, the level of implementa-
tion addresses the question, “How are the represen-
tation and algorithm realized physically?” Th e cash 
register could be implemented as an electronic cal-
culator, or a mechanical adding machine, or even a 
mental abacus in the mind of the clerk.


In his book, Marr stressed the importance of the 
computational level of analysis, arguing that it could 
be seriously misleading to focus prematurely on the 
more concrete levels of analysis for a cognitive task 
without understanding the goal or nature of the 
mental computation.5 Sadly, Marr died of leukemia 
before his book was published, so we do not know 
how his thinking about levels of analysis might have 
evolved. In very diff erent ways, Marr’s conception of 
a computational level of analysis is refl ected in sev-
eral chapters in this book (see especially Chater & 
Oaksford, Chapter 2; Griffi  ths, Tenenbaum, & 
Kemp, Chapter 3; Cheng & Buehner, Chapter 12; 
and Hahn & Oaksford, Chapter 15).


In the most recent quarter century many other 
springs of research have fed into the river of thinking 
and reasoning, including relational reasoning (see 
Holyoak, Chapter 13), neural network models (see 
Doumas & Hummel, Chapter 5), cognitive neu-
roscience (see Morrison & Knowlton, Chapter 6), 
and cognitive neurogenetics (Green & Dunbar, 
Chapter 7). Th e chapters of this Handbook collec-
tively paint a picture of the state of the fi eld in the 
early years of the new millennium.


Overview of the Handbook
Th is volume brings together the contributions 


of many of the leading researchers in thinking and 
reasoning to create the most comprehensive over-
view of research on thinking and reasoning that has 
ever been available. Each chapter includes a bit of 
historical perspective on the topic and ends with 
some thoughts about where the fi eld seems to be 
heading. Th e book is organized into seven sections.


Part I: General Approaches to 
Th inking and Reasoning


Th e seven chapters in Part I address foundational 
issues. Chapter 2 by Chater and Oaksford lays out 
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the major normative theories (logic, probability, 
and rational choice) that have been used as stan-
dards against which human thinking and reason-
ing are often compared. In Chapter 3, Griffi  ths, 
Tenenbaum, and Kemp provide an overview of 
the Bayesian framework for probabilistic infer-
ence, which has been reinvigorated in recent years. 
Chapter 4 by Markman provides an overview of 
diff erent conceptions of mental representation, 
and Chapter 5 by Doumas and Hummel surveys 
approaches to building computational models 
of thinking and reasoning. Th en in Chapter 6, 
Morrison and Knowlton provide an introduction to 
the methods and fi ndings of cognitive neuroscience 
as they bear on higher cognition, and in Chapter 
7 Green and Dunbar discuss the emerging links 
between thinking and cognitive neurogenetics.


Part II: Inductive, Deductive, 
and Abductive Reasoning


Chapters 8–15 deal with core topics of reasoning. 
In Chapter 8, Evans reviews dual-process theories of 
reasoning, with emphasis on the psychology of deduc-
tive reasoning, the form of thinking with the closest 
ties to logic. In Chapter 9, Johnson-Laird describes 
the work that he and others have done using the 
framework of mental models to deal with various rea-
soning tasks, both deductive and inductive. Chapter 
10 by Goldstone and Son reviews work on the core 
concept of similarity—how people assess the degree 
to which objects or events are alike. Chapter 11 by 
Rips, Smith, and Medin considers research on cat-
egories, and how concepts are organized in semantic 
memory. In Chapter 12, Cheng and Buehner discuss 
causal learning, a basic type of induction concerning 
how humans and other creatures acquire knowledge 
about causal relations, which are critical for predict-
ing the consequences of actions and events. Th en, 
in Chapter 13, Holyoak reviews the literature on 
reasoning by analogy and similar forms of relational 
reasoning. In Chapter 14, Lombrozo explores the 
multifaceted topic of explanation, which is closely 
related to abductive reasoning (often called “infer-
ence to the best explanation”). Th en, in Chapter 15, 
Hahn and Oaksford apply the Bayesian framework 
to understand how people interpret informal argu-
ments, including types of arguments that have classi-
cally been viewed as logical fallacies.


Part III: Judgment and Decision Making
In Chapters 16–20 we turn to topics related to 


judgment and decision making. In Chapter 16, 


LeBoeuf and Shafi r set the stage with a general review 
of work on decision making. Th en, in Chapter 17, 
Griffi  n, Gonzalez, Koehler and Gilovich review the 
fascinating literature on heuristics and biases that 
infl uence judgment. In Chapter 18, Camerer and 
Smith discuss behavioral game theory, an approach 
rooted in economics that has been applied in many 
other disciplines. Th ey also touch upon recent work 
on neuroeconomics, the study of the neural substrate 
of decision making. In Chapter 19, Waldmann, 
Nagel, and Wiegmann review a growing literature 
on moral reasoning and decision making. Th en, in 
Chapter 20, Molden and Higgins review research 
revealing the ways in which human motivation and 
emotion infl uence judgment.


Part IV: Problem Solving, Intelligence, 
and Creative Th inking


Th e fi ve chapters that comprise this section deal 
with problem solving and the many forms of indi-
vidual diff erences observed in human thinking. In 
Chapter 21, Bassok and Novick provide a general 
overview of the fi eld of human problem solving. In 
Chapter 22, Stanovich analyzes diff erent conceptions 
of rationality and discusses individual diff erences in 
both rational thought and intelligence. Problem 
solving has close connections to the topic of creativ-
ity, the focus of Chapter 23 by Smith and Ward. In 
Chapter 24, van Steenburgh, Fleck, Beeman, and 
Kounios review research that takes a cognitive neu-
roscience approach to understanding the basis for 
insight in problem solving. Finally, in Chapter 25 
Simonton reviews what is known about the thinking 
processes of those who function at the extreme of 
individual diff erences commonly termed “genius.”


Part V: Ontogeny, Phylogeny, 
Language, and Culture


Our understanding of thinking and reasoning 
would be gravely limited if we restricted investigation 
to young adult English speakers. Chapters 26–29 
deal with the multifaceted ways in which aspects 
of thinking vary across the human life span, across 
species, across speakers of diff erent languages, and 
its connections to larger human groups. In Chapter 
26, Gelman and Frazier provide an overview of 
the development of thinking and reasoning over 
the course of childhood. In Chapter 27, Penn and 
Povinelli consider the fundamental question of what 
makes human thinking special when compared to the 
mental functioning of nonhuman animals. One of the 
most controversial topics in the fi eld is the relationship 
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between thinking and the language spoken by the 
thinker. In Chapter 28, Gleitman and Papafragou 
off er a fresh perspective on the hypotheses and evi-
dence concerning the connections between language 
and thought. Finally, in Chapter 29, Rai discusses the 
ways in which human thinking can be viewed as dis-
tributed across social and cultural groups.


Part VI: Modes of Th inking
Th ere are many modes of thinking, distinguished 


by broad variations in representations and processes. 
Chapters 30–34 consider a number of these. In 
Chapter 30, Opfer and Siegler discuss mathemati-
cal thinking, a special form of thinking found in 
rudimentary form in nonhuman animals and which 
undergoes complex developmental changes over the 
course of childhood. In Chapter 31, Hegarty and Stull 
review work on the role of visuospatial representations 
in thinking; and in Chapter 32, Goldin-Meadow and 
Cook discuss the ways in which spontaneous gestures 
refl ect and guide thinking processes. In Chapter 
33, McGillivray, Friedman, and Castel describe the 
changes in thinking and reasoning brought on by the 
aging process. In Chapter 34, Bachman and Cannon 
review research and theory concerning brain disor-
ders, notably schizophrenia, that produce striking 
disruptions of normal thought processes.


Part VII: Th inking in Practice
In cultures ancient and modern, thinking is put to 


particular uses in special cultural practices. Chapters 
35–40 focus on thinking in particular practices. In 
Chapter 35, Dunbar and Klahr discuss thinking and 
reasoning as manifested in the practice of science. 
In Chapter 36, Spellman and Schauer review diff er-
ent conceptions of legal reasoning. In Chapter 37, 
Patel, Arocha, and Zhang discuss reasoning in a 
fi eld—medicine—in which accurate diagnosis and 
treatment is literally an everyday matter of life and 
death. Lowenstein discusses reasoning as it relates to 
business in Chapter 38. Th inking is also involved in 
many aspects of music, including composition; this 
topic is covered by Th ompson and Ammirante in 
Chapter 39. Finally, Chapter 40 by Koedinger and 
Roll concludes the volume by considering one of 
the major challenges for education—fi nding ways 
to teach people to think more eff ectively.


Examples of Chapter Assignments for a 
Variety of Courses


Th e present volume off ers a comprehensive treat-
ment of higher cognition. As such, it serves as an 


excellent source for courses on thinking and rea-
soning, both at the graduate level and for advanced 
undergraduates. While instructors for semester-
length graduate courses in thinking and reasoning 
may opt to assign the entire volume as a textbook, 
there are a number of other possibilities (including 
using chapters from this volume as introductions for 
various topics and then supplementing with read-
ings from the primary literature). Here are a few 
examples of possible chapter groupings, tailored to a 
variety of possible course off erings.


Introduction to Th inking and Reasoning
 1. Th inking and Reasoning: A Reader’s 


Guide
 2. Normative Systems: Logic, Probability, 


and Rational Choice
 3. Bayesian Inference
 4. Knowledge Representation
 8. Dual-Process Th eories of Reasoning: 


Facts and Fallacies
 9. Inference in Mental Models
10. Similarity
11. Concepts and Categories: Memory, 


Meaning, and Metaphysics
12. Causal Learning and Inference
13. Analogy and Relational Reasoning
14. Explanation and Abductive Inference
15. Rational Argument
16. Decision Making
17. Judgment Heuristics
21. Problem Solving
22. On the Distinction Between Rationality 


and Intelligence: Implications for 
Understanding Individual Diff erences in 
Reasoning


23. Cognition and the Creation of Ideas


Development of Th inking
 1. Th inking and Reasoning: A Reader’s Guide
 4. Knowledge Representation
10. Similarity
11. Concepts and Categories: Memory, 


Meaning, and Metaphysics
13. Analogy and Relational Reasoning
14. Explanation and Abductive Inference
26. Development of Th inking in Children
27. Th e Human Enigma
28. Language and Th ought
30. Mathematical Cognition
31. Visuospatial Th inking
32. Gesture in Th ought


OUP UNCORRECTED PROOF – FINALS, 01/12/12, NEWGEN







 holyoak,  morrison 7


33. Impact of Aging on Th inking
40. Learning to Th ink: Cognitive 


Mechanisms of Knowledge Transfer


Modeling Human Th ought
 1. Th inking and Reasoning: A Reader’s 


Guide
 3. Bayesian Inference
 4. Knowledge Representation
 5. Computational Modeling of Higher 


Cognition
 6. Neural Substrate of Th inking
 9. Inference in Mental Models
10. Similarity
11. Concepts and Categories: Memory, 


Meaning, and Metaphysics
12. Causal Learning and Inference
13. Analogy and Relational Reasoning
15. Rational Argument
18. Cognitive Hierarchies and Emotions in 


Behavioral Game Th eory
40. Learning to Th ink: Cognitive Methods of 


Knowledge Transfer


Applied Th ought
 1. Th inking and Reasoning: A Reader’s Guide
35. Scientifi c Th inking and Reasoning
36. Legal Reasoning
37. Th inking and Reasoning in Medicine
38. Th inking in Business
39. Musical Th ought
40. Learning to Th ink: Cognitive Methods of 


Knowledge Transfer


Diff erences in Th ought
 1. Th inking and Reasoning: A Reader’s 


Guide
19. Moral Judgment
20. Motivated Th inking
23. Cognition and the Creation of Ideas
24. Insight
25. Genius
26. Development of Th inking in Children


27. Th e Human Enigma
28. Language and Th ought
29. Th inking in Society and Culture
32. Gesture in Th ought
33. Impact of Aging on Th inking
34. Th e Cognitive Neuroscience of Th ought 


Disorder in Schizophrenia
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Notes
1. Notice the linguistic connection between “thinking” and 


“seeing,” thought and perception, which was emphasized by the 
Gestalt psychologists of the early 20th century.


2. Th e distinction between deduction and induction blurs in 
the study of the psychology of thinking, as we will see in Part II 
of this volume.


3. Th ere are echoes of the old meaning of reckon in such 
phrases as “reckon the cost.” As a further aside, the term “dead 
reckoning,” a procedure for calculating the position of a ship 
or aircraft, derives from “deductive reasoning.” And in an old 
Western movie, a hero in a tough spot might venture, “I reckon 
we can hold out till sun-up,” illustrating how calculation has 
crossed over to become a metaphor for mental judgment.


4. See Johnson-Laird, Chapter 9, for a current view of think-
ing and reasoning that owes much to Craik’s seminal ideas.


5. Indeed, Marr criticized Newell and Simon’s approach to 
problem solving for paying insuffi  cient attention to the compu-
tational level in this sense.
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Problem Solving
Encyclopedia of the Neurological Sciences


Copyright 2003, Elsevier Science (USA). All rights reserved.


A PROBLEM ARISES when an organism has a goal (a
desired state of affairs) and it is not immediately
apparent how the goal can be attained. The range of
problems people encounter is enormous: planning a
dinner party, tracking deer, diagnosing a disease,
winning a game of chess, solving mathematical
equations, managing a business, or battling the latest
problem with the home computer. Given this
diversity, it is not surprising that every cognitive
process in the human repertoire, including percep-
tion, language, attention, working memory, long-
term memory, categorization, judgment, and choice,
plays a role in problem solving. The ability to solve
problems, along with language, represents the
pinnacle of human cognitive evolution.


Not surprisingly, competent problem solving re-
quires functioning of many brain systems. Without
intact sensory systems the basic foundational informa-
tion of the problem is crucially degraded. For
example, a lesion to the occipital or parietal cortex
could disrupt spatial perception and, hence, impair the
ability to play chess. Likewise, the ability to selectively
attend to various pieces of perceived sensory informa-
tion is also crucial to success. Damage to the frontal
and/or parietal cortex could disrupt selective attention
and make it difficult to focus attention on a running
deer amid a bustling landscape. The importance of
selective attention extends beyond control of sensory
information; problem solving may also depend on the
ability to inhibit internally generated stimuli or
thought processes. Extensive structured knowledge
(semantic memory) is also a necessary prerequisite for
expert problem solving. Damage to temporal cortex
could result in the loss of access to particular
categories in semantic memory necessary for solving
a computer problem. Efficient storage and retrieval of
event knowledge (declarative memory) is also fre-
quently helpful to solve new problems. For example, it
may be helpful for a doctor to recall the complaints of
a previous patient in order to diagnose a new patient.


Because of the complex nature of problem solving,
it is difficult to isolate the precise roles of these basic
processes using the methodology of cognitive neu-
roscience; however, many studies have been conducted
examining these processes in isolation. Our focus is on
the function of the dorsolateral prefrontal cortex
(DLPFC). This neural region seems to play a parti-


cularly general role in problem solving and related
forms of thinking and reasoning, especially those that
depend on analytical intelligence (the g factor) and
executive control. Based on an extensive review of the
literature on the effects of frontal lesions, Stuss and
Benson suggested several classes of deficits related to
problem solving. Frontal damage leads to deficits in
the ordering or handling of sequential behaviors;
impairment in establishing, maintaining, or changing
a mental ‘‘set’’; decreased ability to monitor personal
behavior; dissociation of knowledge from the direc-
tion of action; and various changes in normal
emotional and motivational responses. Each of these
classes of deficits is linked to problem solving.


Planning and problem solving depend on the
hierarchical organization of action and require
coordination of internal goals and knowledge with
the constraints of the environment. Systematic
investigations of problem solving began with Gestalt
psychologists such as Duncker, and the modern
formulation of a general theory of problem solving
is due to Newell and Simon. In their problem space
formulation, problem solving has two fundamental
components: forming a representation of a problem
space and a search through the space. The represen-
tation of a problem consists of four kinds of
elements: a description of the initial state in which
problem solving begins; a description of the goal state
to be reached; a set of operators, or actions that can
be taken, that serve to alter the current state of the
problem; and path constraints that impose additional
conditions on a successful path to solution. The
problem space consists of the set of all states that can
potentially be reached by applying the available
operators. A solution is a sequence of operators that
can transform the initial state into the goal state in
accord with the path constraints. A problem-solving
method is a procedure for finding a solution.


The problem space analysis yields a mathematical
result regarding the size of the search space that
constrains the possible methods for solving many
problems, such as the problem of winning a chess
game. A typical game of chess might involve a total
of 60 moves, with an average of 30 alternative legal
moves available at each step along the way. The
number of alternative paths is 3060, a number so
astronomical that not even the fastest computer can
play chess by exploring every possible move
sequence. The exponential increase in the size of
the search space with the depth of the search makes
many problems impossible to solve by exhaustive
search of all possible paths.
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In addition, neural implementation of the problem
space places serious constraints on the methods for
human problem solving. One of the most robust
findings in all experimental psychology is that humans
have a limited-capacity working memory. Although
there has been considerable debate about the exact
size of working memory, there is general agreement
that its capacity is small compared to the amount of
information humans store in their long-term memory.
Given this limited capacity, successful problem
solving requires efficient management of search.
Expert problem solving depends on extensive knowl-
edge stored in long-term memory, which can be
brought to bear on familiar types of problems.
Knowledge makes it possible to form a useful
problem representation and may suggest appropriate
actions. Problem solving then becomes a form of
recognition with implications for action, obviating the
need for extensive search. Until 1997, when world-
champion grandmaster Gary Kasparov was defeated
in a chess match by the computer program Deep Blue
II, the human ability to recognize familiar patterns
and their action implications allowed human experts
to hold their own against the chess-playing prowess of
programs based on massive search. In less constrained
problem domains, such as managing a business or
negotiating international treaties, no search-based
computer program can rival human expertise.


Even in domains in which they are not expert,
people typically use intelligent search strategies. One
strategy is based on analogical reasoning. If the
reasoner recognizes parallels between a novel pro-
blem and a familiar solved one, then the previous
solution may be adapted to fit the new problem,
obviating the need for extensive search in the
problem space. Morrison et al. have found that the
ability to use analogical reasoning is severely
degraded in patients with damage to their prefrontal
cortex. Using positron emission tomography (PET),
Wharton et al. found that left prefrontal cortex was
selectively activated during a visual analogy task.


Central to the ability to reason by analogy is the
ability to form and manipulate mental representa-
tions of relations between objects and events, which
involves several functions that have been ascribed to
prefrontal cortex. First, analogy requires that the
objects in the situations being compared be bound to
their relational roles. Prefrontal cortex has been
shown to be important for binding in numerous
studies involving monkeys and humans. Second, the
central executive of working memory, for which
DLPFC is critical, appears to be the critical


component of working memory necessary for the
manipulation of material and is thus critical for
successful analogy performance.


If neither direct prior knowledge nor an analogy is
available, heuristic search methods may be used. One
of the most basic of these, means–ends analysis,
depends on a combination of forward and backward
search, where forward search involves applying
operators to the current state to generate new states
and backward search involves finding possible pre-
cursor states to the goal state. The key idea underlying
means–ends analysis is that search is guided by
detection of differences between the current state
and the goal state. Suppose you have the goal of trying
to get your car washed. The obvious difference
between the current state and the goal state is that
the car is unwashed. The operator ‘‘send car through
car wash’’ could reduce this difference. However, to
apply this operator you first need to get your car to a
car wash. If it is not already at a car wash, you now set
the subgoal of getting your car to an appropriate
location. Before you can do this, you need to locate a
car wash to which you can drive. You might be able to
locate one in the yellow pages of a telephone directory;
thus, you set the subgoal of finding a telephone
directory. Subgoaling continues until the conditions
for applying the operator are met, and you can finally
reduce the difference in the original problem. Means–
ends analysis illustrates several important points about
intelligent heuristic search. First, it is explicitly guided
by knowledge of the goal. Second, an initial goal can
lead to subsequent subgoals that effectively decompose
the problem into smaller parts. Third, methods can be
applied recursively; that is, in the course of applying a
method to achieve a goal, the entire method may be
applied to achieve a subgoal.


Shallice conducted a study that specifically exam-
ined the manner in which frontal lobe patients
approach novel problems requiring planning and
organized sequential action. He tested patients with
various forms of brain damage, as well as control
subjects, on their ability to solve various versions of
the Tower of London puzzle. This puzzle consists of
three differently colored beads and three pegs of
different lengths. The experimenter places the beads
in a starting configuration, and the subject must then
move them into a new configuration defined by the
experimenter in a minimum number of moves. The
number of moves required to achieve the goal defines
the level of difficulty. Although all of the groups of
brain-damaged subjects in Shallice’s study were
impaired in their performance relative to the control


PROBLEM SOLVING 61







subjects, those with damage to the left frontal lobe
showed the greatest decrement, particularly for the
more difficult versions of the puzzle. The nature of
the errors made by the frontal lobe subjects indicated
that they had difficulty in planning: They could not
establish an appropriate order of subgoals. The
deficit was not due to a general limitation of short-
term memory because variations in the patients’
performance on a digit-span test could not account
for the differences in problem-solving success.


Recent evidence suggests that the previously
mentioned findings should be interpreted cautiously.
In particular, although Owen et al. have replicated
the effect of an overall frontal deficit on performance
in the Tower of London task, the selective effect of
left hemisphere damage has not been found in other
experiments. However, Nicelli et al. have confirmed
the role of the frontal cortex in problem solving for
another task—chess playing—using PET activation
measures. When chess players were asked to decide
whether it is possible to achieve a checkmate in one
move (a task requiring planning), brain activity was
selectively increased in regions of both the left and
the right frontal cortex. The same study found that
several posterior regions of the brain, especially those
associated with generation of visual images, also play
significant roles in chess playing.


Means–ends analysis requires extensive use of
working memory to maintain and operate on infor-
mation related to goals and subgoals. In a recent study
utilizing functional magnetic resonance imaging
(fMRI), Koechlin et al. employed a task that could
be modified to manipulate working memory load as
well as goal use. They found that when the task
required participants to use working memory to
perform a dual task, DLPFC was active. However,
when participants were required to maintain a main
goal while concurrently using subgoals, frontopolar
prefrontal cortex was also recruited. It is not clear,
however, if manipulating interrelated goals per se is
different from manipulation of any other form of
higher order relational information because adding a
branching goal necessarily increases the relational
complexity of the task. Robin and Holyoak argued
that a major function of prefrontal cortex is the
maintenance and manipulation of relational informa-
tion. Several studies utilizing fMRI have found that
regions in the DLPFC and frontopolar cortex become
more active as relational complexity is increased.
Waltz et al. found that patients with frontal-variant
frontotemporal dementia had great difficulty in
several tasks when relational complexity exceeded


one relation. Thus, it appears that prefrontal cortex is
critical for complex problem solving at higher levels of
relational complexity.


Although laboratory studies usually focus on
problems that are novel for the participant, expert
real-world problem solving frequently involves evok-
ing a relevant problem schema and using specialized
problem-solving methods. There is increasing evi-
dence that the development of problem-solving skill
involves other brain areas in addition to prefrontal
cortex. Saint-Cyr et al. have found that Parkinson’s
disease and early stage Huntington’s disease patients
who have significant damage to the basal ganglia,
unlike normal learners, typically show little improve-
ment in a modified version of the Tower of Hanoi
(Tower of Toronto) performance after considerable
practice. This finding suggests that the basal ganglia
(or at least the basal ganglia–prefrontal cortex circuit)
is necessary for development of problem-solving skills.


With the development of more precise brain
imaging techniques and a better understanding of
the core cognitive abilities underlying complex pro-
blem solving, a much clearer picture of how the brain
solves problems should emerge in the near future.


—Robert G. Morrison and Keith J. Holyoak


See also–Behavior, Neural Basis of; Intelligence;
Learning, Motor; Learning, Overview; Memory,
Working
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Georg Jiřı́ Procháska, circa 1788 (from a painting by G. Kneipa
in the gallery of the Dean and Professors of the Medical
Faculty of Prague).


GEORG (JIŘÍ) PROCHÁSKA (1749–1820) was born in
Moravia, which is now in the Czech Republic. The
support of friends allowed him to study at the Jesuit
Gymansium in Znojmo. The future anatomist,
physiologist, embryologist, and ophthalmologist
studied philosophy in Olomouc from 1765 to
1767. He began his study of medicine in Vienna in
1770 working with Anton de Haen, who recognized
his skill in anatomical drawing. Joseph Barth,
professor of anatomy, became his supporter after
the death of de Haen. Procháska became professor of
anatomy and ophthalmology at the University of
Prague, performing some 3000 operations for
cataracts in his lifetime. In 1791, he went to Vienna,
where he remained until 1819 as professor of
anatomy and ophthalmology.


His interests and publications covered the areas of
blood movement, muscle and nerve structure, the
generation and origin of monsters from epigenesis,
and the abrasion of human teeth. His most important
work was on reflex action as an example of nervous
activity. His evaluation and systematic presentation
of the work of his contemporaries on nerve function
were vital to future researchers.


In 1779, Procháska determined that the funda-
mental structures of nervous tissue were globules by
using the microscope. His most significant work was
Commentatio de Functionibus Systematis Nervosi
(1784). He endeavored to explain the workings of
the nerves from observation rather than theory alone.
This publication made him one of the outstanding
physiologists of the nervous system of the 18th
century and advanced Descartes’ concept of the
reflex as an entity for study. In this work, Procháska
went beyond Whytt and other 18th-century scientists
in the detail and precision with which he described
how the nervous system is acted on by stimuli. The
nerve force, the vis nervosa, coordinates all impres-
sions passing to the individual nerve centers. He
observed that this force is divisible. Severed parts
containing these nerves would still display reflex
reactions. He was a contemporary of Johann August
Unzer and both men studied the concept of reflexes.


Procháska postulated the existence of two types of
nerve fibers. One type conducts sensory impulses
from the periphery of the body to sensortium
commune—through the spinal cord, medulla oblon-
gata, and crura cerebri to the thalamus—and is called
gray matter. The other type of nerve conducts
reflected impulses from the nerve centers to the
muscles and other effector organs. These actions are
independent of both the will and the soul. He drew a
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Abstract 


Individual differences in analogical reasoning, long of 
interest to intelligence researchers, provide a unique 
window to view how changes in working memory and 
relational learning may jointly contribute to 
development. Hosenfeld, van der Maas, and van den 
Boom (1997) collected geometric analogy data from 6-7 
year children during repetitive testing sessions over the 
course of one year. They identified three groups of 
children who showed different performance trajectories. 
We simulate these data in DORA/LISA and suggest that 
improved performance over training sessions likely 
results from children improving in being able to identify 
spatial relations, while the differences in learning 
trajectories across the groups of children of the same age 
are best explained by individual differences in working 
memory.  


Keywords: analogy; analogical reasoning; development; 
computational models; individual differences; working 
memory. 


Introduction 
Developments in children's analogical reasoning are 
traditionally attributed either to increased working 
memory resources due to maturation (e.g., Halford, 
2005; Richland, Morrison & Holyoak, 2006) or 
accretion of a knowledge base relevant to the particular 
analogical reasoning task (see Rattermann & Gentner, 
1998; Goswami, 2001). To address these alternative 
claims, studies have either held knowledge constant and 
correlated age with success on analogy tasks with 
increasingly demanding working memory requirements 
(see Halford, 2005; Richland et al, 2006), or correlated 
performance on a knowledge test with performance on 
an analogical reasoning task  (see Goswami, 2001). 
Most of these experiments have been cross-sectional, 
which has impeded the field's ability to develop a 
comprehensive theory of development that includes 
both factors.  
 A study by Hosenfeld et al. (1997) used a 
longitudinal methodology, collecting geometric analogy 


data from 6-7 year old children during repetitive testing 
sessions over the course of one year. Most children 
improved over the sessions, but these authors were 
particularly interested in the qualitative nature of the 
developmental trajectories. Children's performance 
followed into three distinct patterns of change (see 
Figure 6) and the authors analyzed these patterns for 
qualitative insights into analogical change.  


These data are also illustrative in considering the 
relations among processing resources and knowledge in 
development. We simulate these data in DORA/LISA 
to better understand the hypothesized contributions of 
resource maturation (i.e., working memory), and 
knowledge accretion. Specifically, we use DORA to 
simulate children’s ability to better recognize spatial 
relations over repeated training sessions and then use 
LISA to simulate children’s reasoning based on these 
representations of spatial relations. Importantly, we 
manipulate working memory in both models (via 
changes in lateral inhibition in the model) to simulate 
individual differences across groups of children.  


Methods 
In this section we describe the Hosenfeld, van den 
Boom, and Resing (1997) study, followed by a general 
description of the DORA and LISA models and present 
task simulations. 


Task Description 
In Hosenfeld et al.’s (1997) study children solved 
geometric analogy problems consisting of simple 
shapes in common relations such as above/below (see 
Figure 1). The complexity of the problems was varied 
by changing the number of relations needed to 
characterize the A:B transition. During testing, children 
solved A:B :: C:D problems in which they had to draw 
the missing D term to make a valid analogy. 6-7 year-
old children were administered the task eight times over 
the course of one year, at three-week intervals. 







Researchers recorded accuracy rates, time to solution, 
and types of errors made. 
 Children's performance could be collapsed into three 
learning profiles: 1) Non-Analogical Reasoners, who 
solved the majority of problems non-analogically 
throughout all sessions, 2) Transitional Reasoners, who 
moved from solving problems largely non-analogically 
to solving problems largely analogically, and 3) 
Analogical Reasoners, who solved the majority of 
problems analogically throughout the treatment. The 
learning trajectories of accuracy over time are shown in 
Figure 6.  


Model Description 
LISA (Hummel & Holyoak, 1997, 2003) is a symbolic-
connectionist model of analogy and relational 
reasoning. DORA (Doumas, Hummel, & Sandhofer, 
2008) is a model, based on LISA, which learns 
structured (i.e., symbolic) representations of properties 
and relations from unstructured inputs. That is, DORA 
provides an account of how the structured relational 
representations LISA uses to perform relational 
reasoning can be learned from examples.  


DORA accounts for over 20 phenomena from the 
literature on relational learning, as well as its 
development (Doumas et al., 2008).  In addition, as 
DORA learns representations of relations and properties 
it can be coupled to LISA to simulate an additional 30+ 
phenomena in relational thinking. The description of 
DORA/LISA that follows is a brief overview due to 
space constraints.  For full details see Doumas et al. 
(2008) and Hummel and Holyoak (1997, 2003). 
LISAese Representations  In LISA (and by extension 
in DORA after it has gone through learning) relational 
structures are represented by a hierarchy of distributed 
and localist codes (see Figure 2). At the bottom, 
“semantic” units represent the features of objects and 
roles in a distributed fashion. At the next level, these 


distributed representations are connected to localist 
units (POs) representing individual predicates (or role) 
and objects. Localist role-binding units (RBs; 
alternatively called subpropositions, SPs) link object 
and relational role units into specific role-filler 
bindings. At the top of the hierarchy, localist P units 
link RBs into whole relational propositions.   


To represent the proposition contains (shield, 
square) as shown in the top left stimulus in Figure 1, 
PO units (triangles and large circles in Figure 2) 
representing the relational roles outside and inside, and 
the fillers shield and square are connected to semantic 
units coding their semantic features.  RB units 
(rectangles) then conjunctively code the connection 
between roles and their fillers (one RB connects shield 
to outside, and one connects square to inside).  At the 
top of the hierarchy, P units (oval) link sets of RBs into 
whole relational propositions. A P unit conjunctively 
codes the connection between the RBs representing 
outside+shield and the RB representing inside+square, 
thus encoding the relational proposition contains 
(shield, square).   


Propositions are divided into two mutually exclusive  
sets: a driver and one or more recipients. In LISA, the 
sequence of firing events is controlled by the driver. 
Specifically, one (or at most three) proposition(s) in the 
driver becomes active (i.e., enter working memory). 
When a proposition enters working memory, role-filler 
bindings must be represented dynamically on the units 
that maintain role-filler independence (i.e., POs and 
semantic units; see Hummel & Holyoak, 1997). In 
DORA, roles are dynamically bound to their fillers by 
systematic asynchrony of firing. As a proposition in the 
driver becomes active, bound objects and roles fire in 
direct sequence. Binding information is carried in the 
proximity of firing (e.g., with roles firing directly 
before their fillers). Using the example in Figure 2, in 
order to bind outside to shield and inside to square (and 
so represent contains (shield, square)), the units 
corresponding to inside fire directly followed by the 


Figure 1. Analogy problems varying in complexity 
based on those in Hosenfeld et al., (1997). 
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units corresponding to shield, followed by the units for 
coding inside followed by the units for square. 1 
Relational Learning At a basic level, DORA uses 
comparison to isolate shared properties of objects and 
to represent them as explicit structures. DORA starts 
with simple feature-vector representations of objects 
(i.e., a node connected to set of features describing that 
object). When DORA compares one object to another, 
corresponding elements of the two representations fire 
simultaneously. For example, when DORA compares a 
square that is inside some object to a triangle that is 
inside some other object (e.g., the square inside the 
shield and triangle inside the circle in the first row of 
Figure 1), then the nodes representing the square and 
triangle fire together (Figure 3a). Any semantic features 
that are shared by both compared objects (i.e., features 
common to both the square and the triangle) receive 
twice as much input and thus become roughly twice as 
active as features connected to one but not the other 
(Figure 3b). DORA then recruits a new PO unit and 
learns connections between that unit and active 
semantics via Hebbian learning. Because the strength of 
connections learned via Hebbian learning is a function 
of the units’ activations, DORA learns stronger 
                                                             
1 Asynchrony-based binding allows role and filler to be coded 
by the same pool of semantic units, which allows DORA to 
learn representations of relations from representations of 
objects (Doumas et al., 2008). 


connections between the new PO unit and more active 
semantic units (Figure 3c).  The new PO thus becomes 
an explicit representation of the featural overlap of the 
compared square and triangle. In this example, DORA 
forms an explicit predicate representing “inside” (i.e., 
the features common to both the square and triangle). 
Importantly, the new PO acts as an explicit predicate 
representation of inside that can be dynamically bound 
to fillers. 2   


DORA then learns representations of multi-place 
relations by linking sets of constituent role-filler pairs 
into relational structures (see Doumas et al., 2008 for 
details). Continuing the previous example, when DORA 
thinks about a triangle inside a circle, and a square 
inside a shield, it will map outside (circle) to outsid 
e(shield) and inside (triangle) to insid e(square) (Figure 
4a). This processes produces a distinct pattern of firing 
over the units composing each set of propositions 
(namely, the RB units of outside (circle) fire out of 
synchrony with those of inside (triangle) while the RB 
unit of outside (shield) fire out of synchrony with those 
of inside (square); Figure 4b-d). The pattern serves as a 
reliable signal that DORA exploits to combine sets of 
role-filler pairs into multi-place relations. The 
diagnostic firing pattern signals DORA to recruit a P 
unit that learns connections to any active RBs in the 
recipient (Figure 4e). The end result is a P unit linking 
the RBs in the recipient into a whole relational structure 
(in Figure 4f-h, contains (shield, square)). 
Mapping For the purposes of analogical mapping, 
DORA uses LISA’s mapping algorithm.  DORA learns 
mapping connections between units of the same type 
(e.g., PO, RB, etc.) in the driver and recipient (e.g., 
between PO units in the driver and PO units in the 
recipient). These connections grow whenever 
corresponding units in the driver and recipient are 
active simultaneously.  They permit LISA to learn the 
correspondences (i.e., mappings) between 
corresponding structures in separate analogs. They also 
permit correspondences learned early in mapping to 
influence the correspondences learned later. 
Analogical inference When augmented with the 
capacity for self-supervised learning, LISA’s mapping 
algorithm (Hummel & Holyoak, 2003) naturally allows 
for analogical inference. To illustrate, consider how 
LISA solves an inference problem like one in the first 
row of Figure 1. LISA represents the A and B terms in 
the driver and the C term in the recipient. As the 
proposition coding for the A term, contain (shield, 
square), becomes active in the driver, it activates, and 


                                                             
2 The new predicates DORA learns might be initially “dirty” in that 
they contain some extraneous features (e.g., any other features shared 
by the square and triangle from the above example).  However, 
through repeated iterations of the same learning process, DORA 
forms progressively more refined representations (see Doumas et al., 
2008).   
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Figure 3.  DORA learns a representation of inside 
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consequently maps to, the units coding for contains 
(circle, triangle) in the recipient. Specifically, the units 
coding for outside (shield) in the driver activate and 
map to the units coding for outside (circle) in the 
recipient, and the units coding for inside (square) in the 
driver activate and map to the units coding for inside 
(triangle) in the recipient.   
 However, when the B term, contains (square, shield) 
becomes active in the driver, there are no corresponding 
units in the recipient for it to map to (recall the C term 
is already mapped to the A term). When units are active 
in the driver and no units are available for mapping in 
the recipient, LISA performs analogical inference via a 
self-supervised learning algorithm. During self-
supervised learning, active units in the driver signal 
LISA to recruit matching units in the recipient. 
Continuing the example, as units coding for outside 
(square) become active, LISA recruits RB and P units 
in the recipient to match the active RB in P in the 
driver. Newly recruited P units in the recipient learn 
connections to active recipient RB units, and newly 
recruited RB units learn connections to active PO units 
(i.e., LISA learns connections between the new P and 
RB units and between the new RB unit and the units 
coding for outside and triangle in the recipient).  In 
other words, LISA infers that outside (square) in the 
driver should correspond to outside (triangle) in the 
recipient. The same happens when inside (shield) fires 
in the driver and LISA infers inside (circle) in the 


recipient. Thus, LISA completes the D term in a 
problem via analogical inference.  
Simulation 
We simulated Hosenfeld et al.’s (1997) results in two 
steps. In the first step we used DORA’s relation 
learning algorithm to learn representations of the 
transformations used in the geometric analogy 
problems. We started DORA with representations of 
100 objects attached to random sets of features (chosen 
from a pool of 100). We then defined 5 transformations 
(the same as used by Hosenfeld et al., 1997: adding an 
element, changing size, halving, doubling, and 
changing containment). Each single-place predicate 
transformation (adding an element, changing size, 
halving, doubling) consisted of two semantic features, 
and each relational transformation (changing 
containment) consisted of two roles each with two 
semantic features (e.g., for the contains relation, both 
the roles inside and outside were each defined by two 
specific semantic units). Each of the 100 objects was 
attached to the features of between 2 and 4 
transformations chosen at random. If an object was part 
of a relational transformation, it was attached to the 
features of one of the roles, chosen at random. For 
example, object1 might be attached to the features for 
doubled (a single-place transformation) and inside (one 
role of the relational transformation, contains). We 
presented DORA with sets of objects selected at 
random, and allowed it to compare the objects and learn 
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Figure 4.  DORA learns a representation of the whole relation contains(shield, triangle) by mapping 
outside(circle) to outside(shield) and inside(triangle) to inside(square).  (a) The units coding outside fire; (b) the 
units for circle and shield fire; (c) the units for inside fire; (d) finally, the units for triangle and square fire.  (e-f) 
DORA recruits a P unit that learns connections to the active RB unit (the RB coding for outside(shield)) in the 
recipient.  (g-h) The P unit learns connections to the active RB unit in the (the RB coding for inside(square)). 


 The result is a structure coding for contains (shield, square). 







from the results (as per DORA’s relation learning 
algorithm). As DORA learned new representations it 
would also use these representations to make 
subsequent comparisons. For instance, if DORA 
learned an explicit representation of the property double 
by comparing two objects both attached to the features 
of double, it could use this new representation for future 
comparisons. On each trial we selected between 2 and 6 
representations and let DORA compare them and learn 
from the results (i.e., perform predication, and relation 
learning routines). We assume that this act of inspection 
and comparison is similar to what happens when 
children encounter the geometric analogy problems and 
have to consider how the various elements are related. 
 We hypothesized that differences between the three 
groups of children from Hosenfeld et al.’s (1997) 
experiment were at least partially a product of 
differences in working memory. We simulated these 
differences in DORA/LISA by varying levels of lateral 
inhibition. In DORA/LISA, inhibition is critical to the 
selection of information for processing in working 
memory. Specifically, inhibition determines 
DORA/LISA’s intrinsically limited working-memory 
capacity (see Hummel & Holyoak, 2003, Appendix A), 
controls its ability to select items for placement into 
working memory and also regulates its ability to control 
the spreading of activation in the recipient. We have 
previously used this approach in LISA to simulate 
patterns of analogy performance in a variety of 
populations with lesser working-memory capacity 
including older adults (Viskontas et al., 2004), patients 
with damage to prefrontal cortex (Morrison et al., 
2004), and young children (Morrison, Doumas, & 
Richland, 2006).  


We defined three groups for the purposes of the 
simulation: (1) non-analogical, (2) transitional, and (3) 
analogical. We ran 100 simulations for each group.  
During each simulation we chose an inhibition level 
from a normal distribution with a mean of .4 for the 
non-analogical group, .6 for the transitional group, and 
.8 for the analogical group (each distribution had a SD 
= .2). For each simulation we ran 800 learning trials 
and checked the quality of the representations DORA 
had learned during the last 100 trials after each 100 
trials. Quality was calculated as the mean of connection 
weights to relevant features (i.e., those defining a 
specific transformation or role of a transformation) 
divided by the mean of all other connection weights + 1 
(1 was added to the mean of all other connection 
weights to normalize the quality measure to between 0 
and 1). A higher quality denoted stronger connections 
to the semantics defining a specific transformation 
relative to all other connections (i.e., a more pristine 
representation of the transformation). Figure 5 shows 
the quality of the representations DORA learned at each 
level of inhibition.  


In the second part of the simulation we used the 
representations DORA learned during the first part of 
the simulation in LISA to simulate solving the 
geometric analogy problems. We simulated all eight of 
Hosenfeld et al. (1997) testing phases. Each testing 
phase consisted of 20 trials. On each trial we presented 
LISA with the A and B terms in the driver and the C 
term in the recipient. The A, B and C term were object 
POs each attached to 4 random features and bound to 
PO predicate units identifying the transformations in 
which they were involved. We used representations of 
the transformations DORA had learned during the first 
simulation to represent the transformations in the 
testing trials. For example, if the A term was a shield 
inside a square, we represented that with the LISEese 
proposition contains (square, shield), with a PO 
representing square bound to a PO representing outside 
(where outside was a PO that DORA had learned 
during the first part of the simulation) and a PO 
representing shield bound to a PO representing inside 
(where inside was a PO that DORA had learned during 
the first part of the simulation). For the first testing 
phase we used the representations DORA had learned 
during the first 100 learning trials. For the second 
testing phase, we used the representations DORA had 
learned during the first 200 learning trials, and so on. 


During test trials, LISA attempted to map driver and 
recipient propositions and make inferences about the 
missing D term. For example, if LISA mapped the A 
term in the driver to the C term, then when the B term 
fired LISA inferred the D term in the recipient. We took 
the inferred proposition in the recipient to be LISA’s 
answer on that trial.  


As can be observed in Figure 6, DORA/LISA’s 
performance on the testing trials closely followed those 
of the children in Hosenfeld et al. (1997). Just like the 
non-analogical children, DORA/LISA with a low 
inhibition level performed poorly throughout. Like the 
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Figure 5.  Simulation of relational learning in 
DORA. Groups were created by changing DORA’s 
working-memory capacity via adjusting inhibition. 







transitional children, DORA/LISA with a medium 
inhibition level started slow but improved slowly. Like 
the analogical children. Lastly, DORA/LISA with a 
high inhibition level performed well virtually from the 
start and maintained a good performance. It is 
interesting to note, however, that DORA/LISA 
performed poorly on the first several sessions for the 
Analogical group. We believe this is likely due to 
greater starting relational knowledge in this group of 
children. If for instance, we started with the DORA 
representations for session 3 instead of 1, the pattern of 
results would much more closely mirror the children’s 
results.  Thus, differences in relational knowledge may 
also be an important component of understanding 
individual differences in analogical reasoning. 


Though we cannot present these data for space 
reasons, it is also significant to note that LISA made the 
same types of errors, in similar proportions, as children 
made in the Hosenfeld et al. (1997) study. For instance, 
DORA, just like children, tended to make errors by 
inferring a D tern solution with the correct 
transformations applied to the wrong objects, or simply 
copying all or part of the B term. 


Conclusion 
We assert that working-memory resources and 
relational knowledge each contribute differently to 
relational reasoning, with working-memory resources 


emerging as an important source of persistent 
individual differences in relational learning.   


While considerable effort has been directed at 
understanding how working memory supports 
analogical reasoning, less attention has been given to 
looking at the role of working memory in its 
antecedent, relational learning. Understanding this 
factor will be an important step in understanding how 
relational learning develops and how it can contribute 
to successful analogical reasoning in children. 
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Abstract 


Behavioral, neuropsychological, and neuroimaging 
evidence indicate categories can be learned either via an 
explicit rule-based mechanism dependent on medial 
temporal and prefrontal brain regions, or via an implicit 
information integration mechanism relying on the basal 
ganglia and occipital cortex. In this study, participants 
viewed Gabor patches that varied on two dimensions, 
and learned categories via feedback. Different stimulus 
distributions can encourage participants to favor explicit 
rule-based or implicit information integration 
mechanisms. We monitored brain activity with scalp 
encephalography while participants (1) passively 
observed Gabor patches, (2) categorized patches from 
one distribution, and, one week later, (3) categorized 
patches from another distribution. Categorization 
accuracy was matched across the two learning 
conditions, which nevertheless elicited several distinct 
event-related potentials. These results demonstrate the 
efficacy of real-time neural monitoring during category 
learning and provide additional evidence implicating 
different neurocognitive mechanisms in explicit rule-
based versus implicit information integration category 
learning. 


Keywords: category learning; memory; event-related 
potentials; ERP; EEG. 


Introduction 
Behavioral, neuropsychological, and neuroimaging 
evidence suggests that categories can be learned via 
explicit and/or implicit mechanisms (Ashby & Maddox, 
2005; Kéri, 2003; Nomura & Reber, 2008). Ashby and 
Maddox (2005) described a feedback category-learning 
paradigm with different category distributions to 
selectively encourage one of the two types of learning: 
Explicit or Rule-Based learning (RB) versus Implicit or 
Information Integration learning (II). These strategies 
have been dissociated behaviorally using working 
memory dual-task procedures (e.g., Zeithamova & 
Maddox, 2006), feedback delay (e.g., Maddox, Ashby, 
& Bohil, 2003), and procedural interference (e.g., 
Ashby, Ell, & Waldron, 2003). In our previous work, 


we (Nomura et al., 2007; Nomura, Reber, & Maddox, 
2007) used functional neuroimaging to demonstrate that 
RB category learning depends on contributions from 
prefrontal cortex (PFC) and medial temporal lobe 
(MTL), whereas II category learning depends on basal 
ganglia and occipital cortex.  


One possible explanation for RB learning specifies a 
mechanism for hypothesis testing (Ashby et al., 1998). 
By this account, a participant develops a candidate rule 
(category A has bars that are thinner than x; category B 
has bars thicker than x) that is tested based on the 
feedback on each trial. This RB mechanism would 
presumably require both updating and maintaining the 
rule in working memory (dependent on PFC) and 
updating and maintaining information about the 
boundary condition in long-term memory (dependent 
on MTL). 


In contrast, II learning appears to occur implicitly, 
such that the rule for the category structure is difficult 
or impossible to describe verbally or experience 
subjectively. II learning may occur via procedural 
learning under the control of the caudate nucleus in 
conjunction with visual processing areas in occipital 
cortex. Dopaminergic reward circuits of the caudate 
may be responsible for associating specific stimuli with 
groups of neurons coding for their visual features in 
occipital cortex (Ashby et al., 1998). 


Building on the success of previous neuroimaging 


Figure 1. Category distributions used in this study. 
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efforts to dissociate RB and II category learning, we 
utilized electrophysiological methods to obtain 
additional evidence about this neural dissociation with 
greater temporal precision and to learn more about how 
the two mechanisms may differ. 


Methods 
Task Description 
We used a visual category-learning paradigm (Maddox, 
Ashby, & Bohil, 2003) in which subjects learn, via 
feedback, to categorize Gabor patches that vary in 
spatial frequency and orientation and that are selected 
from distributions (Figure 1) designed to encourage 
either explicit rule-based or implicit information-
integration mechanisms. 


Participants  
Twenty-eight Northwestern University students served 
as participants in this experiment.  Participants received 
US$15 per hour for two 2- to 3-hour testing sessions. 
Participants gave informed consent according to the 
oversight of the Northwestern University Institutional 
Review Board. 


Procedure 
Prelearning At the beginning of the first testing 
session, participants passively viewed 80 RB and 80 II 
stimuli from the two stimulus distributions to ensure 
that there were no systematic differences in ERPs based 
entirely on the two types of distributions. The timing 
was identical as in the learning trials, but participants 
made no response and no feedback was given. 
Learning In separate sessions, each participant learned 
an RB category defined by the spatial frequency of 
Gabor patches and an II category defined by a diagonal 
threshold based on both spatial frequency and spatial 
orientation. Sessions were 1 week apart and 
administered in counterbalanced order. Participants 
received no instructions about the nature of the 
categories, but rather discovered the categories with the 
aid of auditory feedback given 2.5 s after stimulus 
onset. Figure 2 provides a schematic of the trial 
timeline.  Participants categorized 320 Gabor patches, 
presented in four blocks, during each learning session.  
They were debriefed about their categorization 
strategies after the second testing session. 


EEG Continuous electroencephalographic (EEG) 
recordings were made during prelearning and learning 
blocks from 59 evenly distributed scalp sites using tin 
electrodes embedded in an elastic cap. Four additional 
channels were used for monitoring horizontal and 
vertical eye movements. Electrode impedance was ≤ 5 
kΩ. EEG signals were amplified with a band pass of 
0.05–200 Hz, sampled at a rate of 1000 Hz, and re-
referenced offline to average mastoids. Participants 
were instructed to attempt to refrain from blinking or 
moving their eye position from fixation during the 
categorization portion of each trial. 


For categorization event-related potentials (ERPs), 
trials exhibiting eye movements were rejected (< 15% 
of trials). Averaging epochs lasted 1100 ms, including 
100 ms prior to stimulus onset. Participants showed a 
high of blinking during auditory feedback, so we 
employed a blink-correction algorithm based on 
independent component analysis instead of rejecting 
trials (Source Signal Imaging, 2008). Averaging epochs 
for feedback processing lasted 850 ms, including 100 
ms prior to stimulus onset. 


Results 
Based on prior behavioral and neuroimaging results, we 
anticipated that RB and II category learning 
mechanisms would produce different ERPs particularly 
when comparing successful (correct) and unsuccessful 
(incorrect) trials. Specifically, we predicted that ERPs 
associated with explicit memory (Late Positive 
Complex/P3) and ERPs associated with selective 
attention (N1) would show correct-incorrect differences 
only during RB learning. Given that RB learning is 
more explicit than II learning, we also anticipated a 
differential P300 to feedback for incorrect trials in RB 
versus II learning. 


Decision-Bound Theory Modeling 
We used mathematical models derived from Decision-
Bound Theory (DBT; Ashby, & Maddox, 1993; 
Nomura et al., 2007) to fit each participant's responses 
and obtain a detailed picture of how they were likely 
categorizing the stimuli. The RB model assumed a 
vertical decision boundary (in stimulus space) reflecting 
the use of a rule dependent on a single stimulus 
dimension (spatial frequency). The II model assumed a 
decision boundary with slope equal to 0.5 (i.e., a 
diagonal line reflecting integration of both dimensions). 
In each case, the model identified the placement of this 
boundary and the perceptual noise parameter that best 
accounted for the observed data. Thus the models both 
had exactly two free parameters to allow for direct 
comparison of fit. 


Of the 28 participants in the study, 15 exhibited an 
II distribution response profile best fit by an II DBT 
model, while 13 exhibited an II distribution response 
profile best fit by an RB DBT model (see Figure 3 for Figure 2. Trial timeline. 


 


3077







distribution profiles from representative participants). 
Thus, for analyses reported here we excluded data from 
participants who were probably using a unidimensional 
RB strategy to categorize the II category distributions. 


Task Performance 
Of the 15 participants whose DBT fits were consistent 
with II strategy use in categorizing the II distributions, 
2 did not have an adequate number of incorrect trials to 
allow for the correct/incorrect ERP analysis (< 30), so 
their results were also excluded from analysis. 


For the remaining 13 participants, accuracy in RB 
and II conditions (Figure 4) did not reliably differ 
[F(1,12) = 1.5, ns]. There was a main effect of block 
[F(3,36) = 29, p < .001] and no interaction [F(3,36) < 1, 
ns]. Thus, observed differences in correct/incorrect ERP 
subtractions (described below) cannot easily be 
attributed to simple differences in accuracy between RB 
and II learning. 


Response time in RB and II conditions did not 
reliably differ [F(1,12) = 1.7, ns]. Correct trials were 
reliably faster than incorrect trials  [F (1,12) = 23, p < 
.001].  There was no effect of block [F (1,12) = 1, ns]; 
however, there was a condition by block interaction [F 
(3,36) = 3.8, p = .02] whereby II RTs slightly increased 
over blocks while RB RTs slightly decreased. Because 


of the difference in correct/incorrect RTs we carefully 
evaluated the ERPs described in the following sections 
for onset and offset latencies; however, there was no 
evidence this differed across accuracy or categorization 
conditions. 


Event Related Potentials 
Learning Visual inspection of waveforms and 
topographies for correct/incorrect subtractions for each 
categorization condition confirmed three areas of 
spatiotemporal interest. 


First, an early (115-155 ms) negative frontocentral 
ERP was predictive of correct categorization (Figure 5) 
in the RB condition [F(1,12) = 8.1, p = .015], but not 
the II condition [F(1,12) =  .07, ns]. Second, a slightly 
later (170-200 ms) negative occipito-temporal ERP was 
modulated by categorization condition (Figure 6) with 
less negativity on correct than incorrect RB trials 
[F(1,12) = 8.2, p = .014], but more negativity on correct 
than incorrect II trials [F(1,12) = 7.9, p = .016]. Third, a 


Figure 3. Model fits for two participants in the II 
condition showing how DBT models can be used to 


select participants based on likely strategies. 
 


Figure 6. Early negative occipital ERPs differed 
at 170-200 ms as a function of accuracy and RB/II. 
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Figure 5. Early negative frontocentral ERPs  
at 105-155 ms, larger for correct than for 


incorrect trials during RB learning. 
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late (400-700 ms) positive parietal ERP was predictive 
of correct categorization (Figure 7a) in the RB 
condition [F(1,12) = 9.0, p = .011], but not in the II 
condition [F(1,12) =  .077, ns]. The magnitude of the 
correct/incorrect subtraction, measured for a 60-ms 
interval at its maximum,  was reliably correlated 
(Figure 7b) with RB performance [r(11) = .62, p = .02], 
but not with II performance [r(11) = .11, ns]. 
Prelearning Although our comparisons of interest 
during learning were correct/incorrect subtractions 
performed within a categorization condition (i.e., RB or 
II), not across conditions, we wanted to ensure that any 
differences were not due to the nature of the RB or II 
stimuli distributions. Inspection of prelearning and 
learning waveforms suggested that early peaks were 
timed similarly between prelearning and learning, and 
prelearning peaks were smaller in amplitude than 
learning peaks. In contrast the prominent late positivity 
seen in learning was absent in prelearning. We directly 
compared all three temporal regions of interest during 
prelearning and found no significant differences 
between RB and II waveforms at the electrodes that 
were tested at during learning. This suggests that 
differences in stimuli per se did not contribute to 
observed ERP findings during learning. 
Feedback In order to assess predictions about the 
explicit nature of the RB condition relative to the II 
condition, we examined ERPs recorded during 
feedback for the presence of a differential P300 
response, an ERP sometimes associated with subjective 


expectations (Polich, 2007). Both correct and incorrect 
trials showed P300s with broad topographies centered 
around 350 ms (Figure 8). Whereas ERPs for RB and II 
conditions did not differ in the 310 to 410 ms range for 
correct trials [F(1,12) = .01, ns], they did differ for 
incorrect trials [F(1,12) = 5.7, p = .03], suggesting that 
participants were more surprised when they learned that 
they had made an error in the RB condition than in the 
II condition. 


Discussion 
Our ERP results provide additional evidence for distinct 
RB and II category-learning mechanisms. We observed 
both early and late ERP differences when comparing 
correct to incorrect trials for RB and II category 
learning. These ERP differences reflected the 
distinctive cognitive processing engaged rather than 
perceptual differences between stimuli or learning 
conditions. 


RB processing is usually thought to depend on 
hypothesis testing, whereby a candidate rule is 
evaluated by comparing the representation of the 
stimulus in the current trial to that of a stimulus 
representative of the relevant boundary condition (or to 
some abstract representation of that boundary 
condition). This evaluation requires selective attention 
and working memory, likely implemented in prefrontal 
cortex, as well as the ability to form enduring 
representations of the rule and boundary condition 
dependent on hippocampus and medial temporal cortex. 
In contrast, II learning may be likened to gaining 
expertise in specialized or holistic processing, as 
applied for individuating faces or categorizing complex 
multi-featured objects like Greebles (Rossion, Curran, 
& Gauthier, 2002).  


ERP results were consistent with both of these 
descriptions. Specifically a differential correct/ 
incorrect frontocentral N1 ERP (Figure 5) may reflect 
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Figure 8. ERPs recorded during feedback show 
differential RB vs. II P300 responses for incorrect, 
but not correct trials. Waveform shown is from a 


right occipital electrode location. 
 


Figure 7. a) Late positive parietal ERPs for RB 
and II conditions; b) correlations between accuracy 


and the magnitude of the correct/incorrect 
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early top-down allocation of attentional resources, 
which is most important in RB learning because one 
stimulus dimension must be used and the other ignored. 
In RB learning, the extent to which resources are 
allocated to the correct feature (i.e., spatial frequency) 
will tend to result in correct categorization; selectively 
attending to just one feature in the II condition would 
often result in errors. Similar frontal N1 potentials have 
been reported in other visual paradigms (Luck & Vogel, 
2000; Hillyard & Anllo-Vento, 1998), and some 
evidence suggests that the various N1 signals are under 
frontal control (Deouell & Knight, 2009). 


We also observed a differential correct/incorrect 
response in positive parietal potentials only during RB 
learning (Figure 7). This effect is thus analogous to the 
earlier N1 effect. However, this ERP was correlated 
with performance in the RB condition; subjects with 
larger correct/incorrect differences performed the task 
more accurately. Similar positive potentials have been 
found in many different tasks and variously referred to 
as the P3, P300, P600 or Late Positive Complex (LPC). 
These positive potentials have also been associated with 
working memory (Kok, 2001; Polich, 2007) and 
episodic memory retrieval (Paller, Voss, & Westerberg, 
2009). Thus, LPC potentials found during category 
learning here may reflect discriminative processing to 
compare the current Gabor patch with the boundary 
condition. Differential LPC responses for correct/ 
incorrect responding in the RB condition are likely to 
reflect the engagement of the neural system responsible 
for making the decision based on RB learning.  


LPC potentials were also apparent in the II 
condition with amplitudes for both correct and incorrect 
trials similar to those for correct RB trials. Importantly, 
these LPC amplitudes in the II condition were not 
predictive of accuracy, as they were in the RB 
condition. This suggests that the neural systems 
responsible for the LPC may also be engaged during II 
learning, but are not responsible for the final behavioral 
decisions. Normura, Reber, and Maddox (2007) argued 
that RB and II systems compete during categorization 
and that prefrontal cortex appraises confidence in both 
systems, making the final decision based on the one 
with higher confidence for a particular stimuli. Foerde, 
Knowlton, and Poldrack (2006) likewise demonstrated 
competition between systems in a categorization task 
that can also be performed explicitly and implicitly, and 
were able to experimentally manipulate competition, 
resulting in changes in the neural systems engaged. 


We observed a differential correct/incorrect 
response in a negative occipitotemporal N1 ERP  
(Figure 6) in both RB and II conditions. A prior 
category learning study also revealed differential effects 
in similarly distributed N1 potentials (Curran, Tanaka, 
& Weiskopf, 2002). The authors speculated that this 
ERP could be related to the N170 ERP frequently seen 


in studies of face processing (e.g., Bentin et al., 1996) 
and expert categorization (e.g., Rossion et al., 2002; 
Tanaka & Curran, 2001).  This type of processing 
frequently engages extrastriate visual cortex (e.g., 
Kanwisher, McDermott, & Chun, 1997; Gauthier et al., 
1999), an area found to be more active in the II 
condition of this task (Normura, Reber, & Maddox, 
2007) and previously seen in several other category 
learning tasks (Reber et al., 1998ab).    


One hypothesis is that this N170-like ERP may be 
sensitive to the type of holistic processing engaged 
when categorizing complex objects, which could thus 
overlap with II processing. We found a differential 
correct/incorrect effect in both II and RB conditions, 
but importantly, the direction of the effect was inverted; 
correct II trials showed greater negativity than incorrect 
trials whereas correct RB trials showed greater 
negativity than incorrect trials. This pattern of results is 
consistent with competition between the two systems, 
such that correct II trials specifically employ holistic 
processing.  We further propose that correct RB trials 
likely rely on single-feature processing, and incorrect 
trials may rely more on holistic processing. 


Lastly, we observed a differential P300 response 
comparing RB and II incorrect trials during feedback 
(Figure 8), with no difference in correct trials.  Some 
researchers have argued that the P300 is an index of 
cognitive “surprise” (see Polich, 2007).  This is 
consistent with an explicit RB and implicit II 
mechanism.  Specifically, participants in the RB 
condition are developing firm hypotheses about the rule 
to use for categorization and the identity of the 
boundary condition. When those expectations are 
violated by negative feedback, participants are 
surprised.  In contrast, they are much less certain about 
what they are doing in the II condition (in spite of 
equivalent learning as measured by accuracy). This 
result is also consistent with participants’ self reports, 
which indicate great confidence in rule description after 
RB learning and little confidence after II learning.  
These results thus provide further evidence for an 
explicit/implicit distinction between RB and II learning.  


An alternative perspective is that the feedback P300 
represents memory updating (see also Polich, 2007).  
From this perspective, the representation for the 
boundary condition or the rule must be changed in 
memory as a result of negative feedback. Again, 
updating is more important for the system employing 
explicit memory for categorization, the RB mechanism. 


In summary, the present ERP findings illustrate that 
neurocognitive processes engaged during category 
learning differ for RB and II learning. These differences 
occur at multiple time-points in the course of stimulus 
processing. Real-time neural monitoring via EEG 
analyses can thereby provide a window into 
categorization processing yielding information that 
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goes significantly beyond analyses limited to behavioral 
responses. Further analyses of these measures may thus 
constitute an fruitful avenue for gaining new insights 
into higher cognition generally.  
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Relational Integration, Inhibition, and Analogical Reasoning
in Older Adults


Indre V. Viskontas, Robert G. Morrison, Keith J. Holyoak, John E. Hummel, and Barbara J. Knowlton
University of California, Los Angeles


The difficulty of reasoning tasks depends on their relational complexity, which increases with the number
of relations that must be considered simultaneously to make an inference, and on the number of irrelevant
items that must be inhibited. The authors examined the ability of younger and older adults to integrate
multiple relations and inhibit irrelevant stimuli. Young adults performed well at all but the highest level
of relational complexity, whereas older adults performed poorly even at a medium level of relational
complexity, especially when irrelevant information was presented. Simulations based on a neurocom-
putational model of analogical reasoning, Learning and Inference with Schemas and Analogies (LISA),
suggest that the observed decline in reasoning performance may be explained by a decline in attention
and inhibitory functions in older adults.


Human reasoning depends in part on the ability to integrate
multiple relations and inhibit irrelevant information. For example,
if Bill is taller than Carl and Abe is taller than Bill, one must
integrate the two “taller than” relations to make the inference that
Abe is taller than Carl. A relational analysis of reasoning provides
a framework that makes it possible to define levels of complexity
for particular reasoning tasks. According to Halford (1998; Hal-
ford & Wilson, 1980; Halford, Wilson, & Phillips, 1998), the
processing load for any step in a task is determined by the number
of dimensions, or relations, that must be processed simultaneously
to make the decisions required for that step. Dimensions are
viewed as analogous to degrees of freedom, or the number of
independent sources of variation. At the first level of complexity
(Level 1), the reasoner needs to consider only one relation to solve
the task correctly.1 At Level 2, the reasoner must integrate two
relations, and so on. For example, it is necessary to integrate two
relations to correctly solve the transitive inference problem de-
scribed previously.


More generally, we define relational complexity as the number
of relations that a reasoner must simultaneously “hold in mind” to


generate the solution. This framework makes it possible to study
the processing demands of complex reasoning and to better char-
acterize changes in reasoning ability that occur during normal
aging. Although it is known that reasoning ability declines with
age (for reviews, see Salthouse, 1992a, 2005), the underlying
mechanisms of this decline are not well established. In the current
study, we investigate the effects of age on the ability to solve a
complex analogical reasoning problem and consider possible al-
gorithmic reasons for the observed decline with age.


The ability to hold in mind multiple relations relies on working
memory capacity. (See Morrison, 2005, for a review of the role of
working memory in reasoning.) Miller (1956) originally postulated
that the processing capacity of what is now called working mem-
ory is seven plus or minus two “chunks,” which are independent
units of information. This estimate has since been reduced to
between three and five chunks because research has shown that
most people are unable to process more than five chunks of
information concurrently (Broadbent, 1975; Cowan, 2001; see also
Fisher, 1984). This lower estimate is more in keeping with the
capacity of working memory as defined by Baddeley and Hitch
(1974; Baddeley, 1996).


Halford (1998) identifies chunks with relations and argues that
the working memory capacity of humans is typically limited to
four relations. (See Halford, 2005, for a full review of the impli-
cations of these limitations for reasoning.) In a series of studies,
Halford (1993) found that the number of relations that a child can
process simultaneously increases with age. In the current study, we
examined the course of relational integration ability at the other
end of the developmental spectrum, comparing young, middle-
aged, and older adults. It is possible that as individuals age, the
ability to integrate multiple relations declines, such that older
adults are less able to integrate three or four relations than their


1 For current purposes, we describe a taxonomy based on the number of
relations definable as two-place predicates, such as taller-than (A, B).
Halford’s analysis includes lower levels of complexity, at which decisions
are based on attributes (one-place predicates, such as red [A]) or on features
that lack a predicate-argument structure (see Halford et al., 1998).
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younger counterparts. We predicted that younger adults should be
able to integrate three or fewer relations fairly easily, but even they
will begin to have trouble integrating four relations because this
level of complexity taxes their processing capacity. In older adults,
we predicted relational integration deficits at lower levels of
complexity.


The prediction of age-related decline in relational reasoning
follows from the well-documented decline in working memory
with aging (cf. Craik, Morris, & Gick, 1990; Dobbs & Rule, 1989).
Most of the evidence supports the hypothesis that whereas primary
or immediate memory processes, such as digit span, remain rela-
tively constant throughout life, working memory processes that
involve manipulating information held in memory are vulnerable
to age (Craik et al., 1990). Three major theories of why working
memory may be especially vulnerable have received considerable
attention in the literature. Salthouse (1993) has postulated that the
speed at which items can be processed in memory undergoes a
steady decline with age once an adult has reached maturity. This
theory predicts that older adults should take more time to complete
working memory tasks and that those tasks that require much
sequential processing should be impaired as participants essen-
tially run out of processing time. In support of this hypothesis,
Salthouse and colleagues have shown that aging leads to poorer
reasoning performance as the number of premises that must be
encoded and remembered increases (Salthouse, 1992b; Salthouse,
Legg, Palmon, & Mitchell, 1990; Salthouse, Mitchell, Skovronek,
& Babcock, 1989). These studies did not, however, find evidence
that relational complexity (defined as the number of premises
relevant to the inference) effects interacted with age. These studies
used sequential presentation of premises, so any effect of com-
plexity may have been swamped because of forgetting of the
earlier premises by older participants. Light, Zelinski, and Moore
(1982) have found that older adults fail to integrate information
across multiple premises even when the premises were remem-
bered accurately. In the current study, all premise information is
continuously displayed, minimizing the need for short-term stor-
age of premises.


A second theory, proposed by Craik and Byrd (1982), suggests
that with age, adults experience a decline in attentional resources.
It is assumed that some tasks require more attentional resources in
order to be performed successfully, whereas others are more au-
tomatic and require minimal attention. This theory predicts that
tasks that require more effortful processing, such as those with
high demands on maintaining and manipulating several items in
working memory, will be more difficult for older than for younger
adults.


Hasher and Zacks (1988) proposed a third theory also related to
the attentional account. They proposed that as people age, they
have difficulty inhibiting irrelevant stimuli and are more subject to
interference effects. This theory predicts that as problems are made
more complex by the addition of irrelevant information, older
adults will experience more trouble maintaining enough focus to
complete the task (cf. Mayr, 2001). Supporting this theory are
findings by May, Hasher, and Kane (1999) that suggest that older
people are more susceptible to proactive interference (PI) than
younger adults in tasks that assess working memory span. The role
of inhibition in reasoning is consistent with Baddeley’s (1996)
characterization of the functions of the executive component of
working memory, which includes the capacity to attend selectively


to a stimulus while inhibiting the disrupting effects of others.
Moreover, inhibitory control may be closely linked to the ability to
reason with multiple relations. Robin and Holyoak (1995) argued
that responses based on complex relations require inhibition of
competing responses based on individual elements used to form
the relations.


We hypothesize that the capacity to make inferences based on
relations will depend on inhibitory mechanisms that allow one to
selectively attend to relevant relations while suppressing other
relations and features of stimuli that are not relevant to the target
inference. Often it is necessary to select a correct inference from
close foils (either physically presented or self-generated as possi-
ble alternative inferences) and act on the basis of the correct
inference while avoiding alternative responses. If Hasher and
Zacks (1988) are correct in proposing that inhibitory control de-
clines with age, then older people will have particular difficulty in
problems with salient distractors that must be inhibited in the
course of reasoning. This hypothesis is consistent with evidence
that older adults exhibit larger belief-bias effects in syllogistic
reasoning (Gilinsky & Judd, 1994); that is, they are less able to
judge logical validity of arguments independently of their prior
knowledge about the truth of the premises and conclusion.


In the current study, the performance of young, middle-aged,
and older people was compared on the People Pieces Analogy task
(Sternberg, 1977). This task was adapted by Morrison (2001) to
systematically vary the number of relations and the need for
inhibition of irrelevant information while maintaining a constant
level of visual complexity. We measured both response time and
accuracy. Our basic prediction was that older participants would
perform more poorly than younger participants on the problems
that require the integration of multiple relations but would perform
similarly on questions that require the processing of only one
relation. Because participants have freedom to move along the
speed–accuracy trade-off function, we did not expect to necessar-
ily find an interaction for both response times and accuracy;
however, we expected to find an interaction between age and level
of relational complexity for at least one of the two dependent
measures. Furthermore, we report simulation results that illustrate
how the effects of aging on reasoning can be understood within a
neurocomputational model that integrates the attentional and inhi-
bition accounts of aging (Hummel & Holyoak, 1997, 2003).


Sternberg’s (1977) People Pieces Analogy task, like other anal-
ogy tasks, requires mapping the relational structure in one situation
onto another situation. In our version of the task, each term of the
four-term analogy problem consisted of a cartoon character that
possessed one value on each of four binary traits (clothing color,
gender, height, and width). Participants were asked to compare the
relationship of these traits between two pairs of characters. They
were asked to attend to one to four of the traits and were instructed
to ignore the other traits. If any of the to-be-attended-to relations
were different across the pairs, participants were to respond “dif-
ferent,” and if all of the to-be-attended-to relations were the same
they were to respond “same.” This version of the task improves on
Sternberg’s original task by deconfounding the relational complex-
ity of the task with the visual complexity of the stimuli. In each
problem, the four cartoon characters are different from each other
regardless of the number of traits to be attended to. In addition, this
set of materials allowed manipulation of distraction as well as
relational complexity. We predicted that older adults would have
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more trouble performing increasingly complex analogical reason-
ing, based on both relational complexity and need for inhibition,
than middle-aged or younger adults.


Method


Participants


There were 31 younger, 36 middle-aged, and 27 older participants.
Participants are characterized in Table 1. Middle-aged and some older
participants were recruited by using flyers posted in the medical plaza at
the University of California, Los Angeles (UCLA) and other buildings on
campus and in senior recreation centers and libraries. The participants were
paid $10/hr for their participation. Younger participants were recruited
through the UCLA Psychology Department. All were students at UCLA
and were given course credit for participation in the study. All participants
except 3 (1 young, 1 middle-aged, and 1 older) were right-handed. None of
the participants reported any history of neurological, psychiatric, or sub-
stance abuse problems when explicitly questioned by the experimenter.


A subset of 14 older participants performed a battery of standardized
executive function tasks on a separate session. As shown in Table 2, these
participants performed well within age-appropriate norms on each of these
tasks.2


Materials and Procedure


In the People Pieces Analogy task, participants were presented drawings
of four cartoon characters on a computer screen (Figure 1). Each character
had one of two characteristics on each of four traits: gender (male or
female), height (short or tall), width (wide or narrow), and clothing color
(black or white). Thus, each pair of cartoon characters possessed four
relations, one for each of the traits. Participants were to judge whether the
relations for the pair of cartoon characters on the left were the same or
different as the relations for the cartoon characters on the right.


Relational complexity. Participants were cued to attend to from one to
four of the relations. For example, in the problem shown in Figure 1A, the
participants were to attend to gender and color. The two characters on the
left were different with respect to gender, as were the two characters on the
right, making the relation between the pairs the same. Likewise, the two
characters on the left were the same with respect to color as were the two
characters on the right, also making the relation between the pairs the same.


Distraction. There were also trials in which there were one or two
unattended traits that displayed a relation inconsistent with that of the
attended traits. These distracting relations were presented at Levels 1 and
2 of relational complexity and involved either one or two of the unattended
traits. For example, in the problem shown in Figure 1B, the participants
were to attend to color (Complexity Level 1) while ignoring the other traits.
In this problem, two of the to-be-ignored traits (i.e., height and width) had
relations that were different across the pairs (i.e., the two characters on the
left were the same height, whereas the two characters on the right were
different height; the two characters on the left were different width, and the
two characters on the right were same). Thus, participants would need to


inhibit information from these traits to solve the problem correctly. If
participants were asked to attend to color and gender for this trial, the
analogy would still be true because both pairs share the same relations with
respect to these attributes (same for color, different for gender). The
participant would still have to ignore the height and width relations
because, for the pair on the left, both characters have the same height but
different width, whereas the characters forming the pair on the left have
different heights but the same width: Attending to either of these attributes
would lead to a decision that this is a false analogy.


Different trials. Different problems were created by making one at-
tended relation from the left pair not match one relation from the right pair.
For example, in the problem shown in Figure 1C, the participant is to
attend to three traits in which the relation for one of the traits (i.e., height)
is not the same between the two pairs of characters. Thus, the correct
answer for this problem is “different.”


The traits to be attended to appeared before the characters and remained
visible during problem solving so as to not confound short-term memory
for the trait with the relational complexity of the problem. When partici-
pants were ready to solve the problem, they pressed the space bar to see the
cartoon characters, and then they pressed one button for “same” and
another button for “different.” There were 112 problems in total. There
were 64 same problems and 48 different problems in the testing set. In the
same problems, there were 8 problems at each level of complexity (i.e.,
1–4) with no unattended distracting relations. In addition, for complexity
Levels 1 and 2, there were 8 problems with one unattended distracting
relation and 8 problems with two unattended distracting relations. In the
different problems, participants were asked to attend to from one to four
traits, and in each case one relation was different. Three sample problems
from each level of complexity were presented to the participants before the
task began, with feedback concerning the accuracy of their decision.
Participants who were unclear about the procedures or who performed
poorly during the practice were given the instructions again verbally and
visually and then were given additional practice until they indicated they
understood the sample problems.


Results


Relational Complexity: Accuracy


The pattern of accuracy in solving the analogy problems is
depicted in Figure 2. Because the participants were required to
make a choice between two responses, d� values were calculated
and used in the analyses. An Age (young, middle, old) � Level of
Complexity (number of attributes to attend to [1, 2, 3, 4]) analysis
of variance (ANOVA) revealed a significant main effect of age
group, F(2, 91) � 14.10, MSE � 4.77, p � .01 (�2 � .237), a
significant main effect of level of complexity, F(3, 273) � 21.02,
MSE � 0.189, p � .01, (�2 � .188), but no significant Age
Group � Level interaction, F(6, 273) � 0.598, MSE � 0.189, p �
.73. A test of linearity indicated that the main effect of relational
complexity included a linear trend, F(1, 91) � 37.09, p � .01. Post


2 Characterizing data were obtained in a second session subsequent to
the analogy task. There could be a concern, therefore, that the subset of
older participants who returned for the second session possessed higher
cognitive ability than those who did not. However, a post hoc analysis
revealed no evidence that participants with characterizing data performed
the analogy task more quickly or accurately than those who lacked char-
acterizing data. In fact, in the only cell that showed a difference, the
characterized group performed more slowly than the noncharacterized
group. Thus, if anything, there is reason to think the characterizing data we
obtained underestimates the cognitive abilities of the group as a whole.


Table 1
Demographic Information for Participants


No. participants
Mean age


(years) Range % Women


Education
(years)


M SD


Young, 31 19.8 17–26 65 14.2 1.3
Middle-aged, 36 49.9 38–62 64 15.9 2.6
Older, 27 75.1 66–86 52 15.9 2.9
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hoc tests (Tukey’s honestly significant difference [HSD]) indi-
cated that there were significant differences in accuracy between
younger and older adults ( p � .01) and between middle-aged and
older adults ( p � .01). This increase in errors in older participants
was comparable for problems in which the relationship within each
pair was same or different (F � 1). Thus, it did not seem to be the
case that there was a different pattern of errors for older and
younger participants.


Relational Complexity: Response Time


The pattern of mean correct response time results is depicted in
Figure 3A. Five older participants were excluded from this anal-
ysis because they had a score of 0 in accuracy at one or more of the
levels. An ANOVA revealed a significant main effect of age
group, F(2, 86) � 16.42, MSE � 33.87, p � .01 (�2 � .276), a
significant main effect of level of complexity, F(3, 258) � 134.80,
MSE � 3.74, p � .01 (�2 � .611) , and a significant Age Group �
Level interaction, F(6, 258) � 3.09, MSE � 3.74, p � .01 (�2 �
.067). A test of linearity indicated that the main effect of relational
complexity included a linear trend, F(1, 86) � 274.37, p � .01. To
test whether the effect of complexity was different for the various
participant groups, we performed planned comparisons. The effect
of complexity was reliably different for middle-aged participants
when compared with young adults, F(3, 195) � 7.22, MSE � 2.13,
p � .01 (�2 � .100). Likewise, older adults also showed a greater
effect of complexity than did young adults, F(3, 153) � 4.20,
MSE � 4.08, p � .01 (�2 � .076) . Older adults, however, did not
show a greater effect of complexity than middle-aged adults, F(3,
168) � .389, MSE � 5.31, p � .76.


Relational Complexity: Item Analysis


To ensure that each attribute was equally difficult to attend to,
we performed an Age (young, middle, old) � Attribute (color,
gender, width, height) ANOVA for trials at Level 1, when there
were no attributes to inhibit. In accuracy, we found no significant
main effect of attribute (F � 1) and no significant interaction with
age (F � 1). Not surprisingly, we did find a significant main effect
of age, F(2, 91) � 16.79, p � .01. The same pattern was found in
response time: with no significant main effect of attribute, F(3,


228) � 1.72, p � .17, no significant interaction (F � 1), and a
significant main effect of age, F(2, 76) � 4.69, p � .05.


Inhibition: Accuracy


The pattern of accuracy in solving the analogy problems at
different levels of inhibition is depicted in Figure 4A and B.
Because the participants were required to make a choice between
two responses, d� values were calculated and used in the analyses.
An Age (young, middle, old) � Level of Complexity (number of
attributes to attend to [1, 2]) � Number of Suppressed Attributes
(0, 1, 2) ANOVA revealed significant main effects of age group,
F(2, 91) � 12.61, MSE � 6.91, p � .01 (�2 � .217), and level of
complexity, F(1, 91) � 10.56, MSE � .242, p � .01 (�2 � .104),
a significant Age Group � Level interaction, F(2, 91) � 3.17,
MSE � .242 p � .05 (�2 � .065), and a significant main effect of
number of items to suppress, F(2, 182) � 5.56, MSE � 087, p �
.01 (�2 � .058), and no other significant main effects or interac-
tions. A test of linearity indicated that the main effect of relational
complexity included a linear trend, F(1, 91) � 10.56, p � .01, as
did the main effect of number of items to be suppressed, F(1,
91) � 5.23, p � .05. Post hoc tests (Tukey’s HSD) indicated that
there were significant differences in accuracy between younger
and older adults ( p � .01) and between middle-aged and older
adults ( p � .01).


Inhibition: Response Time


The pattern of mean correct response time results is depicted in
Figure 5A and C. Four older participants were excluded from this
analysis because they had a score of 0 in accuracy at one or more
of the levels. An ANOVA revealed significant main effects of age
group, F(2, 87) � 17.04, MSE � 44.04, p � .01 (�2 � .291), and
level of complexity, F(1, 87) � 142.69, MSE � 5.49, p � .01
(�2 � .625), a significant Age Group � Level of Complexity
interaction, F(2, 87) � 4.64, MSE � 5.49, p � .05 (�2 � .107), a
significant main effect of number of items to be suppressed (inhi-
bition), F(2, 174) � 24.98, MSE � 2.48, p � .01 (�2 � .223), a
significant Age Group � Inhibition interaction, F(4, 174) � 3.98,
MSE � 2.48, p � .01 (�2 � .087), a significant Level of Com-
plexity � Inhibition interaction, F(2, 174) � 10.20, MSE � 3.07,


Table 2
Characterizing Information on a Subset of the Oldest Participants


Older group subset (n � 14) Age (years) Education MMSEa


Stroop
Interference


t scoreb


CTT
Int.


scorec
Fluency:


FASd
Fluency:
animalse


M 74.2f 16.3 29.3 48.2 1.20 45.5 18.9
SEM 1.3 0.82 0.30 1.6 0.26 4.1 1.3


a MMSE � Mini-Mental State Exam; cutoff for dementia is 24.
b Stroop Interference score: normative data from Golden (1978): M � 50, SD � 10).
c Color Trails Test Interference score: normative data from D’Elia et al. (1994) for adults aged 60–74 with an education of 16 years: M � 1.18, SD � 0.58;
for adults aged 75–89 with 16 years of education: M � 1.09, SD � 0.63.
d Phonemic Verbal Fluency (FAS): normative data from Tombaugh, Kozak, and Rees (1999) for adults aged 60–79, with an education of 13–21 years: M �
42.0, SEM � 0.89.
e Semantic Verbal Fluency (animals): normative data from Tombaugh et al. (1999) for adults aged 70–79, with an education of 13–21 years: M � 18.2,
SEM � 0.43.
f Range � 68–80.
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p � .01 (�2 � .107), and finally a significant Age Group � Level
of Complexity � Inhibition interaction, F(4, 174) � 2.54, MSE �
3.07, p � .05 (�2 � .059). A test of linearity indicated that the
main effect of relational complexity included a linear trend, F(1,
87) � 142.69, p � .01, as did the main effect of inhibition, F(1,
87) � 38.70, p � .01. To test whether the effects of complexity
and inhibition were different for the various participant groups, we
performed planned comparisons. The Age Group � Level of
Complexity � Inhibition interaction was not significant for
middle-aged versus older adults (F � 1), but it was significant for


older versus younger adults, F(2, 104) � 5.08, MSE � 2.25, p �
.01 (�2 � .089), and also for middle-aged versus younger adults,
F(2, 130) � 4.54, MSE � 2.43, p � .05 (�2 � .065).


Simulation of People Pieces Analogy Task in Learning
and Inference With Schemas and Analogies


In an effort to understand the nature of the effect of age on
performance on the People Pieces Analogy task, we modeled the
aging results using Learning and Inference with Schemas and
Analogies (LISA; Hummel & Holyoak, 1997, 2003), a neurally
plausible symbolic-connectionist model of analogical reasoning.
Although numerous computational models of analogy have been
developed (see French, 2002; Holyoak, 2005, for reviews), no
other such model has been used to simulate aging data. LISA was
designed to model analogical reasoning, has intrinsic working
memory constraints resulting from its architecture, and has also
been used to simulate the effects of frontal and temporal degen-
eration on analogical reasoning (Morrison et al., 2004).


LISA represents propositions using a hierarchy of distributed
and localist units (see Figures 6 and 7 for a schematic represen-
tation of LISA’s architecture and Hummel & Holyoak, 1997, 2003,
for a more complete description of the model’s architecture and
operation). At the bottom of the hierarchy, semantic units represent
objects and relational roles in a distributed fashion. For example,
a person might be represented by semantic features corresponding
to the following properties: person, male, �female (where “�”
indicates negation), wide, �narrow, tall, �short, White, and
�Black; similarly, each role of the relation same-height (person1,
person2) is represented by semantic features corresponding to
relation, same, same-height, and �different-height. The relations
used in the current simulations, such as same-gender (x, y), same-
width (x, y), different-gender (x, y), all happen to be symmetrical,
meaning that r (x, y) implies r (y, x). The semantic representation
of the first role of such a relation is, therefore, identical to that of
the second. In the case of asymmetrical relations, such as loves (x,
y) or gives (x, y, z), the different roles of a relation will have
nonidentical semantic representations (see Hummel & Holyoak,
1997, 2003, for examples). The resulting distributed representa-
tions make explicit what different people have in common and


Figure 1. Example problem from the People Pieces Analogy Task. A:
two relations, none to ignore (inhibit); B: one relation to attend to, two to
ignore (inhibit); C: different problem.


Figure 2. The d� values in the People Pieces Analogy task for younger
(n � 31), middle-aged (n � 36), and older (n � 27) groups. Error bars
depict standard errors of the mean.
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how they differ and what different relations have in common and
how they differ.


Predicate units represent relational roles in a localist fashion and
have bidirectional excitatory and inhibitory connections to the
corresponding semantic units (e.g., the predicate unit for the first
role of same-height has bidirectional excitatory connections to all
the semantic units representing that role, such as same and same-
height, and bidirectional inhibitory connections to all the negated
features of that role, such as different-height). Object units are just
like predicate units, except that they are connected to semantic
units describing things rather than roles (e.g., Person1 might be
connected to person, male, �female, and Black to trait, color, and
Black). Subproposition (SP) units bind roles to their arguments and
have bidirectional connections to the corresponding predicate and
object units. In the case of different color (Black, White), one SP
would bind Black to different-color1 (the predicate unit represent-
ing the first role of the different-color relation) and another would
bind White to different-color2. At the top of the hierarchy, prop-
osition (P) units bind role-filler bindings into complete proposi-


tions via excitatory connections to the corresponding SPs (see
Figure 6). A complete analog (which, in the case of the current
simulations, is a description of pair of characters) is represented by
the collection of semantic, predicate, object, SP, and P units that
collectively code the propositions in that analog (see Figure 7).
Separate analogs do not share object, predicate, SP, or P units.
However, all analogs are connected to the same set of semantic
units. The semantic units thus permit the units in one analog to
communicate with the units in another.


When a proposition is activated (i.e., placed in working mem-
ory), the binding of its roles to their arguments is represented by
synchrony of firing: All the units under a given SP (i.e., a role-
filler binding, represented by an SP, a predicate unit, an object
unit, and their associated semantics) fire in temporal synchrony
with one another, and separate SPs fire out of synchrony with one
another (see Hummel & Holyoak, 1992, 1997). The effect on the
semantic units is a set of mutually desynchronized patterns of
activation, one pattern for each SP (i.e., role-filler binding). In the
case of different (Black, White), the semantic features of Black
would fire in synchrony with the features of different-color1,
whereas White would fire in synchrony with different-color2.


Figure 3. Response time in the People Pieces Analogy task (a) for
younger (n � 31), middle-aged (n � 36), and older (n � 22) groups (error
bars depict standard error of the mean) and (b) response times based on
learning and inference with schemas and analogies (LISA) simulations.


Figure 4. The d� values in the People Pieces Analogy task at (A) first
level of complexity and (B) second level of complexity and three levels of
inhibition for younger (n � 31), middle-aged (n � 36), and older (n � 27)
groups. Error bars depict standard errors of the mean.
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The final component of the LISA architecture is a set of map-
ping connections between units of the same type (e.g., object,
predicate) in separate analogs. These connections grow whenever
the corresponding units are active simultaneously and thereby
permit LISA to learn the correspondences between structures in
separate analogs. They also permit correspondences learned early
in mapping to influence the correspondences learned later. For the
purposes of memory retrieval, analogical mapping (Hummel &
Holyoak, 1997), analogical inference, and schema induction
(Hummel & Holyoak, 2003), analogs are divided into two mutu-
ally exclusive sets: a driver and one or more recipients. Processing
is controlled by the driver: One (or at most three) at a time,
propositions in the driver are placed into working memory (i.e.,
activated) and allowed to fire their SPs (along with their object and
predicate units); as noted previously, all the SPs in working mem-
ory fire out of synchrony with one another. The resulting patterns
of activation on the semantic units drive the activation of propo-
sitions in the recipient analogs and serve as the basis for analogical
mapping, inference, schema induction, and all the other functions
LISA performs. This representation, based on synchrony for role-
filler binding, provides a natural account of the capacity limits of
working memory because it is only possible to have a finite
number of bindings simultaneously active and mutually out of
synchrony (see Appendix A in Hummel & Holyoak, 2003, for a
detailed treatment of the working memory capacity limits in
LISA).


In LISA, inhibition is critical to the selection of information for
processing in working memory. Specifically, inhibition plays a
central role in (a) LISA’s working memory capacity, (b) its ability
to select items for placement into working memory, (c) its ability
to control the spreading of activation in the recipient (i.e., its
ability to disambiguate which elements of the recipient correspond
to the active units in the driver), and (d) its ability to use
intermapping-connection competition to enforce structural con-
straints on the discovery of analogical mappings (such as the 1:1
mapping constraint; Holyoak & Thagard, 1989).


Inhibition plays a key role in LISA’s working memory capacity
(property a) because the capacity of LISA’s working memory is
equal to the number of role-filler bindings (corresponding to SPs in
the driver) that LISA can keep simultaneously active and mutually
out of synchrony with one another. Inhibitory competition between
SPs is what allows multiple SPs to fire out of synchrony: If this
inhibition is reduced, then the number of SPs that can fire cleanly
out of synchrony with one another declines; and when multiple
SPs fire at the same time, the resulting superposition of role-filler
bindings on the semantic units fails to specify which roles are
bound to which fillers (see Hummel & Holyoak, 2003, Appendix A).


Inhibition plays a role in the selection of items to enter working
memory (Property b) because selection is a competitive process:
Propositions in the driver compete to be entered into working
memory on the basis of several factors, including their pragmatic
centrality or importance (Spellman & Holyoak, 1996), support


Figure 5. A: Response time in the People Pieces Analogy task for three levels of inhibition at first level of
complexity for younger (n � 31), middle-aged (n � 36), and older (n � 23) groups; B: corresponding learning
and inference with schemas and analogies (LISA) simulations; C: human data for second level of complexity;
and D: corresponding LISA simulations. Error bars depict standard errors of the mean.
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from other propositions that have recently fired, and the recency
with which they themselves have fired. Reduced inhibition results
in reduced competition and more random selection of propositions
to fire. The selection of which propositions are chosen to fire, and
in what order, can have substantial effects on LISA’s ability to find
a structurally consistent mapping between analogs (Kubose,
Holyoak, & Hummel, 2002). It follows that reduced inhibition,
resulting in more random selection of propositions into working
memory, can likewise affect LISA’s ability to discover a structur-
ally consistent mapping.


The role of inhibition in the activity of a recipient analog
(property c) is directly analogous to its role in the activity in the
driver. Inhibition causes units in the recipient to compete to re-
spond to the semantic patterns generated by activity in the driver.
If LISA’s capacity to inhibit units in the recipient is compromised,
then the result is a loss of competition, with many units in the
recipient responding to any given pattern generated by the driver.
The resulting chaos hampers (in the limit, completely destroys)
LISA’s ability to discover which units in the recipient map to
which in the driver.


Finally, inhibition plays a crucial role in the competitive inter-
actions between connections representing inconsistent mappings
(e.g., mappings from a single unit in the driver to two or more units
in the recipient; see Hummel & Holyoak, 1997, 2003). As a result,
reduced inhibition can impair LISA’s ability to find a structurally
consistent mapping between the driver and recipient by reducing
this competition between inconsistent mappings (property d).


To model the People Pieces Analogy task in LISA, we made
several assumptions. First, although the participants are cued to
only attend to certain traits in each problem, we represented the
entire relational structure of a problem in LISA. This assumption
is consistent with results reported by Morrison (2001), who found
that unattended traits do influence People Pieces Analogy perfor-


mance. To instruct LISA regarding which traits are to be attended
to, we coded the relevant traits with higher importance values
(Hummel & Holyoak, 1997). As noted previously, the likelihood
that LISA will choose a proposition in the driver to enter working
memory is proportional to the importance of that proposition. The
effect of importance on probability of entering working memory is
moderated by the strength of inhibition (i.e., the greater the inhi-
bition, the greater is the influence of importance on probability of
entering working memory).


To simulate aging in LISA, we investigated the role of atten-
tional and inhibitory processes by (a) decreasing the role of im-
portance (which we assume to correspond to whether a trait is to
be attended vs. unattended) on the probability that a proposition is
chosen to enter working memory and (b) decreasing the strength of
inhibitory connections in both the driver and recipient. Both of
these changes are controlled by the inhibition parameter. We
simulated younger, middle-aged, and older participant perfor-
mance by setting this parameter at values of 1.0, 0.7, and 0.6,
respectively.


Figure 3B shows the influence of these changes. In Figure 3B,
decreases in the inhibition parameter result in increases in LISA’s
response times (i.e., the number of iterations necessary for LISA to
settle) across problems at all four levels of complexity. These
increases show a slight interaction with complexity (consistent
with the behavioral results; see Figure 3A). Figure 5 (B and D)
reveals that LISA simulations of response time also show a three-
way interaction among age, relational complexity, and the number
of traits to be ignored (also consistent with the behavioral results;
see Figure 3A and C). The model accounts for 96% of the variance
in the mean response times for the various conditions across the
three age groups. In summary, the results of the LISA simulations
suggest that decreases in the efficiency of selective attention and
the effectiveness of inhibition in working memory may explain the


Figure 6. Learning and inference with schemas and analogies representation of the proposition different
(diff)-height (tall, short).
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performance changes that we have observed on a variety of rea-
soning tasks requiring relational integration.


Discussion


In the People Pieces Analogy task, all participant groups made
more errors at higher levels of complexity; the older group per-
formed much less accurately than either the middle-aged or the
younger group at all levels. While performance was near ceiling
for young and middle-aged participants at Complexity Levels 1
and 2, differences between these groups emerged for response
times. Although middle-aged people performed more like younger
people in terms of accuracy, they performed more like older people
in terms of response times. All groups showed an increase in
response time with increasing levels of complexity, although
middle-aged and older groups showed a steeper increase, demon-
strating that they find higher levels more taxing than do younger
people. These results indicate that while older adults have diffi-
culty even at low levels of relational complexity, middle-aged
people can still perform relational integration but require more
time to do so.


In addition, the results demonstrate that aging is associated with
increased difficulty with problems that require the inhibition of
irrelevant but misleading information. The difficulty of solving the
analogy problems increased with the number of irrelevant traits
favoring the incorrect response. Older participants suffered rela-
tively greater interference as a result of irrelevant traits, especially
at higher levels of relational complexity. The fact that relational
complexity and the need for inhibition interacted to produce an
even greater deficit for older adults is consistent with the view that
both abilities depend on shared executive processes that decline
with age.


The current results are consistent with a decrease in working
memory efficiency, particularly with respect to the selection of
information for processing in working memory. The LISA model
(Hummel & Holyoak, 1997, 2003) provides a specific computa-
tional instantiation of how relational reasoning may be performed.
In the context of this model, the impact of aging can be modeled
by an integration of loss of selectivity in attention to information
in working memory with a general decline in inhibitory control
(Hasher & Zacks, 1988).


Figure 7. Learning and inference with schemas and analogies representation of a People Pieces Analogy
problem in which the participant is to only attend to one attribute (gender). This problem is false because the
gender relation for the first pair of characters is same-sex (ss), whereas it is different (diff)-sex (ds) for the second
pair of characters. i � identical; �l � nonidentical; m � male; f � female; sw � same width; w � wide; n �
narrow; dh � different height; t � tall; s � short; dc � different color; W � White; B � Black.
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In the People Pieces Analogy task, each question requires se-
quential analysis of the relations between the pairs for each at-
tribute and then a further analysis of whether or not that relation
holds between the pairs. The necessity of coordinating the step of
evaluating the first pair and comparing the result with the second
pair may be particularly sensitive to aging. Age-related slowing
has been shown to be greater with increases in coordinative com-
plexity (i.e., when participants are required to coordinate the
information exchanged between processing steps; Mayr & Kliegl,
1993). Our results are consistent with this view, in that increases in
relational complexity increase the amount of information that must
be exchanged between steps. Mayr and Kliegl (1993) suggest that
this effect is due to decreases in the efficiency of working memory
with age.


Central to analogical reasoning is the need to maintain and
manipulate relational representations in working memory, a de-
mand that increases with higher levels of complexity (see Halford,
2005; Morrison, 2005). Gilhooly, Phillips, Wynn, Logie, and Della
Sala (1999) found that during performance of the Tower of Lon-
don task, older adults were more prone to errors and incomplete
reasoning during the planning stage than during the stage in which
the moves are completed. The authors argue that the planning stage
relies more heavily on working memory processes than does the
move stage. As noted previously, Mayr and Kliegl (1993) inter-
preted age-related deficits in tasks requiring coordinative process-
ing in terms of working memory inefficiency. Using the LISA
model (Hummel & Holyoak, 1997, 2003), we attempted to simu-
late our results by assuming that aging is accompanied by deficits
in inhibitory processes within working memory. According to the
model, reasoning makes use of working memory to orchestrate the
precise firing of structural representations and to learn new corre-
spondences. To perform the first of these functions, LISA uses
inhibition to select items for placement into working memory and
to control the spreading of activation (i.e., the disambiguation of
which elements of the recipient correspond to the active units in
the driver). The simulations that we reported for the People Pieces
Analogy task suggest that decreases in the effectiveness of atten-
tion and inhibition in working memory with age may explain the
performance changes that we observed on the People Pieces Anal-
ogy task.


Overall, the declines in reasoning abilities with age that we
observed in the current study are consistent with a large body of
evidence suggesting that adult working memory efficiency de-
creases with age. By applying the LISA model, we were able to
show that a decrease in inhibitory functioning simulates the aging
data well. This computational result lends support to previous
arguments that failing inhibition (Hasher & Zacks, 1988), coupled
with a loss of selective attention (Craik & Byrd, 1982), may be critical
to the effective decreases in working memory efficiency with age.


It should be noted that, although older people showed impaired
performance on the People Pieces Analogy task, this task does not
test crystallized intelligence and semantic knowledge, which ap-
pear to be relatively preserved with age (Ackerman & Rolfhus,
1999; Lindenberger & Baltes, 1997). Rather, the task used in the
current study taps fluid intelligence, which has been shown to
decline with age (Isingrini & Vazou, 1997).


Although the mechanisms responsible for cortical degeneration
with age remain unknown, some studies have shown that the
prefrontal cortex appears to be especially vulnerable to age effects


(for a review, see Raz, 2000). This same region has been impli-
cated in working memory (for a review, see Fletcher & Henson,
2001), relational reasoning (Robin & Holyoak, 1995; Morrison et
al., 2004; Waltz et al., 1999), and inhibitory control (Morrison et
al., 2004; Shimamura, 2000). Accordingly, it is plausible that
changes in the prefrontal cortex are responsible for the reasoning
deficits observed in older people. In fact, Winocur and Moscovitch
(1990) have noted that older people often perform more poorly
than younger people on tasks that are sensitive to frontal lobe
damage. Our group has shown that patients with frontal lobe
degeneration show profound deficits in relational integration
(Waltz et al., 1999) and inhibition (Morrison et al., 2004) in
reasoning tasks similar to those used here, and we have modeled
the data in LISA using a similar computational approach (Morri-
son et al., 2004).


In a functional imaging study, Rypma, Prabhakaran, Desmond,
and Gabrieli (2001) found that older people showed less activation
of the dorsolateral prefrontal cortex when performing working
memory tasks than did younger people. In addition, several studies
have shown that there is a general decline in blood flow and
metabolism in frontal cortex with age (Gur, Gur, Obrist, Skolnick,
& Reivich, 1987; Mielke, Herholz, Grond, Kessler, & Heiss,
1992). Although the current study does not provide direct evidence
for the hypothesis that prefrontal cortical changes are responsible
for reasoning deficits in old age, our findings have elucidated more
specifically the nature of these reasoning deficits. Future research
directions include comparing the deficits observed in the course of
normal aging with those found in patients with frontal damage.
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A cross-cultural comparison between U.S. and Hong Kong pre-
schoolers examined factors responsible for young children’s ana-
logical reasoning errors. On a scene analogy task, both groups
had adequate prerequisite knowledge of the key relations, were
the same age, and showed similar baseline performance, yet Chi-
nese children outperformed U.S. children on more relationally
complex problems. Children from both groups were highly suscep-
tible to choosing a perceptual or semantic distractor during reason-
ing when one was present. Taken together, these similarities and
differences suggest that (a) cultural differences can facilitate better
knowledge representations by allowing more efficient processing
of relationally complex problems and (b) inhibitory control is an
important factor in explaining the development of children’s ana-
logical reasoning.
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Introduction


Analogical reasoning is a powerful mechanism in children’s cognitive development. In an analogy,
successful reasoners construct correspondences between two systems of relations to solve a problem
(Gentner, 1983). For example, knowledge of using a stool to reach a toy can be used to figure out that a
ladder could help reach a cookie jar. This skill enables children to draw on prior knowledge represen-
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tations to make sense of new contexts and to build expertise by comparing and contrasting represen-
tations (see Goswami, 1992). Infants show analogical thinking and problem solving by 1½ years of age
(Chen, Sanchez, & Campbell, 1997); however, they do not approximate adults’ levels of competence
until adolescence (Halford, 1993; Richland, Morrison, & Holyoak, 2006). Errors in young children’s
analogical reasoning are characterized by difficulty in ignoring irrelevant object properties such as
the difference in appearance between a ladder and a stool (e.g., Gentner & Rattermann, 1991; Richland
et al., 2006). Also, young children have been shown to struggle with reasoning about multiple relation-
ships at once (e.g., Halford, 1993; Richland et al., 2006).


Several theories have been posed to explain the development of analogy in children. The relational
primacy theory holds that adequate knowledge about key relations is the main prerequisite for ana-
logical reasoning (e.g., understanding ‘‘reaching” to solve the above example) (Goswami, 1992). Gent-
ner and Rattermann (1991) argued, in addition, that until children have the adequate knowledge, they
will not only fail to reason analogically but also will focus their answers on object properties and
appearance (relational shift hypothesis). This relational shift is not tied to the age of a child but rather
is tied to knowledge, so that even an adult who is not knowledgeable about an analogy task may tend
to make mappings based on object properties, whereas he or she will shift to more relational map-
pings once adequate knowledge is acquired.


Two aspects of executive resources have also been theorized as important for the development of
analogical reasoning. Halford (1993) suggested that the inability to process multiple relations in anal-
ogies may be due to limits in children’s working memory. Halford and colleagues found that children’s
developmental differences across a variety of tasks could be calculated as a function of the relational
complexity or the number of relationships that must be held in working memory simultaneously.
Based on this model, children should be able to reliably solve tasks with a single level of relational
complexity before approximately 5 years of age, after which two relations should be attainable.


Likewise, we previously posited that limits on inhibitory control may explain why young children
solving analogy tasks sometimes still map correspondences based on object properties and general
appearance correspondences in spite of understanding the relations and the analogy tasks (Richland
et al., 2006).


The current study used a cross-cultural approach to explore interactions among these factors and
to investigate their explanatory power in a broader sample. Much of the prior research has been con-
ducted with U.S. and Australian children, but adult and developmental research suggests that cultural
experiences may impact the development of analogical reasoning.


Relational reasoning across cultures


Cultural experiences may influence relational reasoning in several ways. Knowledge of cultural
content may impact prerequisite knowledge of relations and, consequently, influence analogical rea-
soning on problem-solving tasks that rely on that cultural knowledge (Chen, Mo, & Honomichl, 2004).


In addition, culture may be related to normative patterns of relational reasoning and analogy pro-
duction (Richland, Zur, & Holyoak, 2007). Normative patterns for drawing relational inferences during
problem solving can vary across cultures when content knowledge is comparable (see D’Andrade,
1995; Nisbett, 2003). Chinese and Japanese reasoners may attend relatively more to relational pat-
terns in visual representations and problems, whereas U.S. reasoners may attend relatively preferen-
tially to object-based information (see Hansen, 1983; Nisbett, 2003). Such cultural variations have
been demonstrated in visual scene interpretations that are often used in analogical reasoning tasks.
In one cross-cultural study, Chinese undergraduates outperformed U.S. undergraduates in assessing
covariation in presentations of arbitrary objects (e.g., judging whether schematic drawings of a coin
and a light bulb had been shown on the screen together). The Chinese students also showed greater
attention to relations between the figures and background than did the U.S. participants, who demon-
strated more attention to focal objects or figure independence (Ji, Peng, & Nisbett, 2000).


Analyses of children’s everyday experiences suggest that these reasoning and attention patterns
are part of children’s socialized experience with relational inputs in schools (Richland et al., 2007)
and at home with caregivers. Asian caregivers seem to be particularly interested in directing infants’
attention to how entities—human and otherwise—interact and relate to one another, including using
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action-oriented language and referential verbs such as swimming, ate, and going to drive (Korean: Au,
Dapretto, & Song, 1994, and Gopnik, Choi, & Baumberger, 1996; Japanese: Fernald & Morikawa, 1993,
and Ogura, Dale, Yamashita, & Murase, 2006; Chinese [Mandarin]: Tardif, Gelman, & Xu, 1999, and
Tardif, Shatz, & Naigles, 1997; Chinese [Cantonese]: Leung, 1998). The play of English-speaking care-
takers, who served as a comparison group in many of these studies, is relatively object focused, includ-
ing using more naming and nonreferential verbs such as looks like, lookit, and watch (e.g., Goldfield,
1993; Gopnik et al., 1996).


The current study used a scene analogy task (Richland et al., 2006) to explore the hypothesis that
Chinese preschoolers approach analogies differently than U.S. children based on their relatively
greater experiences with relations. We specifically hypothesized that Chinese children might be able
to process analogies more efficiently by constructing higher level relational representations, thereby
making better use of comparable working memory resources. The task used simple common rela-
tions and a counterbalancing design that held necessary content knowledge constant across condi-
tions, so any differences in performance should not be attributable to variations in prerequisite
knowledge.


We also sought to test our hypothesis (Richland et al., 2006) that maturational limitations in
inhibitory control explain children’s low performance on analogies that include a strong object
similarity distractor. We predicted a common pattern across countries showing relatively lower
performance on analogies with a distractor compared with those with no distractor despite com-
parable prerequisite knowledge. The relational shift hypothesis (Gentner & Rattermann, 1991), by
contrast, would predict that children’s susceptibility to distraction would decrease as their rela-
tional knowledge increases. Thus, Chinese children should be less susceptible to distraction than
U.S. children.


Chinese 3- and 4-year-olds’ task performance was compared with that of two samples of U.S. chil-
dren of the same ages. Sample 1 consisted of previously published data with instructions that were
semantically matched to the Cantonese version and used typical grammatical forms in each language
(Richland et al., 2006, Experiment 2), and Sample 2 consisted of new data from a more syntactically
similar back-translation of the Cantonese task instructions. We tested cross-cultural variations in abil-
ity to handle relational complexity (one relation vs. two relations) and to avoid distraction from an
object similarity distractor (distractor vs. no distractor).

Method


Participants


Children were sampled from middle to upper income preschools in several locations in the United
States and one location in Hong Kong. All children were native speakers in their country of origin.
Although demographic data were not collected systematically, participating children in Hong Kong
were primarily of Chinese descent and U.S. children were of diverse ethnic backgrounds, including
Caucasian, Asian, Asian American, and Latin American descent.


Children were excluded from data analyses for failing to grasp the task, as denoted by scoring less
than two standard deviations from the mean percentage correct, and for correctly answering only one
or none of the simplest problems (one relation, no distractor).

Hong Kong
A total of 60 preschoolers participated (19 3-year-olds and 41 4-year-olds). Their mean age was


48 months (SD = 5.4). An additional 3-year-old was excluded for failing to grasp the task.

U.S. Sample 1
A total of 20 preschoolers participated (7 3-year olds and 13 4-year olds) (Richland et al., 2006,


Experiment 2). Their mean age was 51 months (SD = 9). An additional 3 3-year-olds were excluded
for failing to grasp the task.







Fig. 1. Example stimuli showing the reach relation (one relation: boy reaching for cookie/dog reaching for bone; two relations:
mom reaching for boy who is reaching for cookie jar/man reaching for dog who is reaching for bone), with results showing
cross-cultural differences in the effects of relational complexity and distraction on 3- and 4-year-olds’ analogical reasoning
performance.
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U.S. Sample 2
A total of 38 preschoolers participated (13 3-year-olds and 25 4-years-olds). Their mean age was


46 months (SD = 5). An additional 2 3-year-olds and 3 4-year-olds were excluded for failing to grasp
the task.


Materials


In the scene analogy task (Richland et al., 2006), children saw 20 pairs of scenes with 1 pair per
page (see Fig. 1 for examples of one stimulus). The pictures showed the same relation but differed
in the objects. For example, in the simplest version of the scene pair in Fig. 1, the top picture showed
a boy reaching for a cookie and the bottom picture showed a dog reaching for a bone. In the top pic-
ture, an arrow pointed to one of the objects (e.g., the boy, who is the ‘‘reacher”). The child was asked to
point to the corresponding object in the bottom picture (e.g., the dog, who is the ‘‘reacher”).1


Scene analogy pairs varied in a factorial design along two dimensions. First, the level of relational
complexity was manipulated by moving objects within the scenes to vary the number of instances of

1 See Richland and colleagues (2006) for more detail on instructional controls that ensured children understood they were
intended to find the analogical match versus an object match.
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the same relation present within the pictures (e.g., one relation: ‘‘boy reaches for cookie”; two rela-
tions: ‘‘mom reaches for boy, who reaches for cookie”). All four versions of each picture set always
contained exactly the same number of objects within the picture (either five or six), and all key objects
were always present, albeit in different roles.


Second, the scenes varied in the presence or absence of an object similarity distractor in the target
picture. The distractor was an object in the target scene that was perceptually and semantically similar
to the object with the arrow in the source picture (e.g., a stationary boy in the target picture beside the
reaching dog and man). This forced participants to make a choice between a relational match and an
object similarity match.


Manipulating relational complexity (one relation vs. two relations) and distraction (distractor vs.
no distractor) led to four versions of each scene pair. There were a total of 20 picture scene pairs,
so packets were constructed such that each packet contained five of each version of the scene pairs
(one relation/no distractor, one relation/distractor, two relations/no distractor, and two relations/
distractor). Participants saw each scene pair once.


The packets used in Hong Kong and the United States were identical with one small difference be-
tween the U.S. Sample 1 version and both the Hong Kong and U.S. Sample 2 versions. In the Hong Kong
and U.S. Sample 2 stimuli, to ensure children’s task understanding during administration, 2 of the sim-
plest items (one relation/no distractor) were always administered first, followed by the remaining 18
items in random order. In the original U.S. studies (Sample 1 here), all 20 items were randomized.
With the same goal to ensure task understanding, there was also a translational difference in
U.S. Sample 1 versus the Hong Kong and U.S. Sample 2 procedures (described below).

Procedure


The procedure was the same for children tested in Cantonese and English. A trained experimenter
tested participants individually, beginning with two practice problems and emphasizing that the task
was to select the object in the bottom picture that was in the same part of the pattern as the object
with the arrow in the top picture. After the child’s response to the first practice item, the experimenter
gave feedback and a second opportunity to answer. If the child’s response was still incorrect, the solu-
tion was provided and the cycle was repeated for the second practice item.


For each scene pair, the experimenter verbalized the key relations in the top picture. In the above
example, the instruction was as follows: ‘‘Look, here is a boy reaching for a cookie. What is like the boy
in the bottom picture?” The child then pointed to an object in the bottom picture that was marked by
the researcher.


The two-relation problems led to a translational challenge. In Richland and colleagues’ (2006) ori-
ginal experiments (U.S. Sample 1 in the current study), the experimenter described the source problem
as a series of chained relations: ‘‘Look, here is a mom reaching for a boy who is reaching for a cookie.”
Because there is no Cantonese equivalent to this construction or the relative pronoun who, the trans-
lation for the Hong Kong sample read like two serial phrases: ‘‘Look, here is a mom reaching for a
boy; boy reaching for a cookie.” This change should not have altered the relational complexity of the
problems because the relations cannot be collapsed in either case (i.e., ‘‘mom reaching for a cookie”).


Even so, to ensure that the phrasing did not make the problem simpler, U.S. Sample 2 was tested on
the English back-translation of the two-relation problems. The relations were described using two
serial phrases as translated above.

Results


Data from the Hong Kong sample and U.S. Sample 2 were first compared with chance to ensure that
children understood the task as translated into Chinese and back-translated into English. Next, an
omnibus analysis of variance (ANOVA) compared the Hong Kong children’s performance with that
of U.S. Samples 1 and 2 to investigate cross-cultural differences or commonalities in reaction to the
relational complexity and distraction manipulations. Planned comparisons examined the reliability
of the cross-cultural variations across the two U.S. samples.







Table 1
Percentages of correct responses of Hong Kong and U.S. 3- and 4-year-olds in the scene analogy task varying in relational
complexity and presence/absence of a distractor.


One relation/no
distractor


Two relations/no
distractor


One relation/
distractor


Two relations/
distractor


Hong Kong 62 (22) 62 (23) 41 (26) 43 (27)
3 years 59 (27) 57 (24) 39 (24) 36 (20)
4 years 63 (20) 64 (22) 42 (27) 46 (29)
U.S. Sample 1 64 (24) 55 (20) 46 (26) 30 (18)
3 years 54 (21) 49 (25) 40 (28) 34 (15)
4 years 69 (24) 58 (17) 49 (25) 28 (19)
U.S. Sample 2 62 (23) 44 (25) 40 (30) 39 (25)
3 years 53 (21) 36 (22) 32 (30) 26 (21)
4 years 66 (23) 48 (26) 45 (30) 46 (26)


Note. Standard deviations are in parentheses. The basic chance level for all problems was 19%.
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Comparisons with chance


Chance was calculated as the likelihood of selecting the target object out of all objects in the target
picture, a total of 5.3 across all picture sets or 19% chance. All means are provided in Table 1. In each
culture, 3- and 4-year-olds were above chance on all four conditions, using t tests with a Bonferroni
corrected alpha at the targeted .05 level (.003), all ps < .001. Results indicated that the children in both
groups understood the task, showed adequate prerequisite knowledge, and could reason relationally.


Cross-cultural comparison


A repeated-measures ANOVA compared the Hong Kong and U.S. children’s performance. The omni-
bus ANOVA included relational complexity (one relation vs. two relations) and distractor (distractor vs.
no distractor) as within-participant factors as well as group (Hong Kong vs. U.S. Sample 1 vs. U.S.
Sample 2) and age (3 years vs. 4 years) as between-participant factors. Means are reported in Table 1.


There was a main effect of age, F(1, 112) = 9.79, p < .01, hp
2 = .08. The 4-year-olds (M = 52.0,


SE = 1.72) outperformed the 3-year-olds (M = 42.8, SE = 2.39) overall, but age did not interact with
any other variable, all Fs(1 or 2, 112) < 0.92). There was no overall main effect of nationality, F(2,
112) = 2.70, p = .07. Interactions between nationality and the other two variables are described below.


There was a main effect of relational complexity, F(1, 112) = 10.20, p < .01, hp
2 = .08; as predicted,


this was modified by an interaction between nationality and relational complexity, F(2, 112) = 3.20,
p < .05, hp


2 = .053. Planned comparisons revealed the same interaction when the Hong Kong data were
compared separately with each of the U.S. samples: Sample 1, F(1, 78) = 6.60, p = .01, hp


2 = .08; Sample
2, F(1, 94) = 5.50, p < .05, hp


2 = .06. As shown in Fig. 1, on the one-relation problems, there was no dif-
ference in performance between the Hong Kong children and either of the U.S. samples: Sample 1,
t(78) = 0.68, p = .50; Sample 2: t(96) = 0.69, p = .84. On the two-relation problems, by contrast, the
Hong Kong children outperformed both samples of U.S. children: Sample 1, t(78) = 2.60, p = .01;
Sample 2, t(96) = 3.16, p < .002. This suggests that the Chinese children were better able to handle
relational complexity than U.S. children and that the Chinese children were using a strategy that
allowed them to solve two-relation problems without overtaxing their working memory system.


There was an overall main effect of distractor, F(1, 112) = 35.80, p < .001, hp
2 = .24, such that partic-


ipants scored higher on no-distractor problems (M = 58%, SE = 2.34) than on distractor problems
(M = 40%, SE = 1.82). There was no interaction between nationality and distractor, F(2, 112) = 0.60,
p = .55. As shown in Fig. 1, planned comparisons showed that accuracy was lower on distractor prob-
lems than on no-distractor problems for all samples: U.S. Sample 1, t(19) = 5.40, p < .0001, d = 1.4; U.S.
Sample 2, t(37) = 3.20, p < .003, d = .63; Hong Kong, t(59) = 5.00, p < .0001, d = .96.


Discussion and conclusions


There were no differences in the simplest problems between the U.S. and Chinese children on the
scene analogy task, thereby ruling out concerns of baseline between-group differences in task
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comprehension or prerequisite knowledge. By contrast, there was a cross-cultural difference with re-
spect to relational complexity. As predicted, Chinese children were more skilled at processing complex
relations than either group of U.S. children. Although it is possible that the Chinese children had greater
working memory capacity than the U.S. children at the same age, the likelihood of that is low. Young
and older adults in the United States and China do not show differences in working memory or speed
of processing on visuospatial tasks that are unlikely to reflect cultural bias (Hedden et al., 2002).
Although several studies have shown differences in simple short-term memory (e.g., forward span) be-
tween English and Chinese speakers and children (e.g., Chen & Stevenson, 1988; Chen, Cowell, Varley, &
Wang, 2009), these differences likely reflect differences in language phonology and are not found in
measures believed to reflect working memory capacity (e.g., backward span). Thus, it is unlikely that
the type of working memory processing required to map scene analogies would differ across our
groups. The analogy pattern is more consistent with our initial hypothesis that Chinese children’s
greater experience with socialized relational inputs would provide them with an advantage in complex
analogies.


Although pinpointing an environmental explanation is beyond the scope of this article, the finding
that Chinese children outperformed U.S. children of the same age on relationally complex analogies is
informative to theories of analogy development. This pattern suggests that the ability to represent
relations is a learnable skill that is separable from—but dependent on—the related constructs of pre-
requisite content knowledge and working memory capacity.


The observed cross-cultural difference supports the view that prior experience is integral to ana-
logical reasoning development but extends previous descriptions of its role either as prerequisite do-
main knowledge (Goswami, 1992) or as a mechanism for undergoing the relational shift (Gentner &
Rattermann, 1991). With increased relational experience, children may learn greater efficiency in con-
structing relational representations. In our task, that would mean that the Chinese children processed
the two-relation problems as single three-part relations, whereas the U.S. children processed them as
two two-part relations.


Unlike relational complexity, there were no differences in susceptibility to the distractor object be-
tween Chinese and U.S. children. All groups of children were more accurate on no-distractor problems
than on distractor problems. This result runs counter to the relational shift hypothesis that children
will tend to reason relationally, rather than based on object similarity, with adequate prerequisite
knowledge (Gentner & Rattermann, 1991). Instead, maturation of executive resources may better ex-
plain what appear to be age-related changes in object similarity distractability. This explanation is
compatible with developmental studies of executive resources (see Diamond, 2002) and declines in
relational reasoning by patients with frontal lobe atrophy (see Krawczyk et al., 2008; Morrison
et al., 2004). The explanation also fits developmental trends in children’s ability to make decisions
about whether to attend to relational or object similarity based on their determined utility for a given
task (Bulloch & Opfer, 2009).


Morrison, Doumas, and Richland (2007) used the LISA (learning and inference with schemas and
analogies) model (Hummel & Holyoak, 1997) to simulate these results. We assumed that U.S. children
represented the 2-relation problems as two, two-part relations while Hong Kong children chunked
these into a single, three-part relation. Making this assumption, we were then able to capture the com-
plex pattern of relational complexity and distraction results in 3-4 year old U.S. and Hong Kong chil-
dren by simply reducing adult inhibition levels by a uniform amount. Thus, the observed results are
best understood as an interaction of environmentally induced differences in relational representation
and reduced inhibitory control in characteristic of young children.


Overall, these cross-cultural results suggest that experience plays an underexplored role in rela-
tional representation that can impact processing efficiency but that maturation in executive resources
is also critical for the development of analogical reasoning.
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 Seminar in Cognitive Neuroscience 
 


Psychology 435 Robert G. (Bob) Morrison, PhD 
Spring 2012 www.canlab.org  
Cudahy Hall 301 rmorrison@luc.edu / 312.498.2612 
Wed 7:00-9:30p Office:  Coffey Hall 244 
 Office Hours:  Tuesday 1 – 3p or by appointment 


 


Course Description and Goals 
The way that information is represented and processed in the brain is central to a broad range of topics in 
psychological science.  In this course we will consider how the methods of cognitive neuroscience including 
brain imaging (e.g., EEG/ERP/ERO, fMRI, fNIRS, MEG, VBM) and dissociation-based techniques such as 
neuropsychology, TMS, or neurogenetics have revolutionized the exploration of these topics.  We will pay 
particular attention to how these techniques can be used to understand higher-level cognition during 
development and in questions related to social psychology and psychopathology.  Class participants will be 
introduced to these techniques, read, present, and discuss results from the primary literature, and also have an 
opportunity to develop an idea relating to their own research incorporating one or more of these methods. 


Prerequisites 


While there are no formal prerequisites for this course a strong background in research methods, cognitive 
psychology, and or neuroscience will help. 


Materials 
There is no required text for this course.  Instead we will be reading articles from the primary literature and 
several edited book chapters. I will make these available on Blackboard. 


Expectations 
1. I expect you to be an intellectual partner in this class, being responsible for your own learning as well 


as that of others (including ME!). This includes thoroughly reading the assigned articles or chapters 
before class.  I expect that when it is your turn to present you will seek my help in preparation and will 
make good use of the classes’ time. 


2. I expect you to come to class and be there the whole time.  When you can’t be in class I expect you to 
communicate that to me before your absence. When you are in class I expect you to be focused on 
class.  No cell phones, texting, or emailing during class.  Believe me, this hurts me even more than it 
hurts you and I will behave so I expect you to as well. 


3. I expect academic honesty.  Do your own work and cite other people’s ideas correctly. 


4. I expect us to laugh and have fun in each and every class! 


 


Assignments & Assessment 
1. Participation (10 pts). I expect you to be at class, have read the assigned readings prior to class, and 


actively participate in class discussion. There will be a sign up sheet to indicate your presence, it is your 
responsibility to initial this each and every time your are present. 


2. Paper Discussion (30 pts). You will be responsible for leading discussion on two papers during the 
first 11 weeks of class. You should be prepared to take about 20-30 minutes to introduce the pape and 
lead a class discussion.  This includes covering the authors’ motivations including relevant background 
literature. You will also want to make sure the hypotheses and methods are clear and briefly summarize 
the results and what they mean. Remember, not everyone studies what you do, so make sure to 
communicate to the whole class. I think you will be most successful if you organize your remarks with a 
few PowerPoint slides.  Lastly, you will lead a discussion of the paper with me, so it would be a good 
idea to have a couple of questions to ask the class to get things started. As a part of this you should 
plan to come to office hours THE WEEK BEFORE your week to go over your paper with me.  If you 
can’t come during my scheduled office hour (Tuesday 1-3p) we will find another time before the 
weekend.  This can also be done via Skype for those not regularly on campus, but we still need to 
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schedule a time.  Also, when you come in to discuss your second paper try to have some idea of what 
you will do for your final project. 


3. Project Presentation (20 pts). As a part of the class you will be developing an idea related to your 
own research or interests that uses a Cognitive Neuroscience method.  Ultimately you will work this 
idea into a NRSA Research Plan, but this presentation is for you to try out your idea on the class before 
you get too far along in writing. You should organize your remarks with a few PowerPoint slides much 
like in the paper discussion and cover similar topics; however, I don’t see this presentation as a 
“speech”, rather it should be an informal discussion for your to get good feedback. As a part of this you 
should plan to come to office hours THE WEEK BEFORE your week to go over your idea with me.  If 
you can’t come during my scheduled office hour we will find another time before the weekend. 


4. Research Proposal (30pts).  The single best thing you can do during your graduate school experience 
is to develop a research idea and obtain funding for the resulting project. The “Gold Standard” for this is 
the National Research Service Award (NRSA; http://grants.nih.gov/training/nrsa.htm) funded by many 
of the Institutes funded by the National Institute of Health (NIH).  These awards are available at both 
the pre- and post-doctoral level.  Typically people apply for the pre-doctoral award after their second 
year once they have an idea of where their research is headed.  The post-doctoral award is usually 
applied for in your last year of graduate school once you have identified a potential post-doc mentor. 
Regardless of type, both are focused on research and training.  Just like a non-training grant 
application you argue for why a particular problem is important and how you intend to address the 
problem with a set of studies.  But you also describe what you will learn working on this project with the 
particular mentor at the specific institution. 


For this class I would like you to develop a project idea based on your research interests that uses a 
cognitive neuroscience method. The full NRSA application is quite involved, but for this class I just want 
you to develop the research plan, which is up to ten single-spaced pages.  The plan includes:  Specific 
Aims, Background and Significance, Research Design and Methods including a description of 
Preliminary Studies. You will also want to include a Literature Cited section (not included in the ten 
pages). The plan should be written in APA style including Literature Cited.  The full instructions for an 
NRSA application may be found on Blackboard under assignments; however, you should pay particular 
attention to Part I. I will also provide you with several examples of research plans during the next 
couple of weeks. 


Given where you are at in your academic career it may more sense for you to develop some other type 
of proposal (e.g., National Science Foundation Graduate Research Fellowship; http://www.nsfgrfp.org/).  
If you think this is the case please speak with me. 


 
 
Grading.  Final Grades will be assigned as follows: 
  
 A: 93-100% 
 A-: 90-92.9%   
 B+: 87-89.9%   
 B: 83-86.9% 
 B-: 80-82.9%  
 C+: 77-79.9%   
 C: 73-76.9% 
 C-: 70-72.9% 
 D+: 67-69.9% 
 D: 60-66.9% 
 F: less than 60% 
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* Discussion to be lead by student 


Focus on the introductions of the method-specific papers (e.g., Pascual-Leone et al., 1999), but these papers 
may aid you in understanding the methods used in the specific papers you are discussing in class. 


WEEK DATE READINGS 


 1 1/18 Introduction to Cognitive Neuroscience 
Morrison, R.G., & Knowlton, B.J. (2012). Cognitive neuroscience in higher cognition. In 


K.J. Holyoak & R.G. Morrison (eds.). The Oxford Handbook of Thinking and 
Reasoning (pp. 67-89). New York:  Oxford University Press.  


 2 1/25 Neuroanatomy 
Taber, K.H., & Hurley, R.A. (2012). Neuroanatomy for the psychiatrist. In Textbook of 


Psychiatry. New York:  American Psychiatric Association, Inc./DOI: 
10.1176/appi.books.9781585623402.338161 


Mesulam, M. – M. (2000). Behavioral neuroanatomy:  Largescale networks, association 
cortex, frontal syndromes, the limbic system, and hemispheric specialization.  In M-
Marsel Mesulam (Ed.), Principles of behavioral and cognitive neurology (pp. 1-120). 
New York, NY:  Oxford University Press. 


 3 2/1 Cognitive Neuropsychology  
 


Feinberg T.E., & Farah M.J. (1997).  The development of modern behavioral neurology 
and neuropsychology.  In T.E. Feinberg & M.J. Farah (Eds.), Behavioral Neurology 
and Neuropsychology.  (pp. 3-23). New York, NY: McGraw-Hill. 


Damasio, H., & Damasio, A.R. (2000). The lesion method in cognitive neuroscience.  In 
T.E. Feinberg & M.J. Farah (Eds.), Patient-based approaches to Cognitive 
Neuroscience.  (pp. 21-34). Cambridge, MA:  MIT Press. 


*Anderson, A, Phelps, E.A. (2001). Lesions of the human amygdala impair enhanced 
perception of emotionally salient events. Nature, 411, 305-9. 


*Morrison, R.G., Krawczyk, D., Holyoak, K.J., Hummel, J.E., Chow, T., Miller, B., & 
Knowlton, B.J. (2004). A neurocomputational model of analogical reasoning and its 
breakdown in frontotemporal lobar degeneration. Journal of Cognitive Neuroscience, 
16, 260 


 4 2/8 Virtual Lesion Methods & Structural Brain Imaging (VBM & DTI) 
 


Pascual-Leone, A., Bartres-Faz, D., & Keenan, J. P. (1999). Transcranial magnetic 
stimulation: Studying the brain-behaviour relationship by induction of 'virtual lesions'. 
Philosophical Transactions of the Royal Society of London.Series B, Biological 
Sciences, 354(1387), 1229-1238. doi:10.1098/rstb.1999.0476  


Ashburner, J., & Friston, K. J. (2000). Voxel-based morphometry—the methods.  
NeuroImage,  11(6 Pt 1), 805-821. doi:10.1006/nimg.2000.0582 


Filler, A. (2009). Magnetic resonance neurography and diffusion tensor imaging: Origins, 
history, and clinical impact of the first 50,000 cases with an assessment of efficacy and 
utility in a prospective 5000-patient study group. Neurosurgery, 65(4 Suppl), A29-43. 
doi:10.1227/01.NEU.0000351279.78110.00 


*Tsujii, T., Masuda, S., Akiyama, T., & Watanabe, S. (2010). The role of inferior frontal 
cortex in belief-bias reasoning: An rTMS study. Neuropsychologia, 48(7), 2005-2008. 
doi:10.1016/j.neuropsychologia.2010.03.021 


*Dumontheil, I., Houlton, R., Christoff, K., & Blakemore, S. J. (2010). Development of 
relational reasoning during adolescence. Developmental Science, 13(6), F15-24. 
doi:10.1111/j.1467-7687.2010.01014.x; 10.1111/j.1467-7687.2010.01014.x 
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*Rogalski E J; Murphy C M; deToledo-Morrell L; Shah R C; Moseley M E; Bammer R; 
Stebbins G T (2009). Changes in parahippocampal white matter integrity in amnestic 
mild cognitive impairment: a diffusion tensor imaging study. Behavioural neurology, 21, 
51-61. 


 5 2/15 Behavioral and Cognitive Neurogenetics 
Green, A., & Dunbar, L. (2012). Mental function as genetic expression: Emerging insights 


from cognitive neurogenetics. In K.J. Holyoak & R.G. Morrison (eds.). The Oxford 
Handbook of Thinking and Reasoning (pp. 90-111). New York:  Oxford University 
Press. 


Tsankova, N., Renthal, W., Kumar, A., & Nestler, E. J. (2007). Epigenetic regulation in 
psychiatric disorders. Nature Review Neuroscience, 8(5), 355-367. 


*Amir, R. E. Ruthie E. Amir, Van den Veyver, I.B., Wan, M., Tran, C.Q., Francke, U., & 
Zoghbi, H.Y. (1999). Rett syndrome is caused by mutations in X-linked MECP2, 
encoding methyl-CpG-binding protein 2. Nature Genetics, 23, 185−188. 


*Tan, H. Y., Chen, Q., Sust, S., Buckholtz, J. W., Meyers, J. D., Egan, M. F., et al. (2007). 
Epistasis between catechol-O-methyltransferase and type II metabotropic glutamate 
receptor 3 genes on working memory brain function. Proceedings of the National 
Academy of Sciences USA, 104(30), 12536–12541. 


 6 2/22 Functional Brain Imaging:  PET/fMRI/fNIRS 
Raichle, M.E. (2000). Functional Imaging in cognitive neuroscience.  In T.E. Feinberg & 


M.J. Farah (Eds.), Patient-based approaches to Cognitive Neuroscience.  (pp. 21-34). 
Cambridge, MA:  MIT Press. 


Brown, G. G., Perthen, J. E., Liu, T. T., & Buxton, R. B. (2007). A primer on functional 
magnetic resonance imaging. Neuropsychology Review, 17(2), 107–125. 
doi:10.1007/s11065–007-9028–8 


Villringer, A., & Chance, B. (1997). Non-invasive optical spectroscopy and imaging of 
human brain function. Trends in Neurosciences, 20(10), 435-442.  


*Kroger, J. K., Sabb, F. W., Fales, C. L., Bookheimer, S. Y., Cohen, M. S., & Holyoak, K. 
J. (2002). Recruitment of anterior dorsolateral prefrontal cortex in human reasoning: A 
parametric study of relational complexity. Cerebral Cortex, 12, 477-485. 


*Tsujii, T., & Watanabe, S. (2010). Neural correlates of belief-bias reasoning under time 
pressure: A near-infrared spectroscopy study. NeuroImage, 50(3), 1320-1326. 
doi:10.1016/j.neuroimage.2010.01.026 


 7 2/29 Functional Brain Imaging: EEG/ERP/MEG 
Luck, S. J. (2005). An introduction to the event-related potentials and their neural origins. 


In S.J. Luck, An Introduction to the Event-Related Potential Technique. (pp. 1-50).  
Cambridge, MA: MIT Press. Pay particular attention to pages 3-34. 


Sauseng, P., & Klimesch, W. (2008). What does phase information of oscillatory brain 
activity tell us about cognitive processes? Neuroscience and Biobehavioral Reviews, 
32(5), 1001-1013. doi:10.1016/j.neubiorev.2008.03.014 


Baillet, S., Mosher, J. C., & Leahy, R. (2001). Electromagnetic brain mapping. IEEE Signal 
processing magazine, 18(6), 14-30. 


*Vogel, E. K., McCollough, A. W., & Machizawa, M. G. (2005). Neural measures reveal 
individual differences in controlling access to working memory. Nature, 438(7067), 
500-503. doi:10.1038/nature04171 


*Voss, J. L., & Paller, K. A. (2009). An electrophysiological signature of unconscious 
recognition memory. Nature Neuroscience, 12, 349-355. 
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 8 3/7 SPRING BREAK – NO CLASS 
 
 9 3/14 Social Cognitive Neuroscience     


*Amodio, D.M., Master, S.L., Yee, C.M., Taylor, S.E. (2008). Neurocognitive components 
of the behavioral inhibition and activation systems: implications for theories of self-
regulation. Psychophysiology, 45, 11-9. 


*Saxe, R & Kanwisher, N. (2003). People thinking about thinking people: fMRI studies of 
theory of mind. Neuroimage, 19, 1835-42. 


*Correll, J., Urland, G. L., & Ito, T. A. (2006). Event-related potentials and the decision to 
shoot: The role of threat perception and cognitive control. Journal of Experimental 
Social Psychology, 42, 120-128. 


 10 3/21 Developmental Cognitive Neuroscience    
*Wright, S.B., Matlen, B.J., Baym, C.L., Ferrer, E., & Bunge, S.A. (2008). Neural correlates 


of fluid reasoning in children and adults. Frontiers in Human Neuroscience,1. 


*Mills, D. L., Coffey-Corina, S., & Neville, H. J. (1997). Language comprehension and 
cerebral specialization from 13 to 20 months. Developmental Neuropsychology, 13, 
397-445.  


*Imada, T., Zhang, Y., Cheour, M., Taulu, S., Ahonen, A. & Kuhl, P. K. (2006). Infant 
speech perception activates Broca's area: a developmental 
magnetoencephalography study. NeuroReport, 17, 957-962.   


 11 3/28  Clinical Neuroscience 
*Cannon, T. D. Thompson, P. M. van Erp, T. G. Toga, A. W. Poutanen, V. P. Huttunen, M. 


Lonnqvist, J. Standerskjold-Nordenstam, C. G. Narr, K. L. Khaledy, M. Zoumalan, C. I. 
Dail, R. Kaprio, J. (2002). Cortex mapping reveals regionally specific patterns of 
genetic and disease-specific gray-matter deficits in twins discordant for schizophrenia. 
Proc Natl Acad Sci USA, 99, 3228-33.     


*Sonty, S. P., Mesulam, M. - M., Weintraub, S., Johnson, N. A., Parrish, T. B., & Gitelman, 
D. R. (2007). Altered effective connectivity within the language network in primary 
progressive aphasia. The Journal of Neuroscience, 27, 1334-1345. 


*Bachman, P., Kim, J., Yee, C. M., Therman, S., Manninen, M., Lönnqvist, J., Kaprio, J., 
Huttunen, M. O., Näätänen, R., & Cannon, T. D. (2008). Abnormally high EEG alpha 
synchrony during working memory maintenance in twins discordant for 
schizophrenia. Schizophrenia Research, 103, 293-297.    


 12 4/4 Project Presentations   Experiment 4 Intro Due 
 13 4/11 Project Presentations 
 14 4/18 Project Presentations  
 15 4/25 Project Presentations 
 16 5/2 A Moody Final 
 


DATES ARE TENTATIVE.  ASSIGNMENT DUE DATES MAY CHANGE DURING THE SEMESTER!  I will 
communicate changes both in class and also on Blackboard. 


 


16 January 2012 
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A commentary on


Deficits in analogical reasoning in adoles-
cents with traumatic brain injury.


by Krawczyk, D. C., Hanten, G., Wilde, E. 
A., Li, X., Schnelle, K. P., Merkley, T. L., 
Vasquez, A. C., Cook, L. G., McClelland, M., 
Chapman, S. B., and Levin, H. S. (2010). 
Front. Hum. Neurosci.4:62. doi: 10.3389/
fnhum.2010.00062


The present paper by Krawczyk et al. (2010) 
adds to a growing list of studies that have 
shown analogical reasoning to be critically 
dependent on what is known as executive 
functioning in the neuropsychological lit-
erature, and working memory in the cogni-
tive (neuro)science literature. Specifically, 
analogy requires the maintenance, manipu-
lation, and selective activation (or inhibi-
tion) of mental representations to identify, 
map correspondences, and draw inferences 
about higher-order similarity relationships 
(e.g., Waltz et al., 2000; Morrison et al., 
2004; Bunge et al., 2005, 2009; Morrison, 
2005; Green et al., 2006; Cho et al., 2007, 
2010; Krawczyk et al., 2008; Morrison and 
Cho, 2008). Consistent with this, popula-
tions with limited executive functioning 
resources have shown reduced analogy 
performance when required to integrate 
multiple relations and/or inhibit featural 
distractors in favor of relational similar-
ity (e.g., TBI adolescents: Krawczyk et al., 
2010; children: Richland et al., 2006, 2010; 
Wright et al., 2008; Thibaut et al., 2010; 
older adults: Viskontas et al., 2004; and 
brain damaged adults: Morrison et al., 
2004; Krawczyk et al., 2008). So is analogical 
reasoning simply another measure of execu-
tive function?


Analogy is pervasive in everyday learn-
ing and discovery. Importantly it allows 
us to make sense of and make inferences 
about new situations and information 
with respect to things we already know 


and understand (Holyoak and Thagard, 
1995; Dunbar and Blanchette, 2001). Thus, 
theories of the development of analogy in 
children have frequently focused on rela-
tional knowledge as a necessary precondi-
tion for analogy (Rattermann and Gentner, 
1998; Goswami, 2001). The importance of 
relational knowledge may also be seen in 
patients with damage to the temporal lobe. 
Morrison et al. (2004) and Krawczyk et al. 
(2008) and colleagues have previously 
found that patients with broad damage to 
anterior temporal lobe, an area associated 
with semantic knowledge, have difficulty 
with both verbal and visual analogies in 
spite of having preserved executive func-
tions; however, the patterns of deficit are 
different than those of patients with dam-
age to prefrontal cortex and their associated 
executive dysfunction. These findings are 
consistent with the current paper’s finding 
that cortical differences in both prefrontal 
and temporal regions were associated with 
lower analogy performance.


We have recently begun to explore how 
executive functions and relational knowl-
edge, and their underlying brain networks, 
may work together in the service of anal-
ogy. In one study, Richland et al. (2010), 
we exploited cross-cultural differences 
in relational knowledge and discovered a 
dissociation between the ability to inhibit 
featural distractors and integrate relations 
in analogy, two functions associated with 
executive functions which have traditionally 
correlated in studies of analogy (see Cho 
et al., 2010 for an exception using neu-
roimaging). Using a computational model 
of analogy we offered an explanation of 
the results, suggesting that more advanced 
relational knowledge structures reduce the 
demands for executive functions in analogy 
(Morrison et al., in press). Thus, prefrontal 
and temporal networks work together in 
analogy and the development or advanced 
functioning on one area affect demands 
on the other. In fact, we have also shown 


via modeling that the development of such 
advanced relational knowledge networks 
themselves may be dependent on executive 
functions (Doumas et al., 2010).


Thus, analogy is not simply another 
measure of executive functions, rather it is 
a whole brain activity, that is a profound 
test of our ability to think in everyday life, 
and as such is an excellent measure to evalu-
ate the impact of traumatic brain injury on 
patients’ ability to function.
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Abstract


Theories accounting for the development of analogical reasoning tend to emphasize either the centrality of relational knowledge
accretion or changes in information processing capability. Simulations in LISA (Hummel & Holyoak, 1997, 2003), a neurally
inspired computer model of analogical reasoning, allow us to explore how these factors may collaboratively contribute to the
development of analogy in young children. Simulations explain systematic variations in United States and Hong Kong children’s
performance on analogies between familiar scenes (Richland, Morrison & Holyoak, 2006; Richland, Chang, Morrison & Au,
2010). Specifically, changes in inhibition levels in the model’s working-memory system explain the developmental progression in
US children’s ability to handle increases in relational complexity and distraction from object similarity during analogical
reasoning. In contrast, changes in how relations are represented in the model best capture cross-cultural differences in
performance between children of the same ages (3–4 years) in the United States and Hong Kong. We use these results and
simulations to argue that the development of analogical reasoning in children may best be conceptualized as an equilibrium
between knowledge accretion and the maturation of information processing capability.


Introduction


Analogy provides a framework for comparing the
structure of elements within a domain with the structure
of elements of other elements in the same or another
domain (Gentner, 1983; Gick & Holyoak, 1980). In other
words, the elements of a source may be compared and
subsequently mapped to a target. An important conse-
quence of this comparison process is the ability to make
inferences about the elements of the target domain. Thus
analogy is an important way that people can learn about
new things based on prior knowledge (Holyoak & Tha-
gard, 1995; Hofstadter, 2001). Children’s development of
analogical reasoning allows them to notice correspon-
dences and make inferences about relationally similar
phenomena across contexts. This skill greatly enhances
their capacity for transfer of learning and schema
abstraction, two essential aspects of children’s learning
and cognitive development (Chen, Sanchez & Campbell,
1997; Gentner, 1977; Goswami, 2001; Halford, 1993;
Holyoak, Junn & Billman, 1984). While many have
argued that analogy is important for children’s cognitive
development, there is considerable disagreement on the


mechanisms underlying children’s development of
mature, adult-like analogical reasoning.


Computational models of analogy have contributed
immensely to understanding the constraints shaping
analogical reasoning in adults (e.g. Falkenhainer, Forbus
& Gentner, 1989; Holyoak & Thagard, 1989a, 1989b;
Hummel & Holyoak, 1997, 2003; Keane & Brayshaw,
1988; Keane, Ledgeway & Duff, 1994; Morrison, Kra-
wczyk, Holyoak, Hummel, Chow, Miller & Knowlton,
2004; Viskontas, Morrison, Holyoak, Hummel &
Knowlton, 2004); however, they have played a relatively
minor role in helping to elucidate the factors important
for the development of analogical reasoning in children
(see Doumas, Hummel & Sandhofer, 2008; Halford,
Wilson, Guo, Gayler, Wiles & Stewart, 1994; Gentner,
Rattermann, Markman & Kotovsky, 1995; and Leech,
Mareschal & Cooper, 2008, for notable exceptions). Our
intent in this paper is to demonstrate the efficacy of using
a neurally inspired symbolic-connectionist computa-
tional model of analogy (i.e. LISA; Hummel & Holyoak,
1997, 2003) to examine how various factors important
for analogical processing relatively impact the develop-
ment of analogical reasoning in children.
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Developmental change in analogy


Hypotheses for explaining age-related behavioral differ-
ences have typically focused on the importance of rela-
tional knowledge acquisition or on the maturation of
executive resources including working memory and ⁄ or
inhibitory control.


Relational knowledge


Relational primacy


Goswami (1992, 2001; Goswami & Brown, 1989) has
argued that children are attuned to and able to
map relations in a rudimentary manner from early
infancy, but their later analogical reasoning skills
build on prerequisite content knowledge. Citing Piaget’s
tasks using fairly sophisticated relations such as ‘steering
mechanism’, as an example, Goswami argues that chil-
dren must have the necessary relational knowledge in
order to reason analogically; however, given that
knowledge they should be successful in reasoning ana-
logically. Knowledge is thus viewed somewhat quantita-
tively, such that with greater knowledge acquisition one
accrues increasing numbers of prerequisites to reason
analogically across more and varied contexts.


Relational shift


In an alternative theoretical framework, Gentner and
Rattermann (1991; Gentner, 1988; Rattermann & Gent-
ner, 1998) have posited a causal role for knowledge
acquisition in shifting children’s reasoning from focusing
on object properties to focusing on relations. They
hypothesized a domain-specific ‘relational shift’ during
cognitive development such that as children build
knowledge in a domain, they move from attending to
similarity based on object features (i.e. perceptual prop-
erties of the entities being compared) to relational simi-
larity (i.e. correspondences between the relations in each
entity being compared). This hypothesis is supported by
patterns identified in children’s processing of metaphors
(Billow, 1975; Gentner, 1988) and causal analogies
(Rattermann & Gentner, 1998), as well as children’s ease
of making analogies in very familiar domains (e.g. the
human body; Inagaki & Hatano, 1987).


Proponents of the relational shift hypothesis postulate
that change in a child’s analogical reasoning is not age-
related per se, but rather is directly tied to knowledge
acquisition. The relational shift is domain specific, based
upon knowledge acquisition, and can be observed in
adults when learning new content as well as children
(Gentner & Ratterman, 1991). This argument aligns with
classic findings demonstrating that adult experts in a
domain tend to attend to relations, while novices attend
to object features (Chi, Feltovich & Glaser, 1981).


Gentner et al. (1995) used the structure mapping engine
(SME) to model the results of Gentner and Ratterman


(1991), and modeled the relational shift by using more
‘object-centered’ representations, containing only lower-
level relational representations, to model younger chil-
dren, and using more ‘relation-centered’ representations,
using a higher-order relation to link two lower-level
relations, to model older children and adults. Because of
the systematicity constraint, SME showed a mapping
advantage for the representation containing the higher-
order relation. It is interesting to note, however, that while
this solution does result in improved performance in
SME, it also results in an increase in processing demands
for the system. This is not a problem for SME because the
model is not subject to processing constraints, but may
suggest that the solution is not plausible for humans with
limited working-memory capacity. It is also important to
note that technically both representations are relation
centered (not object centered) in that they both make
explicit use of relations. While this rerepresentation of
knowledge can account for the change in reasoning noted
by Gentner and Ratterman in SME, it does not explain
why children sometimes do not reason relationally in spite
of being fully aware of the relations in use (Goswami,
1991) and demonstrating knowledge of higher-order
relations (Richland et al., 2006).


More recent work suggests that the relational shift may
have more to do with pragmatics rather than just a shift.
Specifically, reasoners may develop skills to determine
whether object or relational similarity provides the
information necessary to solve a particular problem
(Bulloch & Opfer, 2009). In a task with 3-, 4-, 5-year-olds
and adults, older children and adults were more sensitive
to the predictive accuracy of each type of similarity. On
problems where relational similarity was predictive, these
participants made more relational judgments over time,
while on problems in which object similarity was more
predictive, participants made increasing object similarity
judgments.


In an alternative to Gentner et al.’s (1995) approach,
Leech et al. (2008) have proposed a theory of relational
priming as a mechanism for the development of chil-
dren’s ability to make analogies. Citing the lack of an
explicit theory of how structured representations are
learned, this approach posits that analogy does not use
explicit representations of relations. Instead, relations are
state transformations, and analogy is simply priming of
one state given another as a cue. The challenge with this
model of knowledge acquisition is to explain the diffi-
culty of documenting implicit relational priming in
adults (Spellman, Holyoak & Morrison, 2001), and
children’s and adults’ ability to reason about relations in
explicit, flexible ways that are unsupported by implicit
representations (e.g. Brown & Kane, 1988; Kotovsky &
Gentner, 1996; Namy & Gentner, 2002; Smith, 1984;
Holyoak & Thagard, 1995). In addition, Doumas et al.
(2008) have recently proposed a theory and implemented
a computational model (DORA) of how explicit
structured representations can be learned from unstruc-
tured examples, thereby eliminating one of the major
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criticisms of using structured representations to simulate
analogical reasoning.


Knowledge rerepresentation


An information processing view provides a third per-
spective on the role of knowledge acquisition in chil-
dren’s development of analogical reasoning. Based on
this perspective, we posit that while a prerequisite
knowledge base is essential, qualitative changes in rela-
tional knowledge representations can reduce processing
demands. Doing so would thereby free resources to
enable more sophisticated analogical reasoning within
the constraints of limited working-memory capacity at
any given point during maturation. This is of particular
importance for young children, since resources known to
be required for analogical reasoning such as working-
memory capacity and inhibitory control (Baddeley,
Emslie, Kolodny & Duncan, 1998; Krawczyk, Morrison,
Viskontas, Holyoak, Chow, Mendez, Miller & Knowl-
ton, 2008; Kubose, Holyoak & Hummel, 2002; Morri-
son, Holyoak & Truong, 2001; Morrison et al., 2004;
Morrison, 2005; Viskontas et al., 2004; Waltz, Knowlton,
Holyoak, Boone, Mishkin, de Menezes Santos, Thomas
& Miller, 1999; Waltz, Lau, Grewal & Holyoak, 2000)
gradually increase during childhood (e.g. Bjorklund &
Harnishfeger, 1990; Diamond, 2002; Diamond, Kirkham
& Amso, 2002).


Executive resources


Knowledge acquisition alone does not appear to explain
all identified patterns of analogical reasoning (Goswami,
1991). Even when knowledge is held fairly constant
across conditions, children exhibit differential success on
analogical reasoning problems depending on the execu-
tive resources demanded of the problems themselves
(Richland et al., 2006).


Relational complexity


Halford (1993) has argued for a primary role of matu-
ration of children’s working-memory capacity in devel-
opment of children’s analogical reasoning. In particular,
he has argued that working-memory capacity is crucial to
the ability to process complex relations, an important
characteristic of mature, adult analogical reasoning.
Halford and colleagues (Andrews & Halford, 2002;
Halford, Andrews, Dalton, Boag & Zielinski, 2002) have
demonstrated that young children have difficulty in
complex relational tasks in which they must process
multiple relations simultaneously. Specifically, they pro-
posed a theory of relational complexity to categorize
relations by the number of sources of variation that are
related and must be processed in parallel. For example,
the simplest level of relational complexity, a binary
relation, is defined as a relationship between two argu-
ments, both of which are sources of variation. Thus ‘boy


chases girl’ specifies a single relation (chase) between two
arguments (boy and girl). A reasoner would have to hold
both arguments and the relevant relation in mind to
reason on the basis of this relationship. The next level of
relational complexity, a ternary relation, includes three
arguments as sources of variation. Integrating two bin-
ary relations with three arguments such as ‘Mom chases
a boy who chases a girl’ is also considered a ternary
relation. Halford (1993) suggested that on average, chil-
dren’s working-memory capacity is such that after age 2,
children can process binary relations (a relationship
between two objects), and after age 5 they could process
ternary relations. Thus, children of age 2 could perform
very simple analogy problems, but not problems that
require integrating multiple relations.


Inhibitory control


Zelazo, Frye and colleagues (1998; Zelazo, M�ller, Frye
& Marcovitch, 2003) have identified similar age-related
progressions using an alternative formulation of rela-
tional complexity that focuses more directly on the
importance of inhibition in executive control. Accord-
ing to their Cognitive Complexity and Control (CCC)
theory, the number of conflicting hierarchical rules that
must be maintained in order to accomplish a task
defines complexity. For example, in the Dimensional
Change Card Sort task, children were given one set of
sorting rules (color or shape) and then asked to sort by
a new rule. Children ages 3–4 were successful on each
sorting task when performing them separately, but
failed when required to integrate these two to determine
which rule to use. They explain this failure as a
maturational limitation in reflective consciousness and
executive function.


While the relational complexity theory has been pro-
posed in opposition to knowledge acquisition theories of
analogical reasoning development, other findings suggest
that executive resources and at least the relational shift
may be closely related. Markman and Gentner (1993)
developed an analogy mapping task for use with adults,
which allowed participants to reason based on either
relational or object similarity. Using this task, Waltz
et al. (2000) found that increases in working-memory
load shifted adult participants from using relational
similarity to using object similarity to complete the task.
It is not clear, however, how working-memory load af-
fects this balance. One possible explanation is that
working-memory load utilizes the inhibitory resources in
working memory necessary to suppress responses based
on the salient features of objects during relational pro-
cessing and object matching, an argument previously
made by Morrison and colleagues (2004) to help explain
analogical reasoning performance in frontal patients (see
also Krawczyk et al., 2008) and older adults (Viskontas
et al., 2004).


Likewise, Richland et al. (2006) proposed that inhibi-
tory control might help to explain the relationship
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between maturation and the impact of object similarity
in young children. While inhibitory control has been a
major topic in models of cognitive development (e.g.
Bjorklund & Harnishfeger, 1990; Diamond, 2002), it has
not previously been applied to understanding the devel-
opment of analogy. However, the hypothesis that inhib-
itory control is important for the development of analogy
is consistent with results from other cognitive tasks (e.g.
Diamond et al., 2002; Lorsbach & Reimer, 1997; Zelazo
et al., 2003). In one example, Diamond et al. (2002)
manipulated the day-night task, a Stroop-type task in
which children are instructed to say ‘day’ when shown a
picture of a moon and ‘night’ when shown a picture of a
sun. Inhibitory control is tested because presumably
children’s semantic category of ‘day’ becomes activated
when they are shown a scene depicting a sun, but they are
instructed instead to generate a word with the opposing
semantic meaning, ‘night’. Children under the age of 4�
consistently failed on the task. When Diamond and
colleagues reduced the inhibitory requirements of the
task by asking participants to say ‘dog’ and ‘pig’ instead
of ‘day’ and ‘night’, young children performed much
better, suggesting that limits in their inhibitory control
explained low success rates in the day-night version of
the task.


Changes in inhibitory control have already been useful
in explaining analogy performance in several other
groups associated with compromised executive functions.
For example, Morrison et al. (2004) found that patients
with damage to the prefrontal cortex showed a preference
for using featural over relational similarity in an analogy
mapping task, much like college students under dual-task
conditions (Waltz et al., 2000). In a follow-up study,
they systematically manipulated the need for suppression
in a verbal analogy task and found this was the best
predictor of the change in performance in analogy
problems of low relational complexity. Similar results
with frontal patients were also found in a forced-choice
visual analogy task which required patients to choose
between a relational match and either a semantic, per-
ceptual, or unrelated distractor, with patients frequently
choosing semantic distractors over relational matches
(Krawczyk et al., 2008). Likewise, Viskontas and col-
leagues (2004) showed that changes in inhibitory control
in working memory could account for older adults’
deficiencies in processing visual analogies that required
relational integration and inhibition. We believe similar
changes may also help to explain changes in featural and
relational responding as documented by Rattermann and
Gentner (1998; Gentner & Rattermann, 1991).


In our present effort we focus on understanding how
changes in inhibitory control in working memory may be
able to explain changes in children’s analogy perfor-
mance characterized by both relational complexity and
featural distraction, and how representation of relational
knowledge can help to reduce the demand for this
resource, and thus help to explain a cultural difference in
analogy performance.


A computational account of analogy


In an effort to understand the factors behind changes in
children’s analogical reasoning in scene analogy prob-
lems, we modeled results from Richland et al. (2006) and
Richland et al. (2010) in LISA (Learning and Inference
with Schemas and Analogies; Hummel & Holyoak, 1997,
2003). The four counterbalanced versions of an example
problem from these two experimental papers are pro-
vided in Figure 1.


Learning and Inference with Schemas and Analogies
(LISA) architecture


LISA is a neurally inspired computational model of
relational reasoning. LISA uses temporal synchrony to
dynamically bind distributed (i.e. connectionist) repre-
sentations of relational roles to distributed representa-
tions of their fillers in working memory. Importantly,
because LISA dynamically binds representations of
relational roles to their arguments (i.e. because it solves
the binding problem; see Hummel, Holyoak, Green,
Doumas, Devnich, Kittur & Kalar, 2004), LISA’s rep-
resentations support structured (i.e. explicitly relational)
processing. While the explicit structured representations
utilized by LISA can be ‘hand-coded’ by the researcher,
they can also be generated from unstructured examples
by using an extension of LISA called DORA (Doumas
et al., 2008).


When LISA ‘thinks about’ a proposition, it fires roles
in synchrony with their fillers, and fires separate role-
filler bindings out of synchrony with one another. The
synchronized (and de-synchronized) patterns of activa-
tion serve as the basis for memory retrieval, analogical
mapping and inference, and schema induction (see
Hummel & Holyoak, 1997, 2003). LISA has previously
been used to account for changes in reasoning with age
(Viskontas et al., 2004) and with damage to either the
prefrontal or anterior temporal cortex (Morrison et al.,
2004).


LISA represents relational structure using a hierarchy
of distributed and localist codes (see Figure 2 for a
schematic representation of LISA’s architecture as
applied to the proposition chase (cat, mouse)). At the
bottom of the hierarchy, semantic units (small circles in
Figure 2) represent objects and relational roles (i.e.
predicates) in a distributed fashion. For instance, each
role of the chase relation would be represented by
semantic units such as aggressor for the first chase role
(chaser or c1 in Figure 2), victim for the second role
(chased or c2 in Figure 2), and pursuit for both. Simi-
larly, the arguments ‘cat’ and ‘mouse’ would be repre-
sented by units specifying their meaning (e.g. cat: cat,
pet; mouse: mouse, pest; both: animal). The exact con-
tent of the semantic units is not important to LISA’s
operation; they might be whatever is meaningful to
describe the predicates and objects and more import-
antly whatever is neurally plausible to do so. At the next
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level of LISA’s hierarchy, localist predicate and object
units (triangles and large circles, respectively, in
Figure 2) represent relational roles and their arguments
and have bi-directional excitatory connections to the
corresponding distributed semantic units. Sub-proposi-
tion (SP) units (rectangles in Figure 2) bind roles to
their arguments, and have bi-directional connections to
the corresponding predicate and object units. In the case
of chase (cat, mouse), one SP would bind ‘cat’ to the
first role of chase (i.e. chaser, c1), and another would
bind ‘mouse’ to the second role (i.e. chased, c2). At the
top of the hierarchy, proposition units link role-filler
bindings (i.e. SPs) into complete propositions via excit-
atory connections to the corresponding SPs. In addition
to the excitatory connections already mentioned, localist
units also have bi-directional inhibitory connections
between units of the same type. For instance, cat and
mouse would have an inhibitory connection, as would


the two SP units representing the chaser ⁄ cat and
chased ⁄ mouse role bindings.


A complete analog (i.e. situation, story or event) is
represented by the collection of semantic, predicate,
object, SP and proposition units that collectively code the
propositions in that analog. For instance, Figure 3 shows
a representation for a 1-Relation with Distractor scene
analogy problem shown in Figure 1b. This representa-
tion includes both an analog in the driver and two
competitive recipient analogs. Analogs in the driver and
recipient do not share object, predicate, SP or proposi-
tion units; however, all analogs in LISA’s long-term
memory are connected to the same set of semantic units.
Thus, the distributed semantic units permit the localist
(i.e. proposition, SP, predicate, and object) units in one
analog to communicate with the units in other analogs.


For the purposes of memory retrieval and analog-
ical mapping (Hummel & Holyoak, 1997) as well as


(a) (b)


(c) (d)


Figure 1 Counterbalanced versions of the ‘chase’ Scene Analogy Problems (Richland, Morrison & Holyoak, 2006): (a) 1-Relation ⁄
No Distractor, (b) 1-Relation ⁄ Distractor, (c) 2-Relation ⁄ No Distractor, (d) 2-Relation ⁄ Distractor.
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analogical inference and schema induction (Hummel &
Holyoak, 2003), analogs are divided into two mutually
exclusive sets: a driver and one or more recipients. The
driver controls the sequence of events: propositions in
the driver become active (i.e. enter working memory) one
at a time. When a proposition enters working memory,
the binding of its roles to their arguments is represented
by synchrony of firing: All the units under a given SP fire
in synchrony with one another, and separate SPs fire out
of synchrony with one another. The result on the
semantic units is a set of mutually desynchronized pat-
terns of activation (see Figure 4bi): one pattern for each
active SP (i.e. role binding) in the driver. In the case of
chase (cat, mouse), the semantic units of ‘cat’ (e.g. cat,
pet, animal) would fire in synchrony with the features of
the first role of chase (i.e. chaser, c1), while the semantic
units representing ‘mouse’ (e.g. mouse, pest, animal) fires
in synchrony with the second role (i.e. chased, c2). This
oscillatory pattern of systematic SP activation and


deactivation results from the inhibitory connections
between SPs and is intrinsic to LISA’s operation.


In order to represent the proposition chase (mouse,
cat), LISA activates exactly the same semantic units, but
their synchrony relations are reversed (‘mouse’ fires in
synchrony with the chaser (i.e. c1), and ‘cat’ fires with
chased (i.e. c2)). The resulting patterns of activation on
the semantic units drive the activation of the localist
units representing the relational structure in the various
recipient analogs, and serve as the basis for analogical
mapping, inference, schema induction, and the other
functions LISA performs (Hummel & Holyoak, 1997,
2003). Each set of SPs from a given analog is referred to
as a working-memory phase set. For LISA to completely
‘think about’ an analog, all of the SPs making up the
propositions for that analog must time-share in the
working-memory phase set.


The final component of the LISA architecture is a set
of mapping connections between units of the same type
(e.g. object to object, predicate to predicate, etc.) in the
driver and the various recipient analogs (see Figure 5).
These connections grow (via Hebbian learning) whenever
corresponding units in the driver and recipient fire at the
same time. They permit LISA to learn the correspon-
dences (i.e. mappings) between analogous units in sepa-
rate analogs. They also permit correspondences learned
early in mapping to influence the correspondences
learned later.


Inhibition in working memory in LISA


In addition to providing an account of human relational
reasoning, LISA also serves as a model of working
memory. When a proposition is fired, one of its role
bindings (SPs) enters the focus of attention in working
memory. Likewise, all of the units connected either
directly or indirectly in long-term memory receive acti-
vation. The various SPs timeshare the limited-capacity
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Figure 2 LISA architecture for proposition chases (cat, mouse)
showing the hierarchical arrangement of localist (i.e. proposi-
tion, SP, predicate, object) and distributed (i.e. semantic) units.


Figure 3 LISA rapidly learns what in the recipient goes with what in the driver by using a Hebbian learning algorithm to track what
units of the same type are firing at the same time. These ‘mapping connections’ are the basis for analogical mapping and inference.
Here the mapping connections from various object units in several recipient analogs are shown to the cat object unit in the driver.
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focus of attention; however, recently activated units
remain in active memory – their activation decaying over
time if they are not brought back into the focus of
attention. This conception of working memory is similar
to that developed by Cowan (1995), Fuster (2008) and
Kane and Engle (2002), where working memory involves
neurons in prefrontal cortex activating neurons in pos-
terior cortex representing information in long-term
memory. As detailed below, the systematic activation and
dynamic binding of information stored in long-term
memory in LISA’s working memory is critically depen-
dent on inhibition, a cognitive function frequently asso-
ciated with the prefrontal cortex (e.g. Morrison et al.,
2004; Perret, 1974; Shimamura, 2000) and frequently
cited as important in human development (e.g. Bjork-
lund & Harnishferger, 1990; Diamond, 2002, Hasher &
Zacks, 1988, Viskontas et al., 2004).


Of particular importance to the present simulations,
inhibition plays a role in the selection of items to enter
working memory because selection is a competitive
process: Propositions in the driver compete to enter
working memory on the basis of several factors, includ-
ing their pragmatic centrality, or importance, support
from other propositions that have recently fired, and the
recency with which they themselves have fired. Reduced
driver inhibition results in reduced competition and more
random selection of SPs to fire. The selection of which


SPs are chosen to fire, and in what order, can have
substantial effects on LISA’s ability to find a structurally
consistent mapping between analogs. It follows that
reduced driver inhibition, resulting in more random
selection of propositions into working memory, can
likewise affect LISA’s ability to discover a structurally
consistent mapping.


The role of inhibition in the activity of a recipient
analog is directly analogous to its role in the activity in
the driver. Recipient inhibition causes units in the
recipient to compete to respond to the semantic patterns
generated by activity in the driver. If LISA’s capacity to
inhibit units in the recipient is compromised, then the
result is a loss of competition, with many units in the
recipient responding to any given pattern generated by
the driver. The resulting chaos hampers (in the limit,
completely destroys) LISA’s ability to discover which
units in the recipient map to which in the driver. In short,
inhibition determines LISA’s working memory capacity
(see Hummel & Holyoak, 2003, Appendix A; Hummel &
Holyoak, 2005), controls its ability to select items for
placement into working memory, and also regulates its
ability to control the spread of activation in the various
recipient analogs. As such, inhibition in LISA is critical
for the model’s ability to favor relational similarity over
featural similarity. This conception is also highly com-
plementary to that presented by Zelazo and colleagues
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Figure 4 (a) LISA representations for the driver of scene analogy problems showing (i) a 1-Relation problem, (ii) a 2-Relation
problem represented with two propositions, and (iii) a 2-Relation problem where the relations have been chunked into a single three-
place proposition. (b) Firing diagrams for the three representations showing the various ‘phases’ of firing to fully capture the relational
structure in each type of problem. Note that chunking the 2-Relation problem (iii) results in a smaller (i.e. shorter) WM phase
set relative to the unchunked 2-Relation problem (ii) and that both 2-Relation representations have a larger WM phase set than
the 1-Relation problem (i).
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(1998, 2003) who describe the need to inhibit one rule
(relational structure) in the service of another.


LISA simulations


To test whether LISA’s architecture could explain the
major trends identified in children’s developmental
pathways of analogical reasoning, we used LISA to
simulate children’s performance on scene analogy prob-
lems (Richland et al., 2006). These problems had been
created to examine the relative effects of distraction from
object-based features (relational shift) and relational
complexity when prerequisite knowledge was likely and
effectively held constant across conditions. These prob-
lems were tested with English and Chinese (Cantonese)
speaking children to reflect the variety of developmental
trends across cultures.


Scene analogy problems


Richland et al. (2006) developed a set of scene analogy
problems to investigate relational complexity and fea-
tural distraction within a single analogical reasoning task
based on a paradigm originated by Markman and
Gentner (1993). The relations and the objects used to
represent them were familiar to preschool age children
(see Richland et al., 2006, Experiment 2).


Figure 1 depicts an example of each of the four
counterbalanced versions that were created for each of


the 20 picture sets. Each set of problems factorially
varied (1) the number of instances of the relevant relation
that needed to be mapped (1-Relation or 2-Relation),
and (2) the presence of an object in the target scene that
was either featurally similar (Distractor) or dissimilar
(No-Distractor) to the object to be mapped in the source
scene. 2-Relation problems were created by having one
object that was not involved in the principal relation (dog
in Figure 1a and 1b) in the 1-Relation problems partic-
ipate in the principal relation for the 2-Relation version
(chase (dog, cat)). Distractor and No-Distractor versions
were created by having an extra object in the same pic-
ture that was either similar (sitting cat in Figure 1b and
1d) or dissimilar (sandbox in Figure 1a and 1c) to the
item to be mapped in the source picture (running cat).
Children were asked to indicate which object in the target
picture corresponded to the indicated object in the
source picture (the running boy in the example in
Figure 1).


United States children


In a series of experiments with children from the United
States (US), Richland et al. (2006) found reliable effects
of both relational complexity and featural distraction on
children’s analogical reasoning ability (see Figure 6).
Specifically, 3–4-year-olds showed strong effects of both
distraction and relational complexity that interacted to
reveal the highest accuracy in the 1-Relation ⁄ No-Dis-
tractor condition and the lowest accuracy in the
2-Relation ⁄ Distractor condition. This pattern was simi-
lar for the 6–7-year-olds, with main effects of both
relational complexity and distraction. In contrast, the
13–14-year-olds showed a main effect of relational
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Figure 5 Mapping connections in LISA. Temporal
synchrony results in the growth of mapping connections
(via Hebbian learning) in LISA between like types of units in
the driver and recipient. These mapping connections are the
basis of analogical mappings, which in this case allow LISA
to ‘decide’ that the boy in the recipient goes with the cat in
the driver.
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complexity but no effect of distraction. In a second
experiment, Richland et al. (2006) demonstrated that
these effects in young children were not due to problems
in identifying the relevant relations.


Error data confirmed that these patterns in accuracy
showed corresponding developmental effects of both
relational complexity and object similarity distraction.
Increasing the level of relational complexity raised the
number of relational errors in the youngest children the
most, with decreasing numbers with age. Adding a fea-
tural distractor led to greater object similarity errors in
the youngest children in contrast to the oldest children
who showed no effect. Interestingly, when children
solved problems with both a featural distractor and two
levels of relational complexity, featural errors, as
opposed to relational complexity errors, were the most
common.


Children from Hong Kong


As a follow-up to our study with US children, we inves-
tigated whether 3–4-year-old native Cantonese speakers
from Hong Kong (HK) showed the same pattern as US
children (Richland et al., 2010). Based on their different
relational knowledge base as well as their different
experience with reasoning about relations, we believed
Chinese children would perform differently than the US
children on the scene analogy problems. Adult studies
have shown cultural differences in normative patterns for
drawing relational inferences (see D’Andrade, 1995;
Hansen, 1983; Ji, Peng & Nisbett, 2000; Nisbett, 2003)
such that Chinese and Japanese reasoners may be more
attuned to relational correspondences than US partici-
pants. These differences also appear in cross-cultural
variations in children’s socialization and linguistic rou-
tines, with Asian caregivers using more action-oriented
language and referential verbs in play and caregiving than
relatively object-focused US caregivers (e.g. Korean: Au,
Dapretto & Song, 1994; Gopnik, Choi & Baumberger,
1996; Japanese: Fernald & Morikawa, 1993; Ogura, Dale,
Yamashita & Murase, 2006; Chinese: (Mandarin) Tardif,
1996; Tardif, Gelman & Xu, 1999; Tardif, Shatz &
Naigles, 1997; (Cantonese) Leung, 1998). Chinese
children themselves may additionally show a higher rel-
ative rate of verb usage in Mandarin (Tardif, 1996; 2006;
Tardif et al., 1997; Tardif et al., 1999) and Cantonese (Tse,
Chen & Li, 2005) than US children of comparable ages
who show a more pronounced noun bias (see Gentner,
1981, 1982; Gentner & Boroditsky, 2001).


These children’s greater experience with relational
language and socialization suggests that they may have a
greater expertise in representing relational information.
Thus, we hypothesized that children from Hong Kong
(HK) may tend to construct a somewhat different, and
potentially more expert, representation of 2-relation
problems than US children. There was no theoretical
reason to expect differences in processing capacity
(Hedden, Park, Nisbett, Ji, Jing & Jiao, 2000) or baseline


knowledge of the task since it was a novel task for
everyone with simple relations (for more information see
Richland et al., 2010).


Data were collected with 61 3- and 4-year-old children
who were native Cantonese speakers. Participants were
sampled from Chinese preschools with similar demo-
graphics to the previously tested US population. Like the
US children, children from HK showed a similar effect of
distraction, favoring the featurally similar distractor to
the relationally similar choice when it was present in the
Distractor condition (see dashed line in Figure 6).
However, the HK sample showed no decline in perfor-
mance for 2-Relation problems relative to US children,
and outperformed US children on the 2-Relation prob-
lems. This was true for both the 3-year-olds and 4-year-
olds when examined separately. This reinforced our
contention that these children may have a more expert,
or at least a different, representation of the relational
knowledge (verbs) needed to solve these multi-relation
scene analogy problems. In order to ensure that the
linguistic translation of the task could not have explained
the differences, an additional control condition was
run with 3- and 4-year-old US children using a back-
translation of the Cantonese version, and the results
replicated the prior US children’s data (Richland et al.,
2010). The Chinese sample again outperformed the US
sample on 2-Relation problems.


Simulating United States children’s analogical reasoning


We simulated children’s performance in the scene anal-
ogy problems to demonstrate that a systematic change in
inhibition levels in LISA could account for age-related
distraction and relational complexity performance
changes in analogical reasoning. To model the scene
analogy problems, we constructed LISA representations
of the four problem types. 1-Relation problems were
represented by a single, 2-place predicate (e.g. chase1
(cat, mouse); see Figure 4ai). For 2-Relation problems we
represented both target relations explicitly as two,
2-place predicates (e.g. chase2 (dog, cat) and chase1 (cat,
mouse); see Figure 4aii). 1 As such, both relations were
represented in LISA’s working memory together. Thus,
the 2-relation phase set (i.e. the number of SPs and their
attached Predicate and Object units that must fire inde-
pendently to represent the full relational structure in
working memory; see Figure 4bi & 4bii) was double that
of the 1-Relation phase set. In LISA, units of the same
type in the driver and recipient inhibit one another (i.e.
SPs inhibit other SPs, Ps inhibit other Ps, etc.). In fact, it
is this inhibition that allows the various SPs in the phase
set to have an opportunity to timeshare in working
memory. To simulate each age group we changed the


1 While we hand-coded these representations to clearly embody our
hypothesis in this study, they could have been generated using DORA
(Doumas et al., 2008) from unstructured examples of chasing between
objects. See Doumas, Morrison and Richland (2010).
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inhibition level between corresponding units in the driver
and the recipient. Younger age groups were assigned
lower mean inhibition levels.


Each simulation run consisted of firing three phase sets
in LISA’s working memory, ‘randomly’ assigned by
LISA. On each simulation an inhibition level for units in
the recipient was sampled from a normal distribution
with the means listed in Figure 7 and an SD of .1. The
inhibition between corresponding units in the driver and
recipient were set to the inhibition level. We ran 40
simulations of each problem type for each age group.
When LISA failed to determine a stable mapping after
firing three phase sets, an answer was selected based on
Equation 1:


Ci ¼
1þwij


n ; wij>maxðwkjÞ
1�maxðmapWeightÞ


n ; otherwise


(
ðeq:1Þ


where wij is the mapping weight from recipient unit i to
driver unit j, max(wkj) is the maximum mapping weight
into all other recipient units k, where k is the same type
as i, to driver unit j, max(mapWeight) was the highest
mapping weight into any recipient object unit and driver
unit j, and n is the number of object units in the recipient,
and the probability, Pi, of selecting any recipient unit i,
was given by:


Pi ¼
CiP


j
Cj


ðeq:2Þ


where j is all units of the same type as i in the recipient
(including unit i).


The simulation results along with the experimental
results from Richland et al. (2006) are presented in
Figure 7. LISA’s performance mirrored experimental
results for each age group across conditions, accounting
for a large portion of the variance in the experimental
results (R2 = 0.97) with just a single parameter change.
Specifically, LISA simulations showed: (1) a main effect of
age, (2) an effect for both relational complexity and dis-
traction for 3–4-year-olds, (3) a smaller effect for both
relational complexity and distraction for 6–7-year-olds
than for 3–4-year-olds, and finally (4) a mild effect for
relational complexity, but no effect for distraction for
13–14-year-olds.


Lowering the inhibition between units in LISA’s driver
and recipient produced patterns of behavior that very
closely resembled the age-related differences in analogical
ability exhibited by human children. When there is less
inhibition in the driver, LISA’s working-memory effi-
ciency is decreased because units that had just been
active are more likely to fire again immediately (because
of their high level of activation), thus firing is less sys-
tematic. When there is less inhibition between units in the
recipient, there is decreased competition between these
units to respond to patterns of activation in the driver.
With less competition, more recipient units became
active simultaneously, which impeded LISA’s ability to
find the accurate mapping between source and target
items (i.e. as each role and filler in the driver activated
more numerous roles and fillers in the recipient, it was
more difficult for LISA to determine which recipient
units the active driver units corresponded to).


Lastly, as in the experimental results, when LISA did
not select the correct analogical mapping in the distrac-
tor conditions, the model preferentially chose the fea-
turally similar distractor object. This was due to the
distractor object in the recipient (e.g. sitting cat) sharing
the most semantic units with the indicated object in the
driver (e.g. running cat) and thus the distractor was the
most likely object to be active via spreading activation.


Interestingly, decreasing inhibition levels captured the
effects of both distraction and relational complexity and
the interaction between them mimicking the exact pat-
tern observed in human children. While distraction and
relational complexity effects are sometimes thought of as
distinct effects, these simulations suggest that there may
be a single underlying neural cause of these patterns of
results, that is, limited inhibition between units.


Simulating Hong Kong children’s analogical reasoning


HK 3–4-year-old children performed better on 2-relation,
No-Distractor problems than US children (Richland et
al., 2010). One explanation for this might be that HK
3–4-year-olds had greater working-memory capacity than
US children and this allowed them to more efficiently
process the more relationally complex problem. While
some early evidence seemed to suggest differences in
working-memory capacity between Western and Eastern
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Figure 7 Comparison of experimental and LISA simulation
results. Change in performance of the scene analogy problems
by US children is well fit by progressively increasing inhibition
in LISA to simulate older children.
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children, these differences have typically been explained
in terms of differences in phonetics in very limited situ-
ations (see Baddeley, 1996). An alternative explanation is
that HK children utilized a more efficient relational
representation that minimized processing demands, thus
allowing for greater success on two-relation problems in
spite of similar processing capacity to US children of the
same age. This may have been facilitated by their greater
experience with representing relations and producing
verb phrases. At this point we are not prepared to try and
differentiate between potential causes for a child’s
increased ability to represent relations, but the difference
in a child's mental representations could explain his/her
seemingly greater ability to solve complex, multi-relation
analogies. Relational representation should not impact
susceptibility to object distraction, however, since in these
stimuli the object distractor was not a part of the rela-
tional group in the stimuli. Thus, we hypothesized that
the 3–4-year-old Cantonese speakers would continue to
show decrements in performance related to the object
similarity distractor.


To test this hypothesis, we modeled 2-relations prob-
lems in LISA using a single three-place proposition (i.e.
chase (dog, cat, mouse)) instead of the two binary
propositions (i.e. chase1 (dog, cat); chase2 (cat, mouse))
we used in modeling US children’s performance (see
Figure 4aiii). In LISA, this change in representation
results in only three role-bindings needing to be fired out
of synchrony as opposed to the four role-bindings
necessary for two binary propositions. Thus, the
demands on LISA’s working memory are lower and,
correspondingly, inhibition is less critical. Experimental
results for 3–4-year-old children from both countries and
the simulation results for both representations run at a
low inhibition parameter setting (i.e. 0.6) are shown in
Figure 8. While a two-binary relational representation
scheme better fits US children’s performance, a single-
ternary relational representation scheme better fits HK
children’s performance.


Discussion


In this paper we have presented simulations in LISA that
support the hypothesis that maturation of inhibitory
control in working memory is critical for the develop-
ment of adult-like analogical reasoning. Specifically, we
demonstrated that simple changes in inhibition levels in
LISA (i.e. inhibition between elements of competing
relational representations in working memory) could
account for both relational complexity and featural
distraction effects in children’s analogical reasoning
performance from age 3 to 14 (Richland et al., 2006).
This account is consistent with previous simulations of
results from frontal patients (Morrison et al., 2004) and
older adults (Viskontas et al., 2004) whose analogical
reasoning performance also suffered under increases in
relational complexity and featural or relational distrac-


tion. Given that inhibition is critical for maintaining
systematic patterns of temporal synchrony (and asyn-
chrony) in LISA, this result is also consistent with recent
evidence suggesting that task-related neural synchrony as
measured via EEG increases during childhood and
adolescence (Uhlhaas, Pipa, Lima, Melloni, Neuensch-
wander, Nikolić & Singer, 2009).


Second, we presented simulations in LISA that dem-
onstrate how relational knowledge acquisition and
inhibitory control in working memory can interact dur-
ing development. Specifically, we demonstrated that a
knowledge representation change from two, 2-place
predicates into one, 3-place predicate reduces the
demands of processing a ‘2-relation’ scene analogy
problem in LISA. This simulation thereby offers an
explanation why Hong Kong children perform better on
2-Relation analogy problems than United States children
while still showing object featural-distraction effects at
the lower inhibition levels used to model 3–4-year-olds. It
is important to note that an explanation solely based on
relational knowledge acquisition is inadequate to explain
these experimental results because both relational com-
plexity and object featural distraction did not improve in
the Hong Kong children together.


These simulations in LISA are based on a number of
assumptions about the basic cognitive abilities of young


2-Relation/
no-distractor


2-Relation/
distractor


25


30


35


40


45


50


55


60


65


70


M
ea


n
 r


el
at


io
n


al
 r


es
p


o
n


se
s


3–4-year-old (US)


3–4-year-old (HK)


2 × 2 LISA, inhibit = 0.6


1 × 3 LISA, inhibit = 0.6


Experimental vs. LISA simulation:
1 (role) × 3 (filler) & 2 (role) × 2 (filler)


representation in LISA


Figure 8 Comparison of experimental and LISA simulation
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children. Specifically, we assume that young children are
capable of learning and mapping explicit relations
(e.g. Chen et al., 1997; Gentner & Rattermann, 1991;
Goswami, 1992, 2001). We also assume that their working
memory ⁄ executive functions are limited – an assumption
that been been supported by many experimental studies
(see Diamond, 2002; Fuster, 2008). They also avoid the
issue of how children discover relations and how they
recognize these relations in a particular scene. The solu-
tion to the problem of relation discovery has recently been
offered by Doumas et al. (2008) in a model that generates
relational knowledge structures in the form used by LISA
from real-world unstructured examples. The second issue,
how reasoners decide which relations to attend to, is an
ongoing topic of study. In these simulations we simply
represent the relations which children describe when
asked what is going on in the scene. These include the
relational and featural knowledge structures.


It is our contention that both relational knowledge
acquisition and inhibitory control in working memory
can shape an individual’s analogical reasoning perfor-
mance. We suggest that the development of analogical
reasoning in children can be conceptualized as an equi-
librium between these two factors. In particular, as
children age, their knowledge about relations advances
while their working-memory capacity as modulated by
inhibitory control also improves. At a given time during
development, the child is able to perform an analogical
task based on both their level of relational knowledge
and their working-memory resources. Specifically, the
equilibrium operates such that greater relational knowl-
edge can impose fewer processing demands while less
knowledge imposes higher demands. Thus, Hong Kong
children given the same working-memory resources can
better solve relationally complex problems. More gener-
ally, as relational knowledge increases in a domain, the
demands on working memory decline, allowing for more
complex reasoning at any given age. This pattern in
cognitive development builds on an understanding of
working-memory effects in expertise (e.g. Chase &
Simon, 1973) where advanced relational knowledge can
decrease processing demands and thereby allow experts
to accomplish cognitive tasks which novices cannot.


We believe that to truly understand the development of
relational reasoning in children, future experimental and
computational studies must take into account both
advances in relational knowledge and changes in inhib-
itory control in working memory. In particular, we posit
that better understanding of how these two aspects of
development interact is essential to clarifying the devel-
opmental course of relational reasoning.
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