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Abstract
Despite the generality and theoretical relevance of cue competition phenomena such as

blocking and overshadowing, recent findings suggest that these observations may be due to some
degree of publication bias, and that we lack insight into the boundary conditions of these phenomena.
The present commentary does not question the existence of cue competition phenomena. Rather, |
review findings showing that three variables, namely 1) relative stimulus duration, 2) contingency, and
3) contiguity parametrically determine not only whether cue competition is observed, but also whether
no cue interaction, or cue facilitation occur. | discuss theoretical interpretations and implications of
these findings, which may provide illuminating insights into the generality and functional significance

of the commonly cited ‘principles of learning’.
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instrumental conditioning; overshadowing; potentiation; blocking; augmentation
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Competition and facilitation in compound conditioning

With a few exceptions, most associative theories of learning have been developed to explain
deficits in learning and performance in the face of cue-outcome pairings. That is, phenomena such as
cue competition have dominated theoretical debates and become a benchmark for all contemporary
theories of learning. Cue competition refers to a family of phenomena in which the relationship
between two events (X-O)! is not readily evident as a change in behaviour (either not learned, or not
expressed) because during training, other events (i.e., A) occurred along with X. The first example
(and perhaps the simplest) is overshadowing, which refers to decrements in responding to X when it
was trained in the presence of another (usually more salient) stimulus A (AX-O; Pavlov, 1927). The
more salient stimulus A is thought to attenuate learning about (or at least expression of) the X-O
relationship. Blocking is another example of cue competition phenomena (Kamin, 1968). In a blocking
experiment, the target stimulus X (i.e., the stimulus that we are concerned with and hence is tested) is
trained in the presence of another stimulus A which has already been trained as a predictor of O (A-O
during a first phase, and AX-O during a second phase). In these two examples, behavioural control by
X is constrained by the presence of a more salient (overshadowing) or previously trained (blocking) A.
Two other examples of cue competition phenomena are overexpectation (Rescorla, 1970) and relative
validity (Wagner, Logan, Haberlandt & Price, 1968). In over expectation, X and A are trained
separately as predictors of O (X-O and A-O) during phase 1. During phase 2, both stimuli are
presented as a compound and followed by the O (AX-0O). Behavioural control to X decreases as a

result of phase 2 pairings. Finally, in a relative validity experiment, X is embedded in a discrimination

333
! In this commentary, | use the letters X and A to refer to events that precede a (usually)

biologically significant outcome, which | refer to as O. In general, X is the target stimulus (i.e., the
stimulus which is tested later) and A is the event that interacts (competes or facilitates) for behavioural

control by X, but in instrumental experiments X s a response (R).
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between A and B (AX-O / BX-NoO) in the experimental condition, while in the control condition both
compounds are reinforced 50% of the time. Despite X being paired with O 50% in both conditions,
less behavioural control is observed by X in the experimental condition relative to the control,
presumably because in the former, X is presented along a consistent (A) predictor of O, which
competes with X decreasing its behavioural control. In all these cue competition situations, X acquires
less behavioural control as a result of being trained along another predictor of O.

Cue competition phenomena (i.e., overshadowing) were first observed by Pavlov (1927), but it
was only after the observation of blocking (Kamin, 1968), relative validity (Wagner et al., 1968), and
overexpectation (Rescorla, 1970) that theories of learning began to be devised with these phenomena
in mind (Mackintosh, 1975; Miller & Matzel, 1988; Pearce & Hall, 1980; Rescorla & Wagner, 1972;
Wagner, 1981). Cue competition effects have been observed in both appetitively and aversively
motivated tasks, and across a wide range of invertebrate species including planaria (Prados et al.,
2013), snails (Acebes et al., 2009), and honeybees (Couvillon & Bitterman, 1989), as well as
vertebrates such as rodents (Kamin 1968), pigeons (Leyland & Mackintosh, 1978), non-human
primates (Waelti, Dickinson & Schultz, 2001), and humans (Dickinson, Shanks & Evenden, 1984).
Thus, there are grounds to claim that, since their discovery, these effects have been observed across
a wide range of tasks and species.

Despite the generality and theoretical importance of cue competition phenomena, a recent
report by Maes et al. (2016) documented 15 failures to observe blocking in rats and mice out of 15
attempts. These carefully controlled experiments were run in different laboratories (KU Leuven,
UCLA) and using stimuli of different sensory modalities (visual, auditory), motivational systems
(appetitive, aversive), and species (rats, mice). The authors did not dispute that blocking exists; they
instead suggested that we lack insight into the boundary conditions for it to occur, and that many of
these boundary conditions need to be fulfilled in order to find blocking. Their argument, in other words,
assumes a continuum along which “blocking” and “no blocking” are extremes, and we need to specify
the relevant variables that determine either observation. In this commentary, | argue that cue

competition phenomena should be seen as the extreme of a continuum between competition and
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facilitation, with a large zone in which neither is observed. By facilitation, | mean instances in which
more behavioural control is observed after compound training with a more salient stimulus A
(potentiation; Palmerino, Rusiniak & Garcia, 1980) or a previously trained stimulus A (augmentation;
Batsell & Batson, 1999).The objective, then, is to define which variables determine whether (all other
circumstances being equal) competition, no interaction, or facilitation between stimuli are to be
observed. In the next section, | discuss three such variables which have been found critical in
determining these outcomes. These variable are: 1) relative stimulus duration, 2) contingency, and 3)
contiguity. This commentary is not meant to be a comprehensive review of the literature, and not all
experimental findings fit entirely with these three variables, but the main objective is to highlight that
different outcomes can be observed in designs which are empirically (and theoretically) thought to
only lead to cue competition. In addition, | later discuss other variables (salience, number of trials, and
mode of presentation [simultaneous vs sequential]) which have been observed to influence
competition and facilitation after compound training, although | believe that the empirical findings

regarding these variables are less conclusive.

Variations in relative stimulus duration.

It is well known that the duration of X (among other variables) determines the amount of
conditioned responding to X after X-O pairings. In general, there is an inverted U shaped relationship
between stimulus duration and behavioural control. Too short of an exposure (i.e., a small fraction of a
second) does not lead to much behavioural control, perhaps because the organism does not have
enough time to perceive the stimulus. Beyond such short durations, short stimuli (typically a few
seconds) exert better behavioural control than long stimuli (e.g., minutes), an effect which is observed
in many different preparations and species (see Rescorla, 1988; Figure 1). This phenomenon has
been called the CS-duration effect. However, for a number of decades now, it has been clear that it is
not the absolute duration of X alone what determines the success of conditioning, but rather the
duration of X relative to the interval between trials (i.e., the inter-trial interval [ITI]; e.g., Gibbon,

Baldock, Locurto, Gold & Terrace, 1977). In other words, when X is short and the ITI long, strong
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behavioural control is observed. Thus, one can manipulate the duration of X and maintain the ITI
constant, or one can keep the duration of X constant and manipulate the duration of the ITI and obtain
similar effects. Whilst these two manipulations have predictable effects on conditioning with a single
stimulus X, | review studies suggesting that the effect can be the opposite when training involves AX-
O pairings.

One of the first studies to manipulate the duration of stimuli whilst training a compound AX-O
was conducted by Westbrook and colleagues (Westbrook, Homewood, Horn, & Clarke, 1983). In their
Experiment 2, 4 groups of rats were used. Two groups of rats drank water whilst they were presented
with the smell of cineole (X-O pairings). The duration of exposure was 2 or 15 mins. Two additional
groups were exposed to a compound consisting of cineole plus quinine-flavoured water (AX-O
pairings) with similar durations as the elemental groups. After flavour exposure, all groups received an
injection of lithium chloride (which induced internal malaise). All groups were tested three days later
by having them drink water whilst they smelled cineole. The two groups that were trained with cineole
alone showed the expected pattern — short exposure resulted in stronger behavioural control (i.e., less
water consumed) than longer exposure. However, the groups that were trained with the compound
showed the opposite pattern. That is, when stimuli were short, overshadowing was observed.
However, when cues were of long duration, the presence of quinine facilitated behavioural control by
cineole at test. In other words, with long duration cues, overshadowing reversed into potentiation.

The generality of these findings was confirmed by three studies run in a different laboratory,
and in a different preparation such as fear conditioning (Sissons, Urcelay & Miller, 2009; Urushihara,
Stout, & Miller, 2004; Urushihara & Miller, 2007). | here describe the report by Sissons and colleagues
because it included three different durations of stimuli (rather than 2, which was the case in the
reports by Urushihara et al.). In the report by Sissons and colleagues, 6 groups of rats received 4
trials of either a clicker alone followed by a mild footshock (X-O), or a tone-clicker compound followed
by a mild footshock (AX-O). The duration of the cues was 5, 25, or 125 seconds, and the session
length 20 mins. All groups were tested a few days later with the clicker alone (X). The main finding

was that, with short duration stimuli (5s), robust overshadowing was observed. However, when cues
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were longer (125s), potentiation was observed. That is, more responding was observed to the long
duration clicker X when it was trained as part of the compound AX, than when it was trained alone. In
Experiment 3 of that report, the authors replicated these results but in a sensory pre-conditioning
preparation (Brodgen, 1939), in which a neutral stimulus (i.e., a white noise) was used as O during
training, and later made biologically significant by pairing it with a footshock. In fact, Experiment 3 saw
overshadowing with short stimuli, no effect with intermediate stimuli (25 s), and potentiation with long
stimuli. Urushihara and colleagues (Urushihara et al., 2004; Urushihara & Miller, 2007) also observed
the reversal of overshadowing into potentiation. Taken together, these three studies conducted in fear
conditioning replicate the results of Westbrook and colleagues (1983). It is important to emphasize
that it is the relative stimulus duration, rather than the absolute duration, what determines the reversal
of competition into facilitation. Early studies (indeed, Kamin’s 1968 original experiments documenting
blocking) have observed competition with long duration CSs (i.e., 3 mins) but in those experiments, 4
trials were administered in a 2 hour session, so the duration of the CS relative to the ITI was short,
and hence competition is expected to be observed, as it was.

As mentioned above, the relative duration can be altered by changing the duration of the X or
by altering the duration of the ITl. Downward changes in ITI are generally referred to as massed
training, and result in less behavioural control than spaced training trials. At issue here is whether
overshadowing wanes (or even turns into facilitation) when the duration of X is constant, but trials are
massed (that is, the ITI is short). This is what Stout, Chang, and Miller (2003) set out to test in their
study. In their Experiment 1, rats received pairings of either a 25-s clicker alone (X) or as a compound
with a louder tone (AX; always followed by footshock). These two conditions were orthogonally
assigned to massed training (40-s ITI) or spaced training (960-s ITI). With long ITls, compound
training resulted in less behavioural control — that is overshadowing (similar to the short cues
described above). When trials were massed, the opposite was observed, that is, overshadowing
reverted into potentiation. Sissons and Miller (2009) tested whether another cue competition
phenomenon, overexpectation, would also revert into facilitation when trials were massed during

training. They found overexpectation when trials were spaced, but the opposite (i.e., cue facilitation)
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after overexpectation training with massed trials. Similar findings have been observed with human
participants in a blocking design. Beesley and Shanks (2012) used a contextual cuing of visual search
task (which can be considered a task in which trials are massed, given that trial duration tends to be
longer than the ITI) to investigate blocking and found augmentation instead of blocking.

In summary, the studies reviewed above suggest that cue competition is more likely to occur
when trials are spaced and stimuli short than when trials are massed and stimuli long. Variations in
this relationship, either by lengthening stimuli, or by shrinking ITIs, show a shift from cue competition
to cue facilitation. The effects reported have been observed in different preparations (flavour aversion,
fear conditioning, and cuing of visual search) and different cue competition phenomena
(overshadowing, blocking and overexpectation). Thus, when other conditions are kept constant,

variations in the relative duration of cues can result in cue competition or cue facilitation.

Variations in contingency.

The study of associative learning took a paradigmatic shift in the 60s when students of
learning concluded that, for behavioural control to be observed, X has to provide novel predictive
information about the occurrence of O. One demonstration that supports this assertion involves
variations in the probability that O occurs in the presence of X, relative to the probability that it occurs
in its absence. At issue was whether or not rats and other animals were sensitive to variations in
these probabilities. This is what Rescorla set to test in a classic experiment (1968). Briefly, he used
rats in a fear conditioning preparation in which all rats received X-O pairings (tone-shock); however,
different groups experienced different frequencies of O presentations in the absence of X, and of X in
the absence of O. In other words, across groups the likelihood of O in the absence of X (or vice versa)
was varied. Rats showed a high sensitivity to these changes in contingency, as humans do (Allan,
1980; Shanks, 1987). As Rescorla showed, variations in X-O contingency can be achieved by
presenting either X or O alone. X (or O) alone exposure can be presented before, concurrently (as

Rescorla did), or after X-O pairings, resulting in a 2 (X or O) x 3 (before, during or after) matrix (see
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Figure 1). In the remainder of this section, | review data suggesting that overshadowing reverses into
facilitation in 5 out of the 6 cells in the matrix. | start with X alone presentations.

Presentations of X alone before X-O pairings produce a retardation in the acquisition of
behavioural control that is referred to as latent inhibition (Lubow & Moore, 1959). Presentations of X
alone interspersed with X-O pairings lead to a decrement known as partial reinforcement (e.qg.,
Pavlov, 1927; Wagner, Siegel, Thomas, & Ellison, 1964). Notably, both of these detrimental effects on
conditioning have been shown to attenuate overshadowing, and instead lead to facilitation. Blaisdell
and colleagues (Blaisdell, Bristol, Gunther, & Miller, 1998) were first to document such phenomenon.
They trained 4 groups of rats in a fear conditioning preparation. During phase 1, two groups received
non-reinforced exposure to X (i.e., latent inhibition treatment), and two groups received equal
exposure to an irrelevant control stimulus Y. During phase 2, these groups were orthogonally
assigned to receive elemental (X-O) or overshadowing (AX-O) training. Groups that received latent
inhibition alone, or overshadowing alone, showed less conditioned responding relative to the control
group in a test conducted days later. However, the group that experienced both latent inhibition
treatment and overshadowing treatment responded more at test than those groups that received
either treatment alone, suggesting that overshadowing is not observed when the contingency is
degraded by pre-exposing X. Using flavour aversion learning, Loy and Hall (2002) reported a similar
finding in their experiment 5. That is, two groups received preexposure to NaCl (X), and two groups
did not. These groups then received overshadowing (AX-0O), or unpaired (i.e., AX and O given a day
apart) training. Critically, the group that experienced both pre-exposure X and overshadowing (AX-O)
training responded more to X during test than the group that received overshadowing training alone,
thus supporting the idea that pre-exposure to X attenuates overshadowing (note that there was no X-
O elemental training group in this experiment, but instead an unpaired control). Although replication of
these results has not been successful (Nagaishi & Nakajima, 2008; Nakajima & Nagaishi, 2005), they
suggest that under some conditions, pre-exposure to X can attenuate overshadowing and reverse it

into potentiation.
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One reason why CS pre-exposure may nhot always attenuate overshadowing may hinge on the
phasic nature of these treatments. When treatments (such as X alone exposure) are given before (or
after) X-O training, recency and primacy influence which information is dominant at the time of test
(Lipatova, Wheeler, Vadillo & Miller, 2006; Wheeler, Stout & Miller, 2004). In addition, interference
(Vadillo, Castro, Matute & Wasserman, 2008) obscures the fundamental point highlighted here which
is the manipulation of overall (i.e., global) contingency interacting with cue competition. This also
applies to the blocking phenomenon, in which A-O pairings are administered either before or after AX-
O pairings. As observed by Vadillo and colleagues (Vadillo et al., 2008) when CD-O pairings were
followed by training of an irrelevant cue G-O (i.e., a control for backward blocking) ratings to C and D
decreased (relative to a control), suggesting that retroactive interference contributed to the
observation of backward blocking (and presumably proactive interference contributes to the
observation of forward blocking). Perhaps a fairer test of the notion that decreased contingency
attenuates cue competition is achieved by interspersing X (or AX) alone with AX-O training, rather
than administering all the X alone trials before AX-O training. This is what Urushihara & Miller (2007)
did. In their Experiment 1, Urushihara and Miller used six groups of rats in a fear conditioning
preparation. Three groups experienced elemental X-O training, and three groups received compound
training AX-O (i.e., overshadowing treatment). One group from each condition was trained with short
stimuli, and one with long stimuli (thus further assessing the results reported by Urushihara et al.,
2004, see above). The third group from each condition received partial reinforcement with elemental
or compound training. As previously observed by Urushihara et al (2004), long duration of compound
cues during training led to facilitation rather than overshadowing. Similarly, conducting overshadowing
training whilst also giving partial reinforcement of the compound (interspersed AX/ AX-O trials)
resulted in facilitated responding to X at test. Thus, partial reinforcement attenuated overshadowing
and lead to facilitated learning. Whether compound training (AX-O) followed by X alone exposure after
the pairings (i.e., extinction; see Figure 1) also leads to facilitation is an open question, but the present
results suggest that non-reinforced presentations of X (or AX) either before or during conditioning can

attenuate overshadowing. | should note that Neely and Wagner (1974) reported an experiment in
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which blocking was observed with the use of 25% partial reinforcement during Phase 2, a result at
odds with the current analysis. However, they did not observe sensitivity (in responding to A) to
variations in contingency between the blocking cue A and O (100% vs 25% contingency) so it is
difficult to assess the sensitivity of their experiment to observe variations in blocking, as would be
expected based on the current analysis.

Variations in contingency are easily achieved in instrumental scenarios with the use of
different ratios of reinforcement. For example, Reed, Schachtman & Hall (1988) trained in Experiment
1 different groups of rats to press a lever (R) for pellet reinforcement. Two groups were trained with a
variable ratio (VR) 10 (so that, on average, one pellet was presented every 10 responses), whilst two
additional groups were trained with a VR30 (on average, one pellet every 30 responses — a much
lower response-reinforcer contingency). These groups were orthogonally divided so that the reinforcer
could be signaled or not with a stimulus A. A comparison of the two groups trained with the VR10
suggested no effect of the signal A, although a tendency towards an increase in responding was
observed (no overshadowing, if anything the opposite). In the groups which experienced a much
lower response-reinforcer contingency (VR30) responding was much higher, as expected (Ferster &
Skinner, 1957). In these groups, the signal for reinforcement A robustly potentiated responding,
consistent with the idea that lower response-reinforcer contingency led to potentiation rather than
competition (which was the original aim of their experiment).

As mentioned above, an alternative way to alter the global X-O contingency is to present O
alone, as this would objectively increase the probability of O in the absence of X. As seen in the
bottom row of Figure 1, O alone presentations can be administered before, during, or after X-O
pairings. The question is whether O alone presentations attenuate cue competition phenomena such
as overshadowing. Urushihara and Miller (2006) used a sensory preconditioning preparation in which
a light served as O during training, and was later paired with a mild footshock. They tested whether O
alone before or after X-O pairings attenuates behavioural control by X, and indeed this is what they
observed. Consistent with an interpretation in terms of decreased X-O contingency achieved by O

alone presentations, X elicited less responding when O was presented alone either before or after X-
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O pairings. However, this was not the case when they trained AX-O, that is, when they administered
compound training. Under these circumstances, O alone before or after AX-O pairings increased
responding to X at test, which is consistent with the view that overshadowing reverses into facilitation
when the contingency is altered by adding appreciable O alone presentations.

For somewhat different reasons, Maier, Jackson, and Tomie (1987) also observed a reversal
of overshadowing into facilitation with prior exposures to O. In their Experiment 1, rats received
escapable shocks, inescapable shocks, or no shocks in phase 1 (the inescapable shock is equivalent
to O pre-exposure). During the second phase, each of these three groups were divided into two
groups that experienced shuttlebox avoidance training with or without a feedback signal. In subjects
that experienced no shocks in phase 1, the feedback signal after avoidance decreased avoidance
behaviour, a result equivalent to overshadowing of the avoidance response by the signal. However,
when subjects had previously experienced inescapable shocks (O pre-exposure) and experienced the
feedback signal during training, they performed better than subjects which did not experience
inescapable shocks. In other words, inescapable shocks reversed the overshadowing deficit. Urcelay
and Miller (2006) conducted an experiment in which rats received O alone interspersed with the AX-O
pairings (degraded contingency; see Figure 1). They observed (in first order conditioning and in
sensory preconditioning) that degrading the AX-O contingency by O alone exposure attenuated the
overshadowing deficit, in fact turning it into facilitated responding to X at test (relative to an
overshadowing group which did not receive degraded contingency).

In summary, | have reviewed evidence that, out of six ways of decreasing the X-O (or AX-O)
contingency by presenting X (or AX) or O either before, during or after AX-O conditioning (see Figure
1), five of them (except extinction) seem to attenuate cue competition phenomena and reverse it into
potentiation. The results reported here are somewhat constrained to overshadowing in aversively
motivated preparations, and not always found across labs and preparations. In addition, exposure of
X vs AX alone may have different effects given that exposure to the X alone can disrupt configural
processing of the compound (see Theoretical implications). Yet, collectively, these results suggest

that, when the contingency is objectively decreased by administrations or X (or AX) or O alone, a well-
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known cue competition phenomenon such as overshadowing may reverse into potentiation. An
interesting challenge for future studies is to see whether these results also apply to other cue
competition phenomena such as blocking, overexpectation, or relative validity. At least with
overshadowing, the evidence seems to suggest that variations in contingency not only may reduce it,

but sometimes lead to facilitation.

Variations in contiguity.

Contiguity, that is spatial and temporal closeness, is a variable that has long been known to
have an effect on associative learning (see Boakes & Costa, 2014, for a recent review). Decreasing
contiguity between X-O has always been observed to be detrimental when the onset asynchrony (i.e.,
the trace) is beyond a few hundred ms. This is the case when X is a stimulus (Pavlovian learning), or
when it is a response (instrumental learning). For example, Roberts (1930) trained rats to contact a
pendulum to gain access to a feeding cage in which the rats had access to food. He trained 4 groups
of rats, and varied the time (0, 5, 10, 30 s) between contacting the pendulum and the opening of the
door leading to the feeding cage. All groups learned to contact the pole, but those with a delay
between the response (R) and access to food (O) took longer to learn, in a delay dependent manner.
Similar delay dependent effects have been observed in Pavlovian fear conditioning (Kamin, 1961) and
in humans pressing a button to produce visual stimulation in a computer monitor (Shanks &
Dickinson, 1991). Unfortunately, most researchers lost interest in contiguity after the observation of
blocking (Kamin, 1968) and contingency manipulations (Rescorla, 1968) because these suggested
that contiguity was not sufficient for learning to occur. Neither did good contiguity seem to be
necessary, as flavour aversion learning could support traces between X and O of hours (e.g., Garcia,
Erwin, & Koelling, 1966). | here review evidence in rats and humans suggesting that contiguity
manipulations can have a drastic effect in cue competition. This evidence, not only suggests that
competition may not occur when contiguity is manipulated, but indeed that manipulations of contiguity
can lead to facilitation of learning in a compound conditioning situation in which one would expect to

observe competition.
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In Pavlovian fear conditioning, Urcelay and Miller (2009) manipulated the contiguity between X
and O in elemental (X-O) and compound (AX-O) conditioning using rats as subjects. That is,
presentation of the stimuli could be followed by a mild footshock immediately, 10 or 20 s later. The
three groups that received X-O pairings showed a delay dependent effect — that is, conditioned
responding was weaker when X and O were separated by 20 seconds than when there was no
separation between the two (the 10-s separation group fell in between these two). However, in the
compound training situation (AX), the opposite was observed. That is, with 0-s trace, AX-O led to
overshadowing of X. A 10-s trace showed no overshadowing nor facilitation, indeed an absence of
interaction between cues. With a 20-s trace, increased responding to X was observed after AX-O; that
is, facilitated learning (potentiation) was seen with the same cues that produced competition in the
absence of a trace between X and O. This interaction has been replicated in another fear conditioning
experiment (Pezze, Marshall, & Cassaday, 2016) and in a flavour aversion preparation by Batsell and
colleagues (Batsell et al., 2012). In the flavour aversion experiments, two taste cues (denatonium and
saccharide) were used as X and A and LiCl-induced iliness served as O. Rats were exposed to either
X or AX followed by LiCI 0, 30, 60 or 120 mins later. In the absence of a trace, AX training led to
overshadowing when X (Exp 1a) or A (Exp 1b) were tested later. However, with a 120-min trace, the
same stimuli potentiated each other, irrespective of which stimulus was tested. With the intermediate
traces, they sometimes observed no interaction between stimuli, thus replicating the results of Urcelay
and Miller (2009). These results were recently replicated in humans. Cunha, Forehand and Angle
(2015) exposed their participants to information about a new brand of cereal (X), and the fibre content
it contained (O). New brands could be presented alone (X), or in the presence of a well-known brand
Kelloggs (AX training). Notably, fibre information (O) could be presented immediately after the brands,
or after a 5-s delay. Subjects were later asked to report their intention of buying the new brands (X).
When O was presented immediately, the well-known brand overshadowed the new brand, and thus
led to lower likelihood that people would try the new (test) brand (i.e., overshadowing). However,

when the information O was delayed by 5 s, subjects showed an increased likelihood to buy a new
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brand despite it being trained with the well-known brand — a facilitation effect similar to the ones
observed in rodent studies.

The interaction between compound training and trace conditioning is not restricted to
Pavlovian scenarios. Using pigeons in an instrumental scenario, Schachtman, Reed, and Hall (1987)
trained their subjects to peck an illuminated disk to obtain food, which could be delivered 0.5 s after a
reinforced peck (R), or 3 s later. In addition, a brief signal A could be presented between peck (R) and
outcome O presentation. When food was presented soon after a reinforced peck, the signal A
overshadowed behaviour. However, when reinforcement was delayed by 3 s, potentiation of
instrumental behaviour by the signal was observed. This outcome has also been observed in rats
pressing a lever to obtain food pellets as reinforcers. Williams (1999) trained three groups of rats to
press a lever for food pellets which came 30 s after a lever press. One group had no signal between a
lever press and food. A second group experienced a 5-s signal (A) immediately after a lever press,
whilst the third group experienced the same signal, but in the 5 s immediately before the pellet was
delivered. Relative to the group that experienced no signal between lever press and reinforcement,
the group that experienced the 5-s signal immediately before the pellet showed less lever press
behaviour (overshadowing). However, the group that experienced the signal immediately after the
lever press showed facilitated learning. Thus, these examples show similar interactions between trace
conditioning and environmental signals, but in an instrumental scenario.

The effects described in the preceding paragraph are reminiscent of the “gap-filling” effect,
which is the observation that when trace conditioning procedures are used, a stimulus filling the “trace
interval” between X (or R) and O will overcome the effect of the trace (Kamin, 1965). These results
have been observed in rats using Pavlovian aversive conditioning following overshadowing (Pearce,
Nicholas & Dickinson, 1981), pigeon autoshaping (Rescorla, 1982), the rabbit nictitating membrane
response (Kehoe, Gibbs, Garcia, & Gormezano, 1979) and in humans as well (Reed, 1999; Shanks,
1989). Yet another phenomenon that relates to the above mentioned is “marking”, a similar
attenuation of trace conditioning deficits observed when a salient, albeit brief stimulus, is presented

immediately after the response (Lieberman, McIntosh, & Thomas, 1979).
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Taken together, it appears that cue competition phenomena occur most readily when
reinforcement is presented immediately after AX compound presentation, and introducing a delay
between AX and O leads to no interaction, and sometimes facilitation. Although potentiation has
sometimes been documented in the absence of trace conditioning (e.g., Batsell et al., 2012; Exp 3a),
potentiation after trace conditioning has been documented in both appetitively and aversively
motivated tasks, using rats, pigeons, and humans as subjects. These results are notable because it
was cue competition phenomena such as blocking which led researchers to abandon contiguity as a
mechanism for learning. But as it turns out, changes in contiguity can have drastic effects on cue
competition phenomena, determining whether competition or facilitation are to be observed across

different tasks and species.

Other variables

There is evidence that variables such as stimulus salience, number of trials, or timing of
presentation (sequential vs simultaneous) can also influence whether cue competition, no interaction,
or cue facilitation are to be observed. In a systematic series of experiments, Bouton and colleagues
(Bouton, Jones, McPhillips, & Swartzentruber, 1986; Bouton, Dunlap & Swartzentruber, 1987)
manipulated the salience of target (X) and interacting (A) cues in flavour aversion learning, and found
that potentiation is most apt to occur when the target stimulus X is weakly conditionable. However,
overshadowing is also strongest when the overshadowing cue (A) is more salient than the
overshadowed cue (X; Mackintosh, 1976), and in humans, increasing the salience of the blocked cue
(X) has either resulted in less blocking (Denton & Kruschke, 2006) or more blocking (Le Pelley,
Beesley, & Griffiths, 2014), and a recent report in category learning found facilitated learning of
features by a salient feature, a result in line with potentiation rather than overshadowing (Murphy &
Dunsmoor, 2017). Overall, salience does not seem to be a variable that allows us to predict whether
competition between stimuli, or facilitation, is to be observed in any orderly way.

The number of training trials is another variable that has been tested to see whether it

determines competition or facilitation. Early investigations into overshadowing assessed whether
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overshadowing occurs after only one AX-O training trial, because some theories predict that it should
only occur after the second conditioning trial (Mackintosh, 1975; Pearce & Hall, 1980; Rescorla &
Wagner, 1972). The evidence suggests that overshadowing can be observed with one trial, although
this observation depends on the overshadowing stimulus being of high salience (Mackintosh, &
Reese, 1979). Blocking is an interesting example, as it distinguishes between US processing (i.e.,
Rescorla & Wagner, 1972) and attentional theories of learning (Mackintosh, 1975; Pearce & Hall,
1980), because attentional theories predict that blocking should only be observed after two Phase 2
(AX) conditioning trials. Here, as with salience, the literature is mixed. Some have failed to observe
blocking with only one Phase 2 training trial (Mackintosh, 1975b; Mackintosh, Dickinson, & Cotton,
1980) but other have observed blocking with a single compound trial (Balaz, Kasprow, & Miller, 1982).
Azorlosa and Cicala (1988) also compared different amounts of phase 2 (AX—0O) training in blocking,
by giving 1, 10, or 30 trials to different groups. They found less blocking after 10 or 30 phase 2 (AX—
O) trials (relative to 1 trial), a result clearly problematic for attentional theories. Consistent with a
number of theoretical proposals, some studies have found increased blocking with increased training
of the blocking stimulus (A—O; Sanderson, Jones, & Austen, 2016) but other studies have found less
blocking (Pinefio, Urushihara, Stout, Fuss, & Miller, 2006). Interestingly, the opposite of blocking,
which is augmentation (Batsell & Batson, 2001), has also been investigated in terms of its
dependency on the number of training trials. Good and colleagues (Good, Allswede, Curley, & Batsell,
2015) used flavour aversion to investigate whether the number of Phase 1 (Exp 1) or Phase 2 (Exp2)
trials determined whether blocking or augmentation are to be observed. In Experiment 1, they
administered zero, one, two or four Phase 1 trials, and observed that augmentation increased linearly
with number of Phase 1 trials. In Experiment 2, they manipulated the number of Phase 2 trials, and
also found increased augmentation with larger Phase 2 trials. Overall, it is unclear whether number of
trials predicts whether competition or facilitation are to be observed after compound conditioning.
Finally, another variable which has been proposed to account for the divergent results is the
timing of X and A presentations during training. In flavour aversion experiments, it has been noted that

overshadowing and blocking occur when X and A are presented sequentially before O, presumably
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because the closer temporal contiguity of A and O allows A to gain more behavioural control, and
hence overshadow or block X (Revusky, 1971). In fact, most studies demonstrating overshadowing or
blocking in flavour aversion have used sequential presentations (see Good et al., 2015, for a detailed
review). These findings, however, stand in striking contrast with the “gap-filling” experiments
described above, and the exact reasons why sequential presentations can lead to enhanced or
attenuated learning are unknown. Further research with these questions in mind will have to be

conducted to ascertain the source of these discrepancies.

Theoretical interpretations and implications.

In the previous sections, | have reviewed evidence suggesting that variations in three variables
(relative duration, contingency, and contiguity) can strongly influence whether cue competition, no
interaction, or cue facilitation are to be observed. These variables all relate to regularities in the
environment that animals are sensitive to, and which seem to have opposite effects on cue
interactions depending on the conditions of training. In elemental training situations (X-O), increasing
the relative stimulus duration, or diminishing contingency or contiguity all decrease behavioural
control. When training involves a compound of two cues, or a response and a stimulus, these same
variations lead to facilitated behavioural control. At intermediate values (in those few experiments
which parametrically manipulated the relevant variables), no interaction between cues has been
observed. Perhaps the merit of this exposition is to bring these orderly relationships to the attention of
theoreticians, and invite them to address these issues. These variables not only allow us to anticipate
whether competition or facilitation is to be observed, they further suggest that under some parametric
combinations neither of these effects are to be observed. In fact, when the parameters have been
systematically varied, such null outcome has been documented (Batsell et al., 2012 Exps 1a and 1b;
Sissons, Urcelay & Miller, 2009 Exp 3; Urcelay & Miller, 2009 Exp 1).

There are many theories which can explain cue competition (Mackintosh, 1975; Miller &
Matzel, 1988; Pearce & Hall, 1980; Pearce, 1987; Pearce & Mackintosh, 2010; Rescorla & Wagner,

1972; Wagner, 1981) but they fail to account for potentiation. An extended version of the comparator
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hypothesis (ECH; Denniston, Savastano & Miller, 2001; Stout & Miller, 2007) has inspired some of the
studies reviewed here, but cannot account for the interaction between compound training and
contiguity. The extended comparator hypothesis, which emphasises competition at the time of testing,
assumes that when multiple stimuli are trained together (AX), they all enter into associations with the
US, as well as become associated between them. As other theories, ECH treats the context similarly
to any discrete stimulus, and thus the context can compete for retrieval with the target X-O
association. In situations in which there are two discrete cues presented during training (AX), the
competition that presumably happens between these two depends in addition on the associative
status of the training context, which is high when cues are long, or when contingency is low. That is,
with long CSs, short ITls (see relative stimulus duration above) or when contingency is decreased by
presentations of X or O alone, the context cancels the potential of the competing stimulus A, and
hence ECH predicts more responding to X at test (relative to the control condition). This model has
inspired many of the studies cited above in which relative stimulus duration and contingency were
shown to reverse cue competition into cue facilitation. The formal version of ECH, named SOCR
(Stout & Miller, 2007), also explains another form of facilitation known as higher-order conditioning.
Here, AX pairings are preceded or followed by A-O pairings. When subjects are presented with X, the
X-A and A-O chain of associations results in high responding to X (despite the fact that X was never
paired with O), but only after few trials. In SOCR, this depends on the operator switch, a function that
captures whether subjects discriminate between retrieved vs experienced events. With enough
training, this function switches from facilitation to competition, resulting in the observation of
conditioned inhibition (see Stout, Escobar & Miller, 2004 for an empirical demonstration). However,
SOCR (at least in its pure version) fails to account for the finding that competition reverses into
facilitation with variations in contiguity, simply because without X-O contiguity, low responding is
anticipated to X, and the context cannot “rescue” this decrement. Despite this shortcoming, ECH (and
SOCR) has proved its heuristic value by stimulating research which ultimately has been problematic
for so-called acquisition focused theories, and indeed has led to revisions of these models (Dickinson

& Burke, 1996; Van Hamme & Wasserman, 1994).
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Different explanations have been espoused to explain facilitated learning after compound
conditioning. | will review two of these, perhaps because they have been successful in stimulating
experiments and debates, but it is worth clarifying that these are examples of families of theories. One
of them, the within-compound association model, explains potentiation as a form of higher order
conditioning. Recall that in the potentiation experiments described above, a low salience stimulus X is
presented together with a more salient stimulus A and followed by O (usually after a trace). Because
both X and A were presented simultaneously, an association between them is formed (the within-
compound association; Durlach & Rescorla, 1980). Because X is of low salience, it becomes weakly
associated with O. But the potentiating cue A, because of its higher salience, becomes strongly
associated with O. At the time of test, the hypothetical X-A-O chain mediates strong conditioned
responding to X, because X is associated with A, which in turn is associated with O. A strong
prediction of this model is that, following potentiation training, extinction of A (the potentiating cue)
should attenuate responding to X, because after A alone presentations both, the X-A within-
compound association, and the association between A and O have been extinguished. This prediction
has been tested in many experiments that documented potentiation, and has found strong support
(Durlach & Rescorla, 1980; Horne & Pearce, 2011; Slotnick, Westbrook, & Darling, 1997).

An alternative explanation of potentiation is based on configural learning of the AX compound.
In other words, during initial exposures to the compound, organisms process it as a unit (i.e., a
Gestalt) that is more salient than the sum of its elements A and X. It is only after experiencing the
elements alone that an animal will discriminate the elements from the compound. This explanation
was proposed early on by William James (1890), later by Robinson (1932), and applied to potentiation
by Rescorla (1981; also see Kucharski & Spear, 1985; Trost & Batsell, 2004; Urcelay & Miller, 2009).
It explains potentiation by positing that during compound conditioning, animals form a unitary
representation of the AX compound, that because of its higher salience becomes associated with O.
At test, when X is presented alone, the animal confuses X with the salient AX compound, and hence
responds strongly. This explanation is at odds with configural models of learning that assume sharp

generalization decrements to explain cue competition phenomena (Pearce, 1987), because the
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assumption here is that there is little generalization decrement between AX and X. Of course, this
configural account can explain the effect of extinction of A following AX-O training, because with
enough experience (A alone) animals discriminate the elements from the compound, and such
misidentification of the element X with the compound AX is less likely to happen. Thus, extinction of
the potentiating cue A does not differentiate between these two accounts, nor does the finding of
potentiation with simultenaous AX presentations versus sequential (see Urcelay & Miller, 2009 for
alternative strategies). Finally, it may be the case that potentiation and augmentation arise from
different mechanisms, for example some have proposed potentiation results from configural encoding,
whereas augmentation results from within-compound associations (Trost & Batsell, 2004).

Despite the success of the within-compound association and configural accounts to explain
facilitation, they do not offer a straightforward explanation for cue competition. Some have proposed
that within-compound associations attenuate cue competition phenomena, and even sometimes
outweigh them, leading to facilitation (Pearce, Nicholas & Dickinson, 1981; Horne & Pearce, 2011).
However, given that within-compound associations are critical to the observation of some forms of cue
competition such as backward blocking (Aitken, Larkin & Dickinson, 2001), and that some models
have assume within-compound associations to be critical for the observation of all forms of cue
competition (Miller & Matzel, 1988), it is not clear how within-compound associations can sometimes
lead to competition, and sometimes lead to facilitation. As mentioned above, configural accounts of
cue competition assume large generalization decrements to explain cue competition (Pearce, 1987),
but in this way they fail to explain facilitation (also see Trost & Batsell, 2004; for a tentative account of
facilitation that assumes configural processing and within-compound associations acting in concert).

To explain both cue competition and facilitation, some have appealed to “hybrid” explanations,
whereby elemental processing underlies cue competition phenomena, and configural processing
underlies facilitation (Melchers, Shanks and Lachnit, 2008; Urcelay & Miller, 2009). The main
assumption of this “flexible processing” approach is that humans and other animals are capable of
processing stimuli in an elemental or configural way, and that variables such as task demands, prior

experience, experimental instructions, and stimulus properties can all affect whether elemental or



Competition and Facilitation 22

configural processing is to be in operation. Although some of these variables apply predominantly to
human experiments (task demands, experimental instructions), Urcelay and Miller (2009) found strong
support for this flexible approach by showing that prior experience with a different set of stimuli could
affect both facilitation and competition between AX. That is, prior elemental training (relative validity;
BY-O/CY-No0O) eliminated potentiation to X after AX---O training using trace conditioning (Exp 3), and
prior configural training (negative patterning; Y-O/B-O/YB-NoO) reduced overshadowing of X after
AX-O training using delay conditioning (Exp 4). These results support the notion of representational
flexibility in nonhuman animals, and suggest that competition results from elemental processing, and
facilitation from configural processing. Whether elemental and configural processing also underlie
competition and facilitation with variations in relative stimulus duration and contingency is an open
guestion for future research.

In addition to these theoretical considerations, there is perhaps a more prosaic explanation for
the observation of competition and facilitation with variations in relative stimulus duration, contingency
and contiguity. Recall that configural models that explain cue competition assume large generalization
decrements to explain these (Pearce, 1987). However, configural explanations of facilitation propose
that animals “confuse” the test stimulus X with the AX compound in order to explain potentiation. In
other words, the latter explanation assumes little if any generalization decrement (Rescorla, 1981). It
is possible that variations in relative duration, contingency and contiguity have an effect on
generalization decrement from AX (configured) compound training to X at test, and this explains
whether competition or facilitation are to be observed after compound training. Using delay
conditioning procedures, sharp generalization gradients are usually observed, but as noted by Pavlov
(1927, p113) trace conditioning may result in “permanent and universal generalization” a finding that
has been confirmed by others more recently (see Honey & Hall, 1993 for a similar observation).
Generalization gradients also widen as a function of decreased contingency. This was observed by
Humphreys (1939; also see Mackintosh 1974, Chapter 9), who measured generalization gradients to
variations of a stimulus that was reinforced either 100%, or 50 %. He found a negatively accelerated

gradient with 100% reinforcement, but almost no generalization decrement to the variations of a
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stimulus reinforced 50%. Whether generalization gradients vary as a function of relative stimulus
duration is a question worth investigating in the future. Perhaps manipulating these three variables
introduces “ambiguity” or “uncertainty”, which then leads to flattened generalization gradients from
compound training to test, thus resulting in facilitation after compound training.

Whatever the merits of these theoretical speculations, the implications of variations in relative
duration, contingency, and contiguity for spatial learning are noteworthy. Many investigators have
argued that associative principles of learning apply to spatial learning scenarios, and this contention
has received empirical support by the observation of cue competition phenomena (overshadowing
and blocking) in the spatial domain in rats and humans (Prados, 2011; Rodrigo, Chamizo, McLaren &
Mackintosh, 1997; Sanchez-Moreno, Rodrigo, Chamizo, & Mackintosh, 1999). These results provide
strong support for an associative explanation of spatial learning. However, other studies have failed to
obtain such cue competition phenomena in the spatial domain (Doeller & Burgess, 2008), and some
researchers have concluded that the lack of cue competition supports the idea that spatial learning
requires a specialized “geometric module” (O’Keefe & Nadel, 1978). Some studies have found both
competition and facilitation in separate spatial learning experiments (Horne & Pearce, 2011; Pearce,
Graham, Good, Jones, & McGregor, 2006), but the reasons for these discrepant findings are not
clear. Spatial learning involves learning about spatially discontiguous events such as geometrical
boundaries, landmarks, and goals, and in many circumstances cues are patrtially reinforced. Thus, the
three variables outlined here could in principle provide a fruitful avenue for investigating the reasons
for the disparate outcomes in spatial learning reported in the literature. For example, Goodyear and
Kamil (2004) assessed the effects of goal-landmark (spatial) distance on overshadowing in
nutcrackers. They found overshadowing but only to the closest landmark, as the landmark-goal
distance increased, overshadowing waned, a result entirely consistent with the present analysis. In
addition, a model which relies on associative rules to explain spatial learning appeals to a “feature
enhancement” mechanism to account for facilitation in spatial learning, and this mechanism only
works with low contingency events such as geometry (e.g., in a rectangular enclosure, geometry

leads to reward half of the time; Miller & Shettleworth, 2007).
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Finally, the present analysis has implications for functional approaches to learning. The
observation of cue competition has led some to suggest that cue competition occurs because animals
have to limit how much information to process, and this is adaptive. For example, Blaisdell (2003, p
146) has argued that “it is adaptive for a creature to respond selectively to environmental input”.
Whilst | do not wish to strongly dispute this statement, | note that similar functional explanations have
been put forward to explain cue facilitation. That is, Garcia and colleagues (Palmerino, Rusiniak, &
Garcia, 1980) observed potentiation (rather than overshadowing) between odors and tastes and
suggested that this was a modality specific effect, which occurred due to the importance of the taste
system to survival (Garcia, Lasiter, Bermudez-Rattoni, & Deems, 1985). In other words, they
appealed to a functional argument to explain why potentiation rather than overshadowing was
observed in flavour aversion. Taken together, we are left with a functional explanation for cue
competition, and different one for facilitation. The current analysis suggests that both competition and
facilitation are endpoints of a continuum and hence we shall be very cautious of applying a functional
explanation for each, and particularly doing so in a post hoc manner. Rather, we should see learning
as constrained by a number of variables that relate to the physical regularities (spatio-temporal) of the
environment — the resultant can be competition, no interaction, or facilitation. This simplifies the
analysis by proposing that multiple outcomes are possible under specific parametric variations guided
by the three variables highlighted here. Although there are results which do not necessarily conform to
the current empirical generalization, and the evidence supporting the current analysis has been
obtained predominantly using overshadowing preparations, these variables provide a starting point as
candidates that may explain different outcomes after compound training. Because most (but not all) of
the examples provided have been tested in overshadowing, it is a question for future research to
determine whether the same principles apply to other cue competition preparations.

In summary, the current commentary highlights three variables that, when experimentally
manipulated, have led to competition, no interaction, or facilitation. These findings have been
observed across different preparations, sensory modalities, and species. In light of this analysis,

failures to observe cue competition (like instances reported by Maes et al., 2016) should perhaps not
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be considered exceptional. It is perhaps time to begin to consider three different outcomes as
resulting from cue interactions (competition, no interaction, facilitation), and develop theories that
account for what so far have been considered as disparate (domain specific) findings. The proposed
approach assumes domain general principles that are constrained by the regularities of the
environment, and are applicable to learning situations irrespective of sensory modality or cognitive

system.
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Figure 1. Diagram depicting six different ways in which the objective contingency between X and O

can be degraded. That is, by presenting either X or O alone, and doing this before, during, or after X-

O pairings, the objective contingency can be degraded. Labels refer to commonly used names for

these procedures.



