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Four appetitive Pavlovian conditioning experiments with rats examined the rate at which the discrimi-
nation between compounds AY and AX was solved relative to the discrimination between compounds
AY and BY. In Experiments 1 and 2, these discriminations were preceded by training in which A and
B were continuously reinforced and X and Y were partially reinforced. Consistent with the Pearce and
Hall (1980) model, the results showed that the AY/AX discrimination was solved more readily than the
AY/BY discrimination. In Experiments 3 and 4, the discriminations were preceded by feature-positive
training in which trials with AX and BY signaled food but trials with X and Y did not. Consistent with
the Mackintosh (1975) model, the results showed that the AY/BY discrimination was solved more readily
than the AY/AX discrimination. These results are discussed with respect to a hybrid model of condi-
tioning and attention.
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tion, associability

Central to many theories of learning is the assumption that
variation in stimulus processing determines the degree to which an
association between a conditioned stimulus (CS) and an uncondi-
tioned stimulus (US) will be modified. Perhaps most influentially,
Rescorla and Wagner (1972) proposed that associative learning is
determined by the extent to which the CS and the US are pro-
cessed. According to Rescorla and Wagner, US processing is
variable and is a function of the discrepancy between the magni-
tude of the US and the total associative strength of all stimuli
present (A — XV). Effects such as blocking (Kamin, 1968), con-
ditioned inhibition (Pavlov, 1927), and the influence of degrading
the contingency between the CS and US (Rescorla, 1968) were all
cited as phenomena that supported the notion that learning is
influenced by variations in US processing. In contrast, processing
of the CS () was assumed to be fixed and determined by the
physical properties of the CS. Although sympathetic to the idea
that CS processing, or attention,’ may vary as a consequence of
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experience (Wagner & Rescorla, 1972), no attempt was made to
formalize this mechanism.

Since the publication of the Rescorla—Wagner (1972) model,
however, there has been considerable interest in the idea that CS
processing, like US processing, varies as a consequence of learn-
ing, and efforts have been made to specify the conditions under
which this variation takes place. Two theories, in particular, have
come to dominate the study of CS processing. The first, by
Mackintosh (1975), proposed that a CS will be processed more
when it is a good predictor of a US than when it is a poor predictor
of a US (see also Kruschke, 2001; Lovejoy, 1968; Sutherland &
Mackintosh, 1971; Zeaman & House, 1963). The second, by Pearce
and Hall (1980; see also Pearce, Kaye, & Hall, 1982; Schmajuk, Lam,
& Gray, 1996), proposed the opposite: that a CS will be processed
more when it is followed by unpredictable events (such as the US)
than when it is followed by predictable events. As we shall see,
relatively good evidence supports both of these diametrically op-
posite theories. We begin by considering the theory proposed by
Mackintosh. According to the Mackintosh model, learning pro-
ceeds according to the individual error-term equation proposed by
Bush and Mosteller (1951), in which the change in the strength of
the association between CS A and the US (AV,) is determined by
Equation 1:

AV, =a-0-(\ — V,) (1)

Here, the error term (A — V,) is the discrepancy between the
magnitude of the US (\) and the current associative strength of the

! We use the terms attention and associability interchangeably to reflect
the amount of processing resources that are devoted to a CS.
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CS (V,). 6 is a learning rate parameter, determined by the prop-
erties of the US. Most important for the Mackintosh model, a is a
variable CS-processing parameter that increases when the CS is
the best available predictor of the US and decreases when the CS
is not the best available predictor of the US. The rules proposed by
Mackintosh for determining these increases and decreases are
shown in Equations 2a and 2b:

Ay > 0if [N — V| <N = Vy (2a)
Aay < 0if [N — V| = |\ = Vy (2b)

where Vg is the sum of the associative strength of all available
CSs, minus V4. The size of the change in « is assumed to be
proportional to the magnitude of the inequalities in Equation 2.

The Mackintosh (1975) model provides an explanation for stan-
dard conditioning effects such as blocking and overshadowing, as
well as phenomena that are not anticipated by the Rescorla—
Wagner (1972) model, such as learned irrelevance and the
intradimensional—extradimensional shift effect (for reviews, see
Le Pelley, 2004; Pearce, 2008, pp. 80—86; Pearce & Mackintosh,
in press). In a recent series of experiments, we have provided
further evidence for the Mackintosh model (Dopson, Esber, &
Pearce, 2010; Pearce, Esber, George, & Haselgrove, 2008). In
Dopson et al.’s (2010) Experiment 1, for example, pigeons were
required first to solve two true discriminations in which two
compounds signaled food (AX+, BY+) and two did not (CX—,
DY—). According to the theory proposed by Mackintosh, this
training will increase attention to A and B because these CSs are
good predictors of the US, whereas attention to X and Y should be
slight because these CSs are irrelevant to the solution of the
discrimination and are therefore poor predictors. This was tested
by confronting the pigeons with an AY+, AX—, BY — discrimi-
nation. If, as a consequence of the solution of the true discrimi-
nations, attention to A and B was higher than to X and Y, then the
solution of the subdiscrimination that involves A and B (i.e., AY +
vs. BY —) should proceed more rapidly than the subdiscrimination
that involves X and Y (i.e., AY + vs. AX—). This was precisely the
result observed by Dopson et al. A particularly noteworthy feature
of the test discrimination used by Dopson et al. is that it permits an
evaluation of the attention paid to stimuli that have very different
associative strengths. By the end of the initial training, the associa-
tive strengths of A and B will be far higher than those of X and Y.
However, presenting these stimuli together as compounds AX and
BY ensures that their total associative strengths will be at the same
high level. Standard models of conditioning (e.g., Pearce, 1987;
Rescorla & Wagner, 1972) therefore predict that these compounds
will both lose the same amount of associative strength on each
nonreinforced trial. During the solution of the AY+, AX—, BY—
discrimination, therefore, any difference in the rate at which the
AY+, AX— discrimination is solved relative to the AY+, BY—
discrimination can be assumed to result from differences in the
attention that is paid to these stimuli.

Despite the success of the Mackintosh (1975) model, Dickinson
(1980) has noted “that there is something intuitively implausible
about the central idea of Mackintosh’s theory” (p. 153). Dickinson
argued that organisms would be far better suited to devoting their
processing resources to CSs that have an uncertain rather than
certain predictive relationship with the US. Pearce and Hall (1980)
agreed and argued, contrary to the Mackintosh model, that CSs

will be better processed when they are an inaccurate rather than an
accurate predictor of the events that follow them. According to
Pearce and Hall, the change in the strength of the association
between CS A and the US (AV,) is determined by Equation 3.

AV, =S a,-\ (3)

In this equation, § is a fixed learning rate parameter, determined by
the properties of the CS; N\ is the asymptote of conditioning,
determined by the properties of the US; and «, is the associability of
CS A whose value on the next trial (n + 1) is given by Equation 4.
The term |[\" — 2V"| is the absolute difference between the asymp-
tote of conditioning and the sum of the associative strengths of all
stimuli present on trial n.

@ = N -3V “)

One prediction that follows from Equation 4 is that a CS that is
always paired with a US will lose associability because the value
of a will eventually approach zero. There are now a number of
studies that are consistent with this prediction. In Experiment 2
described by Hall and Pearce (1979), for example, continuous
reinforcement of a tone with a weak US attenuated the subsequent
acquisition of conditioned responding to the same tone when it
signaled a stronger US (see also Ayres, Moore, & Vigorito, 1985;
Savastano, Yin, Barnet, & Miller, 1998; Swartzentruber & Bouton,
1986). A second prediction that follows from Equation 4 is that
when a CS is intermittently paired with a US, then its associability
will remain high because no matter how many trials are given, the
value of [\* — ZV”| will always be positive. Support for this
prediction can largely be found in studies using serial conditioning
(Kaye & Pearce, 1984; Pearce, Wilson, & Kaye, 1988; Swan &
Pearce, 1988; Wilson, Boumphrey, & Pearce, 1992). For instance,
Kaye and Pearce (1984) presented a continuously reinforced group
of rats with the sequence light—tone—food, and a partially rein-
forced group received training with the same sequence intermixed
among nonreinforced trials with the light by itself. Evidence that
the latter schedule maintained the associability of the light was
revealed in a test phase when the light was paired directly with
food and conditioning progressed more rapidly for the partially
reinforced than the continuously reinforced group.

It should be apparent from the preceding discussion that there
exists—at both a theoretical and an empirical level—a contradic-
tion. On the one hand, we have Mackintosh’s (1975) theory, which
stipulates that CSs that are good predictors of the US will come to
be better processed than stimuli that are poorer predictors of the
US, and a number of studies have supported this stipulation. On
the other hand, we have the theory proposed by Pearce and Hall
(1980) that, to the contrary, stipulates that stimuli that are poor
predictors of the US will come to be better processed than stimuli
that are good predictors of the US, and again, a number of studies
have supported this stipulation. To resolve this contradiction, it has
been suggested that the associability of a stimulus is affected by
two processes, and it is the net outcome of the interaction between
these processes in any conditioning task that determines whether
the associability of a stimulus is high or low (Le Pelley, 2004, in
press; Pearce, George, & Redhead, 1998; Pearce & Mackintosh,
in press). A common assumption of these theories, which differ in
detail, is that on every conditioning trial, a calculation is made
about how well each CS predicts the US (Mackintosh, 1975) and
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about the extent to which each CS is followed by an accurately
predicted US (Pearce & Hall, 1980). According to Le Pelley’s
(2004) theory, for example, the product of these terms is then used
to determine the associability of each CS on the subsequent trial.
We return to a detailed discussion concerning this class of theory
in the General Discussion section; for the present, we focus on
whether it is justifiable to assume that the changes in associability
advocated by Mackintosh and by Pearce and Hall take place
simultaneously in any conditioning paradigm. An alternative pos-
sibility is that these changes do not occur at the same time but are
influenced by the species being tested and by the manner in which
it is being tested. For example, some of the most convincing
evidence that uniquely supports the principles advocated by Mack-
intosh comes from studies with pigeons, whereas there is relatively
little evidence with this species that associability is influenced by
the principles put forward by Pearce and Hall. Alternatively,
demonstrations that stimuli that are good predictors of reinforce-
ment maintain a low associability have normally involved a final
test in which the stimulus by itself is paired with a US. In contrast,
demonstrations that such stimuli are high in associability involve
test discriminations between compounds composed of two ele-
ments. The possibility must be considered, therefore, that the rules
proposed by Mackintosh and by Pearce and Hall are not effective
simultaneously but instead are effective to different degrees under
different circumstances and with different species. If this is cor-
rect, then a fundamental assumption of hybrid theories of associa-
bility would be undermined. The purpose of the four reported
experiments is to address this issue by examining whether it is
possible to obtain evidence that the associability of stimuli is
governed by the principles put forward by Pearce and Hall, as well
as by Mackintosh, in circumstances that are as similar as possible.

Four appetitive conditioning experiments were conducted using
rats and four auditory stimuli, A, B, X, and Y (see Table 1). For the
first two experiments, the initial training was intended to modify
the attention paid to the four stimuli according to the principles put
forward by Pearce and Hall (1980). A and B were paired consis-
tently with food, whereas X and Y were paired intermittently with
food. This treatment was expected to result in the associability of
A and B being lower than that of X and Y. For the second two

Table 1
Experimental Designs

experiments, the rats received an AX+, X— and a BY+, Y—
discrimination, which according to the theory of Mackintosh
(1975) will result in the associability of A and B being greater than
that of X and Y. To compare the effectiveness of these two
treatments, all the experiments concluded with a test discrimina-
tion that was intended to evaluate the associability of the four
stimuli. This test was based on the one described by Pearce et al.
(2008; see also Dopson et al., 2010). It is important to emphasize
that in all four experiments A and B were consistently paired with
food, whereas X and Y were intermittently paired with food.
Moreover, in Experiments 2 and 3 steps were taken to ensure that
the methods of training in Stage 1 were as similar as possible and
an identical method of testing was used in Stage 2. Finally, the
same species was used for all of the experiments. If changes in
associability take place according to the rules of Mackintosh under
one set of circumstances and according to the rules of Pearce and
Hall under a different set of circumstances, then the similarity of
the methods of training and testing in the four experiments should
ensure that they have a similar influence on the associability of the
stimuli, and consequently the outcome from Experiments 1 and 2
will be similar to that for Experiments 3 and 4. In contrast, if
changes in associability take place according to both sets of rules
in any conditioning procedure, then the outcome from Experiments
1 and 2 will be different than that for Experiments 3 and 4.

Experiment 1

During Stage 1, all rats were given appetitive Pavlovian condi-
tioning in which two stimuli were followed on each trial by a food
pellet, A+ and B+, and two stimuli were followed on half of the
trials with a food pellet, X=* and Y =. During Stage 2, the rats were
separated into two groups for testing with a discrimination. For
Group AY-BY, this discrimination was of the form AY+, BY —;
for Group AY-AX, the discrimination was of the form AY+,
AX-. According to the theory proposed by Pearce and Hall (1980),
during Stage 1 the associability of A and B should fall as a
consequence of their continuous reinforcement, but the associabil-
ity to the partially reinforced X and Y should be maintained. The
AY+, BY — discrimination that must be mastered by rats in Group

Experiment and
group

Stage 1: Pretraining

Stage 2: Test discrimination

Experiment 1
Group AY-AX
Group AY-BY

A+, B+, X+, Y*
A+, B+, X*£, Y+

Experiment 2
Group 12-12
Group 8-16

12 AB+, 12 XY=+
8 AB+, 16 XY=

Experiment 3

Experiment 4

AX+, BY+, X—, Y—

AX+,BY+, X—, Y—, A+, B+

AY+, AX—
AY+, BY—

AY+, AX—, BY—
AY+, AX—, BY—
AY+, AX—, BY—
AY:R1+ AX:R1— BY:R1—

and
AY:R2— AX:R2+ BY:R2+

Note. A, B, X, and Y are auditory stimuli. Pluses and minuses are, respectively, food and no food. R1 and R2
are instrumental responses. Numbers refer to trial frequencies. See text for further details.
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AY-BY during Stage 2 should therefore be relatively hard to solve
because it is based on two stimuli that have suffered a loss of
associability. In contrast, the AY+, AX— discrimination that must
be mastered by rats in Group AY—-AX during Stage 2 should be
much easier to solve because it is based on two stimuli that still
possess a high level of associability. Depending on assumptions
made about the role of contextual stimuli, the Mackintosh (1975)
model, in contrast, predicts there will either be no difference in the
rate at which the two groups solve their discriminations or that the
AY+, BY— discrimination will be solved more readily than the
AY+, AX— discrimination. Finally, as with the experiments re-
ported by Pearce et al. (2008), summed error-term models of
learning, such as the Rescorla—Wagner model, that do not permit
the processing of the CS to vary predict that the two groups should
solve their discriminations at the same rate.

Method

Subjects. Thirty-two naive male Lister hooded rats (Rattus
norvegicus) supplied by Harlan Olac (Bicester, Oxon, England)
served as experimental subjects. They were housed in pairs at
Cardiff University (Cardiff, Wales) in a lightproof holding room in
which the lights were on for 14.5 hr/day. At the time of their
arrival, their weight range was 250-300 g. Before the start of the
experiment, they were gradually reduced to 80% of their free-
feeding weights. They were then maintained at these weights
throughout the experiment by being fed a restricted amount after
each experimental session. Experimental sessions were conducted
at the same time each day, during a period when the lights were on
in the rats’ holding room.

Apparatus. All experimental procedures were performed in
eight identically specified operant boxes (24.5 X 23.0 X 21.0 cm)
supplied by Campden Instruments Ltd. (Loughborough, England),
which were housed in separate light- and sound-attenuating chests.
A ventilating exhaust fan in each of the chests provided a back-
ground noise of 72 dB (C scale). Three walls of each operant box
were constructed from aluminum, and a clear acrylic door served
as the fourth wall. The ceiling was translucent white acrylic, and
the floor was a grid made of stainless steel rods. The front
aluminum wall housed a recessed food magazine (5.0 X 6.0 cm)
with its base located 0.5 cm above the grid floor. Three 5-Q
loudspeakers located on the ceiling could deliver a 5-Hz click at an
intensity of 75 dB (C scale), a 1.8-kHz tone at 89 dB, a 460-Hz
buzzer at 70 dB, and white noise at 75 dB. On reinforced trials, a
45-mg food pellet (traditional formula, P. J. Noyes, Lancaster, NH)
was delivered into the magazine tray. The magazine was covered
by a clear acrylic flap hinged at the top, which the rats had to push
open to gain access to the food pellets as they were delivered. A
1.0-cm-deep rectangular frame was attached to the front wall
around the opening to the magazine. Set into this frame, 5 mm in
front of the magazine flap, were three pairs of photodiode sensors
in such a position that horizontal infrared beams were located 10,
20, and 30 mm above the grid floor. Appropriate circuitry permit-
ted a Risc PC microcomputer (Acorn Computers Ltd., Cambridge,
England), programmed in Arachnid (Paul Fray Ltd., Cambridge,
England), to record the responses on detecting the interruption of
these beams and to control the experimental events.

Procedure. All rats initially received two 30-min sessions of
magazine training, during which one food pellet was delivered to

the tray at regular 1-min intervals. After the end of each of these
sessions, the rats remained in the conditioning chambers for an-
other 30 min. In the first session only, the acrylic flaps of the food
magazines were taped open. All rats then received 20 sessions of
acquisition training with four auditory cues, two of which were
continuously reinforced (A+ and B+) and two of which were
partially reinforced (X=* and Y=). For half of the rats in each
group, 12 trials with a tone and a buzzer were followed by the
delivery of a single food pellet, and 12 trials with a clicker and a
white noise were followed on half of the trials with food and on the
remaining trials with no food. These relations were reversed for the
other half of the rats in each group. Presentations of these stimuli
were randomly intermixed with the constraint that no more than
three successive trials of the same type could occur. The duration
of each stimulus was 10 s, and the interval between the end of one
compound presentation and the beginning of the next, the intertrial
interval, varied around a mean of 60 s with a range of 30-90 s. The
conditioned response was the cumulative time that the rats spent
with their heads in the magazine area over the 10-s trial period.

Acquisition training was followed by a discrimination test stage
that lasted 12 sessions. Group AY-BY was tested with two com-
pounds that could be discriminated by two elements that had
previously been continuously reinforced (AY+, BY—). Con-
versely, Group AY-AX was tested with two compounds that could
be discriminated by two elements that had previously been par-
tially reinforced (AY+, AX—). Half the subjects in each group
received 16 reinforced presentations of the buzzer and the clicker
in compound, intermixed with 16 nonreinforced presentations of
the tone and the clicker. Testing was similarly conducted for the
remaining rats, except that the tone and the white nose constituted
the reinforced compound. All other details of the procedure were
identical to the previous stage.

Results and Discussion

A Type I error rate of p < .05 was adopted for all of the
statistical tests in this and the subsequent experiments.

Conditioning during Stage 1 proceeded smoothly. The mean
percent magazine activity recorded during the final session of
conditioning for Group AY-AX was 49.8 and 55.7, during A/B,
and during X/Y respectively, and 48.2 and 51.3 for Group AY/BY,
again, respectively. A two-way analysis of variance (ANOVA) of
individual percent magazine activities with the variables of group
(AY-AX vs. AY-BY) and stimulus (A/B vs. X/Y) revealed an
effect of stimulus, F(1, 30) = 5.85, MSE = 55.73, but no effect of
group and no interaction between these variables, Fs < 1, MSEs =
1,026.43 and 55.73, respectively. The mean percentage of maga-
zine activities during the 10-s intervals before the trials with A, B,
X, and Y during the final session of conditioning was 24.1 for
Group AY-AX and 29.6 for Group AY-BY. The difference be-
tween these means was not significant, #(30) = 0.76.

The top panel of Figure 1 shows the mean percentage of mag-
azine activity during AY and AX for Group AY-AX and during
AY and BY for Group AY-BY across the 12 sessions of discrim-
ination testing. Also shown in this figure is the mean percentage of
magazine activity during the 10-s intervals before these trials for
the two groups. Group AY—-AX solved the test discrimination more
readily than did Group AY-BY. To simplify the analysis of these
data, discrimination ratios were computed of the form p/(p + q),
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Figure 1. Results of the test discrimination from Experiment 1 for

Groups AY-AX and AY-BY. The top panel shows the mean percentage of
magazine activity to the test stimuli and during the pre-CS intervals across
the 12 test sessions. The bottom panel shows discrimination ratios calculated
from these means. CS = conditioned stimulus.

in which p is the percentage of magazine activity during AY and
q is the percentage of magazine activity during AX (for Group
AY-AX) or BY (for Group AY-BY). A discrimination ratio of 0.5
indicates no discrimination between the compounds, and a dis-
crimination ratio of 1 indicates a perfect discrimination. These
discrimination ratios for Group AY-AX and Group AY-BY are
shown in the bottom panel of Figure 1. A two-way ANOVA of
individual discrimination ratios with the factors of group (AY-AX
vs. AY-BY) and session (1-12) was conducted. This analysis
revealed an effect of session, F(11, 330) = 16.00, MSE = 0.01,
and of group, F(1, 30) = 4.60, MSE = 0.18, but the interaction
between these factors was not significant, F(11, 330) = 1.57,
MSE = 0.01.

A comparison of discrimination ratios between groups is only
meaningful if it is demonstrated that performance during the CS+ is
comparable in these groups. This was confirmed with a two-way
ANOVA of individual percentage of magazine activities during AY
with the variables of group (AY-AX vs. AY-BY) and session (1-12).
This analysis revealed an effect of session, F(11, 330) = 3.96,
MSE = 59.56, but no effect of group (F < 1, MSE = 4,658.78),
and no interaction between these factors, F(11, 330) = 1.77,
MSE = 59.56. A two-way ANOVA of the mean percentage of
magazine activity during 10-s intervals before the test discrimina-
tion trials was also conducted. This analysis, with the variables of
group (AY-AX vs. AY-BY) and session (1-12), revealed an
effect of session, F(11, 330) = 2.44, MSE = 86.50, but no effect
of group, F(1, 20) = 2.04, MSE = 2,294.01, and no interaction
between these variables (F < 1, MSE = 86.50).

According to the theory proposed by Pearce and Hall (1980),
stimuli that are good predictors of an outcome will suffer a loss of
associability, whereas stimuli that are poor predictors of an out-
come will have their associability maintained. It follows from
these proposals that the stimuli that were initially continuously
reinforced in this experiment (A and B) will have a lower asso-
ciability at the outset of the test discrimination than those that were
partially reinforced (X and Y). These predictions were confirmed
because the discrimination between AY and AX was solved more
readily than the discrimination between AY and BY.

By the end of Stage 1, conditioned responding was more fre-
quent during X and Y than during A and B. This result is hard to
explain because it is not in keeping with predictions from the
majority of conditioning theories. However, a similar effect was
not seen in Experiment 2, and given its unreliability we shall not
comment further on this unexpected outcome of Experiment 1.

Experiment 2

The purpose of Experiment 2 was to replicate and extend the
generality of Experiment 1. Two principal changes were made to
the experiment’s design. First, a within-group rather than a
between-groups methodology was used for the test stage of the
experiment. Thus, after conditioning, rats were presented with an
AY+, AX—, BY — discrimination. If more attention is paid to X
and Y than to A and B at the outset of testing, then the discrim-
ination between AY and AX will be acquired more readily than
that between AY and BY. Second, Le Pelley and Beesley (2008)
have noted that many of the studies that have provided evidence
for the theory of learning and attention provided by Mackintosh
(1975) have used training procedures with compounds of stimuli.
In contrast, studies that have supported the Pearce—Hall (1980)
theory have typically used training procedures in which stimuli are
conditioned in isolation. Therefore, to examine whether the effects
of partial and continuous reinforcement on stimulus associability
are limited to stimuli that are conditioned in isolation, compounds
of two stimuli were either continuously or partially reinforced (i.e.,
AB+, XY =) during Stage 1. After the training stage and before
the discrimination test, a session in which A, B, X, and Y were
presented individually and in extinction for two trials was given to
examine the strength of conditioned responding to the stimuli in
isolation.

In addition, Experiment 2 included two groups of rats that
differed in the detail of their partial reinforcement schedule. Dur-
ing the training stage of Experiment 1, the continuously reinforced
stimuli (A and B) were presented as frequently as the partially
reinforced stimuli (X and Y). Consequently, X and Y were paired
with the US on half as many trials as A and B. It is possible that
stimuli that have been paired less frequently with a US have a
higher associability. If this were the case, then the subsequent test
discrimination would have been easier for Group AY-AX than for
Group AY-BY, which is precisely the result we observed. In this
experiment, all rats were given 24 trials per session throughout
Stage 1. For rats in Group 12—-12, like those in Experiment 1, there
were an identical number of exposures (12) to the partially (XY)
and continuously (AB) reinforced stimuli, but these stimuli were
paired with the US a different number of times. On the basis of
Experiment 1’s results, we anticipate that the subsequent test
discrimination between AY+ and AX— should proceed more
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readily than the discrimination between AY+ and BY—. For
Group 8-16, there were eight trials with AB+ and 16 trials with
XY =. Rats in this group, in contrast, therefore received an iden-
tical number of pairings of the partially (XY) and continuously
(AB) reinforced stimuli with the US, but these stimuli differed in
the number of times they were exposed. If it is the number of times
that a CS is paired with a US that determines its associability, then
the test discrimination between AY and AX should proceed at the
same rate as the discrimination between AY and BY. However, if
differences in stimulus associability are determined by the princi-
ples advocated by Pearce and Hall (1980), then the results of the
test discrimination for rats in Group 8—16 should be the same as
those in Group 12-12.

Method

Subjects. The subjects were 32 experimentally naive male rats
of the same strain and from the same supplier as those in Exper-
iment 1. The rats were housed at the University of Nottingham
(Nottingham, England) under the same conditions as the rats used
in Experiment 1 with the exception that the holding room was
illuminated for 12 hr/day.

Apparatus. Eight conditioning chambers (MED Associates,
St. Albans, VT; 30.0 X 24.0 X 20.5 cm high) were housed in
separate light- and sound-attenuating boxes. Exhaust fans in each
box provided ventilation and a background noise of 70 dB. The
two smaller walls of each chamber were constructed from alumi-
num, the two larger walls (one of which served as a door) and the
ceiling were made of clear acrylic, and the floor was composed of
a series of 19 stainless steel rods of 4.8-mm thickness, positioned
1.6 cm apart and parallel to the shorter walls. One of the shorter
walls was equipped with a square-shaped recessed magazine, 50
mm wide, to which food pellets of the same type as those used in
Experiment 1 could be delivered. The magazine was located 18
mm above the grid floor and equidistant from the two adjacent
walls. An infrared beam was sent from one lateral side of the
magazine and received on another. Interruption of this beam could
be detected and recorded as magazine activity. The opposite wall
of the chamber incorporated three loudspeakers: two square-
shaped loudspeakers of 70 mm width located in the upper left and
upper right corners of the wall and a 35- X 70-mm loudspeaker
located 35 mm from the ceiling and equidistant from the two
adjacent walls. The upper left loudspeaker could emit a pulsed
77-dB, 8-kHz tone, with each 0.25-s pulse separated by a 0.25-s
silent period. The upper right loudspeaker could emit a white noise
with an amplitude of 78 dB. The rectangular loudspeaker could
emit a 77-dB, 2.9-kHz tone. A relay was attached to the outside of
this wall and could produce a 76-dB train of clicks such that a click
occurred every 0.08 s. Four auditory stimuli could therefore be
produced (a pulsed 8-kHz tone, a 2.9-kHz tone, a white noise, and
a clicker), each of which was 15 s in duration. Control of exper-
imental events and recording of magazine activity was conducted
by an attached computer programmed with the MED-PC (MED
Associates, St. Albans, VT) programming language.

Procedure. Before the beginning of the experiment, auditory
stimuli were assigned to serve as Stimuli A, B, X, and Y. For half
the rats, the white noise and 2.9-kHz tone were Stimuli A and B;
for the remaining half, the clicker and the pulsed 8-kHz tone were
Stimuli A and B. Within each of these two groups of rats, stimuli

assigned to A and B were counterbalanced, as were stimuli as-
signed to X and Y. All rats initially received a single session of
magazine training, and during this 30-min session, one pellet was
delivered to the magazine every 60 s. All rats successfully con-
sumed all pellets during this session. Rats were then trained for 16
52-min sessions. For rats in Group 12—12, there were 12 presen-
tations per session of AB and 12 presentations per session of XY.
For rats in Group 8-16, each session contained eight AB+ trials
and 16 XY trials. Two food pellets were delivered to the magazine
immediately after each presentation of AB (AB+) and half the
presentations of XY (XY+); no food was delivered after the
remaining trials with XY (XY —). These presentations were block
randomized. For rats in Group 12-12, each successive block of
eight trials contained four AB+ trials, two XY+ trials, and two
XY — trials in a random sequence. For rats in Group §-16, these
trials were block randomized such that each successive block of
six trials contained two trials of each type. The interval between
the end of one auditory compound presentation and the beginning
of the next, the intertrial interval, varied around a mean of 105 s
with a range of 65-145 s. A subsequent test session was then
conducted in which rats received a block of eight training trials of
the type described earlier, followed by two four-trial blocks, each
containing one nonreinforced trial with each individual stimulus,
followed by a final block of eight training trials. This test was
designed to assess magazine responding to the four auditory stim-
uli in isolation. Rats were then trained for eight sessions on a final
discrimination with three compounds (AY+, AX—, and BY—).
Each session contained 16 AY + trials, eight AX — trials, and eight
BY — trials. These were block randomized such that each succes-
sive block of eight trials contained four AY + trials and two each
of AX— and BY —. Intertrial intervals were the same as those used
for training sessions; sessions during the final stage were 68 min in
duration.

Results and Discussion

Conditioning in Stage 1 proceeded smoothly, and by the final
session of conditioning, the mean percentage of magazine activity
for rats in Group 12-12 was 57.3 during AB and 51.5 during XY.
The mean percentage of magazine activity for rats in Group 8—16
was 46.1 during AB and 45.7 during XY. A two-way ANOVA of
individual percentage of magazine activity with the variables of
group (12-12 vs. 8-16) and stimulus (AB vs. XY) revealed no
effect of group, F(1, 30) = 2.43, MSE = 475.29; no effect of
stimulus, F(1, 30) = 3.05, MSE = 52.33; and no interaction
between these variables, F(1, 30) = 2.17, MSE = 52.33. The
percentage of magazine activity during the 15-s intervals before
these trials was 12.8 and 14.4 for Groups 8—16 and 12—12, respec-
tively. The difference between these means was not significant,
#(30) = 0.33.

The mean percentage of magazine activity during A/B and X/Y
during the single test session in which A, B, X, and Y were
presented in isolation for Group 12-12 were, respectively, 46.5
and 49.2. The same measures for Group 8—16 were 37.4 and 38.3,
also respectively. A two-way ANOVA of individual percentage of
magazine activity with the variables of group (12-12 vs. 8—16) and
stimulus (AB vs. XY) revealed an effect of group, F(1, 30) = 4.70,
MSE = 340.07, but no effect of stimulus and no interaction
between these factors (Fs < 1, MSEs = 97.83). The percentage of
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magazine activity during the 15-s intervals before these trials was
10.8 and 14.4 for Groups 8-16 and 12-12, respectively. The
difference between these means was not significant, #(30) = 0.99.

The results from the test discrimination for Group 12—12 and
Group 8-16 are shown, respectively, in the top left and top center
panels of Figure 2. For both groups, the discrimination between
AY and AX was solved more readily than the discrimination
between AY and BY. To once again simplify the analysis of these
data, the mean percentages of magazine activities were converted
to discrimination ratios. These conversions can be seen in the
lower left and lower center panels of Figure 2. A three-way
ANOVA of individual discrimination ratios with the variables of
group (12—12 vs. 8—16), subdiscrimination (AY/AX vs. AY/BY),
and session (1 —8) was conducted. This analysis revealed a sig-
nificant effect of session, F(7, 210) = 71.88, MSE = 0.01; an
effect of subdiscrimination that approached significance, F(1,
30) = 3.58, p = .068, MSE = 0.04; and, crucially, a significant
Session X Subdiscrimination interaction, F(7, 210) = 4.96,
MSE = 0.01 (all remaining F's < 0, MSEs < 0.07). The absence
of any effect or interaction involving the variable of group neces-
sitates that simple effects analysis be confined to the Session X
Subdiscrimination interaction (the lower right-hand panel of Fig-
ure 2 shows the results of the test discrimination averaged across
the two groups). This analysis revealed a difference between the
subdiscriminations on Sessions 6, 7, and 8, Fs(1, 240) > 5.71,
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MSEs = 0.01. To demonstrate that responding during the rein-
forced trials with AY did not differ between the groups, a two-way
ANOVA of individual percentage of magazine activity with the
variables of group (12-12 vs. 8—16) and session (1 to 8) was
conducted. This revealed an effect of session, F(7, 210) = 2.34,
MSE = 36.86, but no effect of group, F(1, 30) = 1.74, MSE =
2,442 .48, and no interaction between these variables, F(7, 210) =
1.61, MSE = 36.86. An identical ANOVA conducted on the
individual percentage of magazine activity collected from the 15-s
intervals before the test trials revealed no effect of session, F(7,
210) = 1.03, MSE = 30.31; no effect of group, F < 1, MSE =
1,250.26; and no interaction between these variables (F < 1,
MSE = 30.31).

During Stage 1 of the experiment, rats received continuous
reinforcement of an AB compound and partial reinforcement of an
XY compound. One group received the same number of exposures
to AB and XY (Group 12-12), whereas another group received the
same number of pairings of AB and XY with the food (Group
8-16). All rats were then required to solve an AY+, AX—, BY —
discrimination. For Group 12-12, the discrimination between
AY+ and AX— proceeded more readily than the discrimination
between AY+ and BY—. This finding replicates the results re-
ported in Experiment 1 and therefore lends further support to the
theory of conditioning provided by Pearce and Hall (1980). For
Group 8-16, the discrimination between AY+ and AX— also
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Results of the test discrimination from Experiment 2 for Groups 12-12 and 8-16. The top panels

show the mean percentage of magazine activity to the compounds AY, AX and BY and during the pre-CS
intervals across the eight test sessions. The bottom panels show discrimination ratios calculated from these

means. CS = conditioned stimulus.
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proceeded more readily than the discrimination between AY + and
BY —. This result lends no support to the idea that stimuli that have
been paired less often with a US differ in their associability but is
again entirely consistent with the Pearce—Hall theory. In addition,
this experiment lends no support to the possibility, highlighted by
Le Pelley and Beesley (2008), that stimuli that are trained in
compound are more likely to produce results more consistent with
the theory proposed by Mackintosh (1975) than with the theory
proposed by Pearce and Hall.

Pearce et al. (2008) used an AY+, AX—, BY — testing proce-
dure with pigeons to assess differences in the associability of
stimuli after the solution of a true discrimination. Their data (see
also Dopson et al., 2010) provided evidence for the theory de-
scribed by Mackintosh (1975). The results of Experiment 2 show,
for the first time, that a similar testing procedure can be used with
rats and also that it can be used to test the predictions derived from
a diametrically opposite theory of learning and attention: the
Pearce-Hall (1980) model. The results of Experiments 1 and 2 are
further worth highlighting because they demonstrate that partially
reinforced stimuli possess higher associability than continuously
reinforced stimuli using a within-subjects methodology. This is
both empirically and theoretically important. Honey, Good, and
Manser (1998) have pointed out that if different groups receive a
CS that is paired either consistently or intermittently with a US,
then not only will the predictive validity of the CS differ for the
two groups, but this stimulus will also occur in rather different
contexts. For one group, the CS will be preceded by continuously
reinforced trials, and for the other, it will be preceded by partially
reinforced trials. It is conceivable that these different contexts will
result in the associability of the partially reinforced stimulus being
greater than the one that is continuously reinforced. Another ex-
planation for the different effects of the two reinforcement sched-
ules on CS associability can be developed by appeal to Hall’s
(2003) proposal that a US is a more effective reinforcer after it has
been paired with a CS according to a partial than a continuous
reinforcement schedule. If this is correct, then the results described
by, for example, Kaye and Pearce (1984) can be explained by
referring to a change in the effectiveness of the US rather than
the CS.

It is more difficult, however, to account for the results of, for
example, Experiment 2 with the analysis of the effects of contin-
uous and partial reinforcement provided by Honey et al. (1998).
During Stage 1, AB+ and XY = trials were presented in a ran-
domly intermixed order during each session. Therefore, all four
stimuli occurred in the same context, and on this basis their
associabilities should be equivalent. In addition, it is difficult to
explain the results of Experiment 2 with the theory proposed by
Hall (2003). Stimuli A, B, X, and Y were all paired with the same
US during Stage 1 and thus its effectiveness as a US during Stage
2 would be predicted to be the same for the two groups. By
themselves, therefore, each of these accounts incorrectly predicts
that the AY +, BY — discrimination should have been solved at the
same rate as the AY+, AX— discrimination during the test stage.

Experiment 3

Experiments 1 and 2 examined the rate at which a test discrim-
ination was solved between two compounds, each composed of a
common and a distinctive element. Both experiments revealed that

the test discrimination (Experiment 1) or a subcomponent of the
test discrimination (Experiment 2) was acquired more readily if the
distinctive elements had previously been paired with food accord-
ing to a partial than a continuous reinforcement schedule. These
results, therefore, are entirely in keeping with the predictions of the
Pearce-Hall (1980) model. The purpose of Experiment 3 was to
establish CSs that differed in their associabilities according to
principles proposed by Mackintosh (1975), while at the same time
keeping the conditions of the test discrimination the same as for
Experiment 2 and also, as far as possible, the conditions of the
pretraining. During Stage 1, all rats were required to solve two
feature-positive discriminations in which trials with AX and BY
were followed by food and trials with X and Y were not. The
experiments were thus matched on the stimuli that were used as A,
B, X, and Y, as well as on the details of the number of sessions of
training and the number of trials within a session and their inter-
trial interval. It is even the case that both X and Y were partially
reinforced in this experiment and A and B were continuously
reinforced. Given this pretraining, the Mackintosh model predicts
that the associabilities of A and B will be higher than those of X
and Y. This follows because A and B are better predictors of the
trial outcome on AX and BY trials than are X and Y, which
themselves are followed by food on only 50% of the trials. The
subsequent AY+, AX—, BY— test discrimination should there-
fore reveal that the subdiscrimination between AY and BY pro-
ceeds more readily than the subdiscrimination between AY and
AX. According to the proposals of Pearce—Hall (1980), however,
the associabilities of A, B, X, and Y will all be the same. This
follows because, by the end of pretraining, the trial outcome will
be fully predicted on AX, BY, X, and Y trials; Equation 4 will
therefore ensure that the associabilities of these stimuli will all be
equivalent and relatively low. The net effect of the Mackintosh and
Pearce—Hall processes should therefore be that the associability of
A and B will be greater than that of X and Y.

Method

Subjects and apparatus. The subjects were 16 experimen-
tally naive male hooded Lister rats that were maintained in an
identical fashion to the subjects in Experiment 2. The apparatus
was the same as that in Experiment 2.

Procedure. The rats initially received one session of maga-
zine training, the details of which were identical to Experiment 2.
During the following 16 sessions, rats were trained to solve the
following discrimination: AX+, BY+, X—, Y—. Each 52-min
session contained six trials of each type. Two food pellets were
delivered to the magazine immediately after each presentation of
AX and BY. After these sessions, a single test session was given
to examine the extent to which each individual auditory stimulus
controlled behavior. During this session, as during training, 24
trials occurred. The first and last blocks of eight trials were
identical to those received during training, and the middle eight
trials consisted of two presentations of each of the four auditory
stimuli alone, in a random sequence. None of these eight trials
were followed by the delivery of food. The final stage of the
experiment consisted of six sessions during which rats were
trained on an AY+, AX—, BY— discrimination. During these
sessions, rats received presentations of AY+, AX—, and BY —.
Details of stimulus identity and counterbalancing, trial sequencing,



464 HASELGROVE, ESBER, PEARCE, AND JONES

session duration, and intertrial interval were identical to Experi-
ment 2.

Results and Discussion

Discrimination learning in Stage 1 proceeded smoothly, and by
Session 16, the mean percentage of magazine activity was 53.7
during AX and BY and 13.9 during X and Y. The difference
between these means was significant, #(15) = 8.29. The mean
percentage of magazine activity during the 15-s period before the
onset of these trials was 5.7. During the subsequent test of A, B, X,
and Y, the mean percentage of magazine activity was 36.5 during
A and B and 11.8 during X and Y. The difference between these
means was also significant, #(15) = 5.03. The mean percentage of
magazine activity during the 15-s period before the onset of these
trials was 6.0.

The results from the test discrimination are shown in the top
panel of Figure 3. In contrast to the results from Experiments 1 and
2, the discrimination between AY and AX was solved more slowly
than the discrimination between AY and BY. For the purpose of
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Figure 3. Results of the test discrimination from Experiment 3. The top
panel shows the mean percentage of magazine activity to the compounds
AY, AX and BY and during the pre-CS intervals across the six test
sessions. The bottom panel shows discrimination ratios calculated from
these means. CS = conditioned stimulus.

statistical analysis, the individual percentages of magazine activ-
ities were converted to discrimination ratios, and these data are
shown in the lower panel of Figure 3. A two-way ANOVA of
individual discrimination ratios with the variables of subdiscrimi-
nation (AY/AX vs. AY/BY) and session (1-6) revealed an effect
of subdiscrimination that fell sort of significance, F(1, 15) = 3.58,
p = .078, MSE = 0.02, but a significant effect of session, F(5,
75) = 23.26, MSE = 0.01, and, crucially, a significant Subdis-
crimination X Session interaction, F(5, 75) = 3.48, MSE = 0.002.
Simple effects analysis revealed a difference between the discrim-
inations on Sessions 4 and 5, Fs(1, 90) > 7.42, MSEs = 0.005, and
a difference on Session 6 that just failed to reach significance, F(1,
90) = 3.66, p = .059, MSE = 0.005 (all remaining Fs < 1).

During pretraining, rats solved two feature-positive discrimina-
tions: AX+, BY+, X—, Y—. According to the theory proposed by
Mackintosh (1975), as a consequence of this training, A and B
should then come to command more attention than X and Y.
According to the theory proposed by Pearce and Hall (1980),
however, by the conclusion of pretraining, there will be no uncer-
tainty about the identity of the outcome after any of the trials.
Consequently, attention to these stimuli should be equivalently
low. The prediction of the Mackintosh model was confirmed in a
subsequent AY+, AX—, BY— test discrimination, in which the
AY, BY subdiscrimination was solved more readily than the AY,
AX subdiscrimination. These results are thus consistent with the
experiments described by Dopson et al. (2010). More importantly,
they show the effect on attention of a process akin to that proposed
by Mackintosh under circumstances comparable to Experiment 2,
which itself demonstrated the effect on attention of a process akin
to that proposed by Pearce and Hall. On this basis, it seems
necessary to grant the assumption of hybrid models of learning—
that these processes simultaneously play a role in determining the
processing resources that will be directed at a CS during Pavlovian
conditioning.

The results of Experiment 3 are interesting in their own right.
Most analyses of the way in which feature-positive discriminations
are solved have focused on the role of occasion setting and
configural learning. This has been the case particularly when
comparisons have been made between the solution of simultaneous
and serial feature-positive discriminations (see Schmajuk, Lamou-
reux, & Holland, 1998, for a review and theoretical analysis). To
the best of our knowledge, there has been no analysis of the role
of attention in the solution of a feature-positive discrimination.
This is particularly surprising given the simplicity of the procedure
and the clear predictions made by the Mackintosh (1975) model
for the differing levels of attention that will, ultimately, be paid to
A and X. The results of Experiment 3 go some way toward
addressing this omission.

Experiment 4

Although the results of Experiment 3 are consistent with the
theory proposed by Mackintosh (1975), two features of the design
of Experiment 3 are unsatisfactory. First, the structure of the AX+,
BY+, X—, Y— trials during pretraining means that A and B will
differ from X and Y not only in terms of their predictive validity,
but also in terms of (a) the number of times these CSs are exposed
and (b) whether these CSs are ever presented in isolation. A slight
change in the design of the pretraining for Experiment 4 over-
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comes this problem. Now, in Stage 1, all rats were given pretrain-
ing of the form AX+, BY+, A+, B+, X—, Y—. With this design,
A and B continue to be the best predictors of the US on AX+ and
BY+ trials (and, according to the Mackintosh model, should
therefore be better attended to than X and Y), but now all stimuli
are presented equally as frequently, as well as being presented both
as part of a compound and in isolation.

Second, it is possible that the results of Experiment 3 may be
accounted for not in terms of variations in CS processing, but
instead, as we shall see, in terms of US processing. On the basis of
experiments conducted by Rescorla (2000, 2001, 2002), there has
been a resurgence of interest in the idea that learning may be
determined by US processing that is, in part, a function of the CS’s
own individual error term (see Equation 1) with the US rather than
just a summed error term. Simulations of summed error-term
models (e.g., Pearce, 1987; Rescorla & Wagner, 1972) that we
have conducted show that these theories alone predict that after
training in which the associative strength of A and B reaches a
higher level than X and Y, the AY +, AX — test discrimination will
be solved at the same rate as the AY+, BY — test discrimination.
However, it is possible that a model that incorporates an individual
error term may be able to predict the results of Experiment 3. For
the AY+, AX—, BY — test discrimination to be solved, the asso-
ciative strength of X and B must decline on AX— and BY — trials,
respectively, to counter the excitation that is maintained or ac-
quired by A and Y during the AY + trials. From the outset of the
test discrimination, the associative strength of B (V) will be
higher than the associative strength of X (V). Consequently,
the individual error term for B (A— V) will be greater than the
individual error term for X (A— V), which should result in a
greater loss of associative strength to B on BY trials than to X on
AX trials. Simulations that we have conducted using a variety of
individual error-term models (e.g., Le Pelley, 2004, pp. 198-201)
confirm this intuition: After AX+, BY+, X—, Y— pretraining,
during the solution of an AY+, AX—, BY— test discrimination,
the associative strength of the BY compound declines more rapidly
than that of the AX compound, which is exactly the result we
observed in Experiment 3.

A simple way to counter this argument is to point out that
differences in the associative strengths of X and B, from the outset
of the test discrimination, cannot be the only factor that determines
the rate at which the AY+, AX— and AY +, BY — discriminations
are solved. If it were, then the results of the test discrimination
from Experiment 2 (in which the associative strength of B was
again, presumably, higher than that of X) should have exactly
matched the results of Experiment 3, which it did not. However,
this counterpoint is rather unsatisfactory because it still remains
questionable whether the results of Experiment 3, alone, provide
evidence for the theory proposed by Mackintosh (1975). To over-
come this potential problem, the test discrimination of Experiment
4 was changed. Now, instead of trials with AY, AX, and BY
signaling the US or the absence of the US, these compounds
signaled reinforcement after the performance of one instrumental
response, but not another. During trials with AY, performance of
Response 1 (R1) was reinforced, but performance of Response 2
(R2) was not. During trials with AX and BY, performance of R2
was reinforced but performance of R1 was not. If attention to A
and B is greater than that to X and Y at the outset of the test
discrimination, then the subdiscrimination between AY and BY

should still be easier to solve than the subdiscrimination between
AY and AX even though the discrimination is based on an instru-
mental rather than a Pavlovian task. However, the instrumental test
discrimination cannot be solved simply by the loss of associative
strength by B and X. Consequently, any differences in the associative
strength of B and X, or indeed A and Y, at the outset of the test
discrimination should not influence the rate at which the subdiscrimi-
nation between AY and AX is solved relative to the subdiscrimination
between AY and BY.

Method

Subjects and apparatus. The subjects were 16 experimen-
tally naive male hooded Lister rats that were maintained in an
identical fashion to the subjects in Experiment 2. The apparatus
was the same as described in Experiment 2. In addition to the
features previously described, each chamber was now equipped
with two retractable levers (MED Associates). These levers could
be either presented to the rat or fully retracted into the wall of the
chamber, a state that was controlled by the experimental computer.
When presented, the levers protruded 1.9 cm from the wall and
were 4.8 cm wide and 0.2 cm thick. The levers were positioned
directly beneath the two circular lamps on the wall of the chamber
that contained the food magazine, 6.2 cm from the grid floor.

Procedure. Assignment of stimuli was carried out in the same
way as for Experiment 2, and rats initially received one session of
magazine training of the type previously described. During the
next five sessions, rats were trained to press both levers. At the
outset of each session, both levers were retracted; after 30 s, one
lever was presented for 60 s. Thirty seconds after the retraction of
this lever, the other was presented for 60 s. This pattern continued
for the duration of the 60-min session, with levers presented in a
double-alternating sequence. Although either lever was available,
rats were able to earn food pellets according to a schedule that was
varied from session to session. For the first session, each lever
press was followed by the delivery of a food pellet to the maga-
zine. During the subsequent four lever-training sessions, lever
presses were followed by food on a variable-interval schedule. The
mean intervals were 3 s for the first session, 7 s for the second, and
15 s for the third and fourth. By the end of these sessions, the mean
rate of responding was 9.2 responses per minute, and all rats
pressed the levers at a rate of at least five responses per minute.

Rats were then trained for 16 52-min sessions to solve the
following discrimination: AX+, BY+, A+, B+, X—, Y—. Two
food pellets were delivered to the magazine immediately after each
presentation of AX, BY, A, and B; no food was delivered after
presentations of X or Y. These presentations were block random-
ized such that each successive block of 12 trials contained two
trials of each type, in a random sequence. Intertrial intervals were
the same as for Experiment 2. Both levers were retracted during
this stage of the experiment. Rats were subsequently given a single
session of lever retraining that was identical to the final session of
the initial lever training.

Rats were then trained for 14 sessions on a final discrimination
with three compounds (AY, AX, and BY). Rats received food
pellets during these compounds after “correct” lever presses, with
the correct lever defined as follows: For half the rats, the left lever
was correct for AY trials and the right lever was correct for AX
and BY trials. For the remainder, the right lever was correct for
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AY trials and the left lever was correct for AX and BY. To receive
food, therefore, rats were required to press one lever during AY
trials and the alternative lever during AX and BY trials. Each
stimulus presentation in this stage had a duration of 20 s; both
levers were presented during stimuli and were retracted at all other
times. During the initial 15 s of each stimulus, lever presses did not
result in food delivery. Two pellets were delivered to the food
magazine after the first correct lever press during the final 5 s of
each stimulus. Each 71-min session contained 16 presentations of
AY, eight of AX, and eight of BY. These were block randomized
such that each block of eight trials contained four with AY and two
of each of the other trial types. Intertrial intervals were the same as
for the previous discrimination.

Results and Discussion

Two rats failed to respond more frequently to R1 than to R2
during trials with AY in the test discrimination; these rats were
therefore omitted from all analyses. Discrimination learning in
Stage 1 proceeded smoothly, and by Session 16, the mean per-
centage of magazine activity was 60.1 during AX and BY, 57.8
during A and B, and 17.7 during X and Y. A one-way ANOVA of
individual mean percentage of magazine activity revealed that the
difference among these means was significant, F(2, 26) = 52.77,
MSE = 151.02. Bonferroni-corrected ¢ tests revealed that the
difference between AX/BY and X/Y was significant, #(13) =

42.41, as was the difference between A/B and X/Y, #(13) = 40.15.
The difference between AX/BY and A/B was not significant,
#(13) = 2.26. The mean percentage of magazine activity during the
15-s intervals before these trials was 10.5.

The top left and top center panels of Figure 4 show the mean
number of responses per minute on R1 and R2 during the first 15 s
with AY, AX, and BY across the 14 sessions of testing. Levers
were retracted in the absence of AY, AX, and BY, hence the
absence of data from the periods before these trials. The discrim-
ination between AY and BY was solved more readily than the
discrimination between AY and AX on both R1 and R2. There was
an indication that the difference between the AY/AX and AY/BY
discriminations was more pronounced on R1 than on R2. The
lower left and center panels show discrimination ratios for the
AY/AX and AY/BY subdiscriminations calculated from the mean
number of responses per minute on, respectively, R1 and R2. For
R1, these ratios took the form AY/(AY + AX) and AY/(AY +
BY). For R2, the ratios took the form AX/(AX + AY) and
BY/(BY + AY). A three-way ANOVA of individual discrimina-
tion ratios with the variables of response (R1 vs. R2), subdiscrimi-
nation (AY/AX vs. AY/BY), and session (1-14) was conducted.
This analysis revealed an effect of session, F(13, 169) = 28.51,
MSE = 0.01; an effect of response that just met statistical signif-
icance, F(1, 13) 4.74, p = .049, MSE = 0.03: and, crucially, an
effect of discrimination, F(1, 13) = 5.85, MSE = 0.06. The
Response X Discrimination interaction was not significant, F(1,
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Figure 4. Results of the test discrimination from Experiment 4. The top panels show the mean rates of responding
to Response 1 (R1) and Response 2 (R2) during compounds AY, AX and BY across the 14 test sessions. The bottom
panels show discrimination ratios calculated from these means.
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13) = 1.96, MSE = 0.01, and neither were any of the remaining
interactions, Fs(13, 169) < 1.04, MSEs < 0.01. The effect of
discrimination demonstrates that, overall, the discrimination be-
tween AY and BY was more successful than the discrimination
between AY and AX, irrespective of whether performance on R1
or R2 was measured. The lower right panel shows the discrimina-
tion ratios for the AY/AX and AY/BY subdiscriminations col-
lapsed across R1 and R2.

These results confirm and extend the results of Experiment 3. Rats
were first given training in which trials with AX, BY, A, and B were
followed by food and trials with X and Y were not. Relative to X and
Y, A and B are better predictors of the trial outcome. According to the
theory proposed by Mackintosh (1975), therefore, attention to A and
B should be greater than attention to X and Y. Again, the theory
proposed by Pearce and Hall (1980) predicts that, by the conclusion of
pretraining, there will be no uncertainty about the identity of the
outcome after any of the trials. Consequently, attention to these
stimuli should be equivalently low. The results of the final test
discrimination confirmed the predictions of the Mackintosh model—
the discrimination between AY and BY was more successful than the
discrimination between AY and AX. It is important to note that this
result was observed under conditions in which the difference in the
associative strength of B and X was unlikely to have contributed to the
effect. During the test discrimination, AY, AX, and BY were all
paired with food. Unlike in Experiment 3, therefore, B and X do not
have to lose associative strength on the AX and BY trials to counter
the excitation gained on AY trials. Consequently, any differences in
the associative strengths of B and X from the outset of the test
discrimination are unlikely to have contributed to the difference
observed.

This experiment is also interesting in its own right because it
demonstrates that attention acquired to a stimulus through Pavlov-
ian conditioning can subsequently influence the extent to which
this stimulus can take control of instrumental responding. This
result therefore provides support for the assumption behind theo-
ries of addictive behavior that propose that via conditioning, at-
tention increases to drug-paired cues and that this bias then sub-
sequently influences instrumental drug-seeking behavior (e.g.,
Hogarth & Duka, 2006; Robinson & Berridge, 1993).

General Discussion

Four experiments examined the rate at which a discrimination was
solved between two compounds, each composed of a common and a
distinctive element. Experiments 1 and 2 revealed that the discrimi-
nation was acquired more readily if the distinctive elements had
previously been paired with food according to a partial rather than a
continuous reinforcement schedule. This result is consistent with the
theory proposed by Pearce and Hall (1980). Experiments 3 and 4
revealed that the discrimination was acquired more readily if the
distinctive elements had previously been relevant, rather than irrele-
vant, to the solution of a feature-positive discrimination. This result is
consistent with the theory proposed by Mackintosh (1975).

The results of Experiments 1 and 2 are compatible with those of
previous studies that have shown that the associability of partially
reinforced stimuli is greater than that of continuously reinforced
stimuli (e.g., Kaye & Pearce, 1984). At the same time, these results
have a number of advantages over most of those from previous
studies. First, it has been possible to compare the effects of the two

reinforcement schedules using conventional training, in which the CS
is paired directly with the US, instead of less typical, serial condition-
ing designs. The results thus provide novel confirmation of predic-
tions from the Pearce and Hall (1980) theory using the most direct
method of training. Second, it is not possible to interpret these results
by referring to explanations that can be applied to the earlier studies
(e.g., Hall, 2003; Honey et al., 1998). Indeed, we are aware of only
one experimental design with rats that supports the proposals of
Pearce and Hall that, at the same time, is immune to these alternative
interpretations (e.g., Maddux, Kerfoot, Chatterjee, & Holland, 2007;
Wilson, Boumphrey, & Pearce, 1992).

As we noted earlier, the testing procedure used in the current
experiments was based on the design of the experiments described
by Pearce et al. (2008; see also Dopson et al., 2010). The exper-
iments reported by Dopson et al. (2010), for example, showed that
after the solution of a pair of true discriminations (AX+, BY +,
CX—, DY—), pigeons solved a subsequent test discrimination
between AY+ and BY — more readily than a discrimination be-
tween AY + and AX—. In Dopson et al.’s experiments, therefore,
discrimination learning proceeded more rapidly between com-
pounds whose distinctive stimuli had a history of being continu-
ously followed by a US (AY and BY) than of being intermittently
followed by a US (AY and AX). Experiments 3 and 4 demon-
strated results consistent with this result, but as we have noted,
Experiments 1 and 2 demonstrate results that are contrary to the
findings of Dopson et al. To reconcile these contrary results, it
seems necessary to acknowledge that CS processing is determined
simultaneously by two processes, one that follows the principles
suggested by Mackintosh (1975) and another that follows the
principles suggested by Pearce and Hall (1980). As we have noted,
a number of so-called hybrid models of CS processing have now
been proposed. Pearce, George, and Redhead (1998), for example,
incorporated variants of the Mackintosh and Pearce—Hall theories
into a configural model of learning, and Le Pelley (2004) has
incorporated variants of the same theories into an elemental model
of learning. The apparent contradiction between the Mackintosh
and Pearce—Hall models can be resolved if it is appreciated that the
two theories act on CS processing in different ways. According to
Le Pelley, the Mackintosh model allocates more attention to the
CS that has the best relative predictive validity—that is to say, the
CS that, relative to all other CSs, is the best predictor of the US.
Le Pelley has classified this property of the CS as attentional
associability. The Pearce—Hall model, however, allocates attention
to the CS on the basis of its absolute predictive validity—that is to
say, the extent to which it is followed by a well-predicted US
irrespective of the predictive validity of other CSs. Le Pelley has
classified this property of the CS as salience associability. In
particular, Le Pelley (in press) reported simulations of the current
Experiment 1 and Dopson et al.’s Experiment 1 with a hybrid
model, and we direct the interested reader to this article for details
of how, formally, a hybrid model explains, on the one hand, results
consistent with the Mackintosh model and, on the other hand,
results consistent with the Pearce-Hall model.

It is, however, instructive to gain an intuition for how such
hybrid models of attention and learning arrive at the predictions
that we have derived here. The remaining discussion will consider,
more informally, how a recent hybrid model proposed by Pearce
and Mackintosh (in press) can explain the present results. Pearce
and Mackintosh have simplified the proposals of Le Pelley. They
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Table 2

Analysis of Experiments 1 and 3 With a Hybrid Model of Learning and Attention (Pearce & Mackintosh, in Press)

Attentional associability («):

Experiment/ Learning rule Aay, > 0if N — V| < N — Vy Salience associability (o): Total associability:
Training AVy=a X o XB X\ —2V) Aay < O0if A — V| = N — Vy o=\ =V aXao
Experiment 1
A+ B+ Vs = IN aps~ 1 Oam~ 3 AB=1%X3=23
X+ Y+ Viy = S\ sy ~ 1 Oy ~ 5 XY=1X5=.25
Experiment 3
AX+ BY+ Vs = IN app =~ 1 Oap =~ 3 AB=1x3=23
X— Y- Viry = O\ Ay ~ 05 Tapy = .5 X/Y = .05 X .5 = 025

Note. Values in bold denote total associability.

suggested that learning proceeds according to the proposals of
Rescorla and Wagner (1972). Thus, on each trial the change in the
strength of the association between a CS (say, A) and a US is
determined by a summed error term (A — V) that is multiplied by
the product of three learning-rate parameters: 3, which is fixed and
is determined by the intensity of the US, and a and o, which are
modifiable parameters reflecting attention to the CS. The rules
governing changes in o (attentional associability) follow those
proposed by Mackintosh (1975) and are shown in Equations 2a
and 2b. The rules governing changes in o (salience associability)
follow a variation on those proposed by Pearce and Hall and are
shown in Equation 5, where the superscripts n and n + 1 refer to
the current trial and subsequent trial, respectively.

oAt =N VAL ®)

The modification to the Pearce—Hall (1980) model is interesting
because now the (salience) associability of the CS is determined by
its individual prediction error rather than a summed prediction
error. Thus, the salience associability of the CS is for the first time
determined by absolute predictive validity.> Le Pelley (in press)
has suggested that a can vary between the values of .05 and 1 and
that o can vary between the values of .3 and 1. These ranges of
values allow hybrid models to be consistent with the intuition for
how the Mackintosh (1975) and Pearce—Hall models distinguish
themselves: The Mackintosh (attentional associability) component
allows stimuli to be either fully attended to or almost fully ignored
on the basis of their relevance relative to other stimuli. The
Pearce—Hall (salience associability) component determines how
much is to be learned about stimuli on the basis of their individual,
absolute predictive validity. Finally, the total associability of a CS
is given by the product of o and o.

By adopting the proposals of Pearce and Mackintosh (in press),
the results of Experiments 1 and 2 can be reconciled with those of
Experiments 3 and 4. During Experiment 1, for example, it follows
from Equation 5 that o for A and B after continuous reinforcement
will be close to the minimum value of .3. However, because A and
B are the best predictors of the US, Equation 2a will ensure that o
will be close to the maximum value, 1. Thus, the total associability
(a.0) for A and B will be close to .3. However, the overall
associability of X and Y will be greater than this value. This
prediction follows from Equation 2a because X and Y are also the
best predictors of the US, ensuring that the value of o remains
relatively high. At the same time, Equation 5 will ensure that o is

close to .5 for X and Y.? The product of o and ¢ for X and Y will
be greater than the product of a and o for A and B, and the
discrimination between AY and AX will then proceed more rap-
idly than the discrimination between AY and BY. A summary of
these principles is shown in the center rows of Table 2.

During the solution of the feature-positive discriminations in
Experiment 3, for example (AX+, BY+, X—, Y—), X and Y were
intermittently followed by the US. According to Equation 5, o for
X and Y will therefore be relatively high. However, because X and
Y were not the best predictors of the US, Equation 2b predicts that
o for these stimuli will be close to zero and will result in the
product of a and o for X and Y also being close to zero. Once the
feature-positive discriminations are solved, the associative strength
of A and B will be close to 1\. Equation 5, therefore, predicts that
o for A and B will be driven to its minimum value (.3), and
Equation 2a predicts that o for A and B will be close to 1. The
product of o and o for A and B will therefore be approximately .3,
which is higher than the total associability of X and Y. The higher
overall associability of A and B rather than of X and Y will then
ensure that the discrimination between AY and BY will proceed
more rapidly than the discrimination between AY and AX. A
summary of these principles is shown in the bottom rows of Table
2. We should emphasize that the resolution of the apparent conflict
between Experiments 1 and 3 described here can also be applied to
Experiments 2 and 4. We should also emphasize that this is by no
means the only resolution. The hybrid model proposed by, for
example, Le Pelley (2004, pp. 225-235, in press) provides a

2 Equation 4 is based on the equation provided by Pearce and Hall
(1980) to describe associability changes. As it is, it makes the unrealistic
prediction that stimulus associability is equal to the prediction error from
the immediately preceding trial. This equation was modified by Pearce,
Kaye, and Hall (1982) so that changes in stimulus associability take place
at a slower rate. We adopt the equation provided by Pearce and Hall simply
for the sake of clarity. Le Pelley (2004, in press) showed simulations of a
hybrid model that incorporates the equations proposed by Pearce et al. for
determining stimulus associability.

3 The terminal associative strength for partially reinforced CSs X and Y
is influenced by the values of 3 for reinforced (Bg) and nonreinforced (3,)
trials. If Bg = By, then Vx and Vy will reach an asymptote of .5\. If B >
By, then Vi and Vy will reach an asymptote greater than .5\. Finally, if
Be < B, then Vx and V4 will reach an asymptote less than .5\. For the
sake of simplicity, we assume in this analysis that Bz = B;.
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similar analysis for these contrasting results. We have focused here
on the analysis that can be derived from Pearce and Mackintosh (in
press), only because it provides a simple integration of the pro-
posals of Mackintosh (1975) and Pearce and Hall (1980).

The current experiments are consistent with the idea that two
processes contribute to the overall associability of a CS. Experi-
ments 1 and 2 are consistent with the Pearce—Hall (1980) model of
learning; Experiments 3 and 4 are consistent with the Mackintosh
(1975) model. The conditions of, in particular, Experiments 2 and
3 were extremely similar; we are therefore encouraged to attribute
the different experimental outcomes to the impact of the differing
pretraining rather than any other procedural differences between
the experiments. To resolve the contradictory findings, we advo-
cate a hybrid model approach to conditioning, in which the con-
tribution of the Mackintosh and Pearce—Hall processes of attention
are assumed to operate simultaneously on any conditioning trial.
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