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Classical conditioning used to be viewed as a type of learning that involves the acquisi-
tion of elicited responses (i.e., responses, like the defensive eye blink, that are preceded
reliably by an identifiable eliciting stimulus and that are experienced phencmenologi-
cally as automatic or reflexive). Similarly, instrumental (operant) conditioning was regarded
as a type of learning that involves the acquisition of emitted responses (i.e., responses,
like a wink of the eye, that can occur in the absence of reliable or well-defined antecedent
stimuli and are experienced as voluntary). An implicit assumption of these old definitions
was that what is acquired is a stimulus-response (S-R) association rather than a belief
about the antecedents of an outcome (O, i.e., an expectancy).

When operant and classical conditioning are defined narrowly as types of learning in
which S—R associations are formed, one can question whether they exist at all. Thus,
Brewer (1974) provocatively titled his review of the conditioning literature, There is No
Convincing Evidence for Operant or Classical Conditioning in Adult Humans, Contem-
porary conditioning theorists regard instrumental and classical conditioning as proce-
dures that lead to behavior change (see Bolles, 1979). One advantage of defining
instrumental and classical conditioning empirically in this way is that it is theoretically
neutral. There can be no doubt but that instrumental and classical conditioning proce-
dures reliably lead to changes in behavior. What are at issue ave the inferred processes by
which these changes are produced, Tn contrast to the early views expressed above, most
contemporary learning theorists, even those who are mechanistically minded, regard clas-
sica) conditioning as reflecting S-0O (a.k.a. S-8) associations and instrumental learning
as reflecting R—0 associations (Rescorla, 1988, 1991, also see Kirsch, 1985).

In what he deemed his most important use of the term, Kuhn (1970) characterized
paradigms as exemplars of seemingly permanent solutions to particular scientific prob-
lems, exemplars that serve as models for subsequent research in the area. Classical and
instrumental conditioning are paradigms in this sense of the term, They have provided
models for study a variety of phenomena, including phenomena that are central to clinical
psychology. Outstanding examples of the application of classical conditioning proce-
dures to clinical concerns include their vse to induce (Watson & Rayner, 1920} and treat
(Jones, 1924; Wolpe, 1958) phobic anxicty. The application of operant conditioning to
clinical phenomena is evident in the creation and elimination of behaviors that might be
symptomatic of psychiatric disorders (Haughton & Ayllon, 1965) and in the operation of
token economies (Allyon & Azrin, 1968). Simitarly, the behavior of rats that have been
trained in a Skinner box on a variable ratio schedule of reinforcement can serve as an
exemplar for analyzing and studying the behavior of humans standing in front of slot
machines in Las Vegas. In the latter case, cven ihe topography is isomorphic, including
the lever that is pressed and the cup, in which the reinforcing pellets or chips are deliv-
ered, underneath it. However, this topographical similarity is the exception rather than
the rule.

Kuhn (1970) noted that scientists can “agree in their identification of a paradigm
without agreeing on . . . a full interpretation of it” (p. 44). This pariicularly is clear with
respect to classical and operant conditioning. There can be no doubt that these procedures
result in learning and that they have inspired treatments that have been shown to be
effective in clinical trials. However, almost since their inception, their interpretation was
the focus of intense theoretical debate, The central issue at the core of this debate was the
following question: Are these phenomena automatic, mechanistic processes, in which
higher-order cognition, if present at all, is merely an epiphenomenon (e.g., Hull, 1943;
Paviov, 1927; Skinner, 1953; Watson, 1913}, or are they processes that are mediated
cognitively (¢.g.. Bolles, 1979; Ratter, 1954 Tolman, 1932, 1948)7 In recent years, a
consensus has emerged that cognitive processes play an important role in learning (Miller
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& Oberling, 1998; Rescorla, 1988, 1991). Nevertheless, il will be argued that there are
some instances in which learning bypasses entirely higher-order cognition,

Contemporary mechanistic accounts of classical and operant conditioning typically
involve the hypothesis that direct associations between the stimulus and outcome repre-
sentations or the response and outcome representations are formed during conditioning.
Obviously the outcome representations activated by these associations constitute a low-
level form of outcome expectancy. Thus, there is now virtually universal agreement that
conditioning involves the production of expectancies. The remaining theoretical differ-
ences about this issue concern the level of cognition and whether these cognitions can be
represented adequately as simple associations. Higher-order cognitive alternatives to these
mechanistic interpretations have centered on the concept of expectancy as more than just
the activation of simple binary associations. An expectancy is a future-oriented belief; it
is & belief that something will happen. Therefore, they also have been described as sub-
jective probabilities (Rotter, 1954). From a cognitive perspective (e.g.. Kirsch, 1985),
instrurnental learning situations produce expectancies that particular behaviors will pro-
duce particular outcomes (e.g., that food can be found in a particular location), and
classical conditioning produces expectancies that certain stimuli will be followed by
other stimuli (e.g., that food will be presented soon after the bell is sounded).

Expectancies have been portrayed as 5-0O associations, but not all §—O associations
are expectancies. For example, a particular melody might function as a cue stimulus
evoking a representation of a person in one's. past. However, this representation is not an
expectancy because it does not produce the belicf that the person will appear because
there also are present contextual cues that tell us that the person will not appear. In
addition, there are types of S-R associations that can be regarded as expectancies (Kirsch,
1985). These are associations in which what is invoked by the stimulus is a representation
of the response rather than the response itself, In this article, old and relatively recent data
pertaining to the role of higher-order cognition in conditioning will be reviewed, and a
theoretical synthesis that provides a role for both automatic and cognitively mediated
processes will be proposed. o

Data Indicating Higher-Order Cognitive Mediation

Tolman's Challenge to Mechanistic Explanations of Learning

Following the ascendancy of behaviorism, mechanistic explanations were prevalent among
fearning theorists (e.g., Hull, 1943), The major exception was Tolman (1932, 1948),
whose research program was aimed largely at providing anomalies for image-free mech-
anistic learning theories. Tolman and his colleagues produced a large body of data sup-
porting the hypothesis that rats running in mazes behaved as if they had access to
information, built cognitive maps of the mazes, and expected to find food in particular
locations (Bolles, 1979). The nature of Tolman’s ‘challenge to image-free mechanistic
theory can be illustrated with the following examples.

Vicarious Trial and Error: “Catching On.” Tolman's (1939) studies of vicarious
irial and ervor (VTE) supported his idea of cognitive maps. VTE refers 1o the behaviors
of “hesitating, looking back and forth” that rats engage in at choice points in a maze or
discrimination task (e.g., choosing whether food is behind a black or white door) or
hefore going one way or anothet in a maze, Rats seemed to display more VTEs when they
catch on vo which stimuli to pay attention to in a visual discrimination task or later “make
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sure of which stimulus is which.” Tolman claimed this behavior indicates that the rat
actively selects and compares stimuli in constructing a cognitive map of the task.

“Hypothesis” Experiments. Krech and Crutchfield (1948) defined leacning as a “'reor-
ganization of the cognitive field” (p. 112). Tolman (1948) credited Krechecsky (Krechev-
sky, 1932) with designing experiments suggesting that rats develop systematic choices or
hypotheses in progressing down difficult mazes. For example, rats try a variety of different
behaviors, such as choosing right-handed or dark doors, which continues at above-chance
Jevels until a solution to the maze or discrimination task is achieved. Such trial-and-error
behavior was viewed as goal directed and was thought to reflect the development of
tentative cognitive maps that are subject to revision as lesFning occurs.

“Place Learning.” If a rat forms a cognitive map of a maze, then it should leam
something about the relation among stimuli and have the ability to discriminate the place
where food was located in its learning environment. Tolman, Ritchie, and Kalish (1 046)
found that rats that were trained to run a maze in a direct path for food, when blocked
from running down the original path to the food and confronted with radiating paths,
tended to run down the path that was in the direction of where the food was placed
originally or selected a path that ran perpendicularly to the side of the room where the
food was placed. Accordingly, the rats appeared to have jearned the place where the
reward was located, allowing the inference that they had formed a cognitive map of
the maze.

Tn a direct test of the hypothesis that rats in mazes learn locations rather than responses,
Tolman et al. (1946) alternately placed rats in one of two different start locations. Half of
the rats (designated place learners) were reinforced for running to the same location,
which required a different response (turning left or right) depending on which location
they had started from. The others (designated response ;learners) were reinforced for
making the same response, which took them to a different Jocation depending on where
they had started from. The logic of the study was that the place-learning task should be
the casier of the two if rats learn locations, whereas the response-learning task should
be easier if rats learn respouses. In fact, all of the place learners learned their task within
8 trials, whereas after 72 trials, only 3 of 8 response learners had learned the task. Never-
theless, both lasks were leamed by at least some of the subjects, making it clear that rats
are opportunistic and are capable of either type of learning.

Response Prevention. Additional support for the cognitive map hypothesis comes
from studies in which animals have been prevented from making a response for which
they previously have been reinforced. In these studies, the use of an alternate response to
reach the same reinforced location is interpreted as support of the cognitive hypothesis.
For example, a rat prevented from turning right can traverse the right path of a T maze
by turning leftin a 3 circle, until it is facing the goal box. Numerous studies have shown
that learning occwited when responses were prevented in a variety of ways, including
2) immobilizing rats by an administration of curare and testing learning when the drug
was no longer active (Girden, 1942), b) crushing rats’ motor nerves (Kellogg, Scott,
Davis, & Wolf, 1940), and ¢) lesioning midbrain regions {Beck & Doty, 1957).

Latent Learning. The most controversial research paradigm was that purporting 1o
demonstrate latent learning (e.g., Blodgett, 1929; Tolman & Honzik 1930). These exper-
‘ments revealed that rats allowed to spend time in a maze without food reinforcement for
reaching the goal showed little improvement in the time required to reach the goal or in
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the number of errors made. However, immediately after food was dispensed, the rats’
error curves “dropped astoundingly,” indicating that the rats had learned to navigate the
maze even when they were not reinforced for doing so, but that this learning was not
expressed behaviorally in the absence of reinforcement. In other experiments, it was
shown that rats learned to locate food even when they were satiated (Thistlewaite, 1951)
and when exposure to the maze is provided by having the rat ride in a small cart {Mc-
Namara, Long, & Wilke, 1956). According to Tolman, these sorts of -demonstrations
implied the exisience of cognitive maps that formed during nonreinforced trials.

Brewer's {1974) Review

In 1974, William Brewer reviewed more than 200 “dissociation” studies, which he claimed
distinguished between “conditioning theory” and “cognitive theory” (i.e., between mech-
anistic and higher-order cognitive interpretations of conditioning). According to Brewer,
these studies of autonomic responses, motor responses, and complex responses (e.g.,
semantic generalization, conditioned meaning, verbal operant conditioning} in humans
provide strong support for a cognitive interpretation. Below are the types of studies he
reviewed and the logic by which they support a higher-order cognitive interpretation of
conditioning.

Informed pairing: Simply informing participants about the CS-US (i.e., 3-0) rela-
tion, with no actual paiting, results in acquisition of the CR and informing participants of
response—reinforcement (i.e., R—0) contingencies produces instrumental learning.

informed unpairing: After operant or classical conditioning, extinction can be pro-
duced by informing participants that the contingencies are no longer in effect, without
any actual extinction trials, -

Instructed conditioning: Participants instructed to produce a CR in response to a C3
or 1o emit an operant response do so, without any actual conditioning trials.

[nstructed nonconditioning: Participants are told to not produce a CR or operant
response, following which they are given conditioning trials. Cognitive theary is sup-
ported when the response is not emitted.

Instructed extinction: After standard operant or classical conditioning, participants
told to stop emitting the learned response do so.

Masking, Misleading instructions can be used to mask CS-US or response—
reinforcement relations. i

Awareness of contingency: Awareness of contingencies can be assessed and often is
found to be correlated with the emission of conditioned responses, the cognitive hypoth-
esis being that they will be emitted only by participants who are aware,

Modified contingency expectancy. After conditioning, participants are provided with
information that produces expectations about contingencies that are different from those
of the conditioning trials. For example, removing the shock electrodes in an aversive
conditioning paradigm should eliminate the expectancy of shock.

Response expectancies: After conditioning in situations in which different responses
are possible, participants' hypotheses about the response are assessed and correlated with
their CRs. Alternatively, participanis’ response expectancies can be manipulated by the
provision of verbal information.

Reinforcement expectancy: Participants’ responses in a classical conditioning para-
digm are correlated with information they have been given aboul the intensity of a strongly
aversive US, or their responses are correlated with their hypotheses about the purpose of
an ambiguous reinforcer (e.g., a spoken “hmm™).
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Brewer (1974) interpreted the data from these experiments as indicating “all the
results of the traditional conditioning literature are due to the operation of higher mental
processes, as assumed in cognitive theory, and that there is not and never has been any
convincing evidence for unconscious, automatic mechanisms in the conditioning of adult
human beings” (p. 27). A number of later reviews (Boakes, 1989; Lovibond & Shanks,
2002; Shanks & St. John, 1994), focusing primarily on data reported after Brewer’s
(1974) review, have echoed Brewer’s conclusions regarding the failure of research to
support mechanistic views of conditioning, Other reviewers, however, have reached alter-
nate interpretations of the data (e.g., see Manns, Clark, & Squire, 2002; Weins & Ohman,
2002, for contrary conclusions), especially regarding the hypothesis that learning requires
awareness of the contingencies (Morris, Ohman, & Dolan, 19938; Schacter, 1987),

Rescorla’s Reviews of Classical and Operant Conditioning

Two influential reviews by Robert Rescorla, first of classical conditioning (1988) and
then of instrumental conditioning (Rescorla, 1991), constituted further challenges to sim-
ple mechanistic views of learning. Rescorla’s {1988) review entitled, Paviovian condi-
tioning: It’s not what you think it is, updated his earlier (1968) conceptualization of
classical conditioning as involving the acguisition of information, as opposed to a “low
fevel mechanical process in which the control over a response is passed reflexively from
one stimulus to another” (Rescorla, 1988, p. [52). In his early cxperiments, Rescorla
manipulated the contingency (i.¢., correlation) between CSs and USs by presenting var-
ious combinations of CSs alone, USs alone, and contiguous CS—US pairings. What appeared
to be important for the acquisition of conditioned responding was not the total number of
contiguous pairings, but the overall relationship between the CS and US. According to
this informational hypothesis, behavioral controd is established when there is a positive or
negative correlation between the CS and US, but not when there is no correlation. Accord-
ingly, conditioned responses are elicited when the C3 predicts that the US is likely to
occur, but inhibited when the CS predicts that the US is less likely than the USs hase rate,
Tt was as if the animals were attuned to the informational value of the CS that established
relations among events, just as is predicted by modern conditioning theories, in which
cognitions (and expectancies in particular) play a central role.

According to this perspective, animals (including humans) are goal-directed, active
information seekers who form rich and varied representations of their environment in the
course of responding to an array of stimuli that come to be associated with one another in
potentially complex ways. Conditioning is responsive to dilferent properties of the sum-
uli that organisms encounter, to differences in associability among stimuli, and o the
signaling properties of stimmli with respect to the relations that exist among other stimuli.
Learning occurs when organisms are surprised (Kamin, 1968; Rescorla & Wagner, 1972)
and meodify their Pavlovian associations in response to the “discrepancy between the
actual state of the world and the organism’s representation of that state” (Rescorla, 1988;
p. 153). Outcomes that are surprising provide new information, facilitate a rich represen-
(ation of the world, and permit conditioning in as few as a single trial. This line of
theorizing allows Tolman’s concept of expectancy 1o be applied readily to contemparary
associative learning theory, However, this insight did not result in an unguestioned tri-
umph of higher-order cognition. Notably, simple expectancies can be captured in mech-
anistic formulations such as the Rescorla—Wagner model {e.g., Allan, 1993). Here subjects
are assumed insensitive to direct correlations between cues and outcomes, but the asymp-
totic state of their mechanistic S-O formulation is difficult to distinguish from such a
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sensitivity. Moreover, at their current states of development, simple mechanistic models
do some things (e.g., predict recency effects and cue competition) better than do higher-
order cognitive models (e.g., Ldpez, Shanks, Almaraz, & Fernidndez, 1998). However, as
each family of models evolves, it can be seen that there is little that each family (simple
mechanism or higher-order cognition) cannot explain in principle. Contrasting familics
of models, rather than contrasting two specific models, is dangerous because improved
models within each family are often in preparation (Miller & Escobar, 2001). Neverthe-
less, contrasting cognitive and mechanistic approaches encourages mode! development
and highlights critical phenomena. )

S0 Associations in Classical Conditioning .

Historically (¢.g., Hull, 1943), the associations that are learned during conditioning are
between stimuli and responses. Thus, they are S-R associations. In simple cognitive
theories (including virtsally all contemporary conditioning theories), associations are
hypothesized to be formed between representations of two stimuli (i.e., 5~O associa-
tions), between representations of stimuli and responses (S-R), or between representa-
tions of responses and ontcomes (R~0). S-0 (or R—0) associations generally are
interpreted as cognitions in which a stimulus (or response) comes to elicit an expectancy
for the occurrence of another stimulus, Contemporary research suggests that expectan-
cies in classical conditioning involve associations that vary in complexity. Simple S-O
associations are inferred from conditioning procedures that result in conditioned responses
following trial-by-trial presentation of a CS in seme relationship with the US. More
complex associations are inferred from pr ocedures that provide the opportunity to com-
bine two simple $—O associations (e.g., sensory preconditioning or second-order condi-
tioning), and even greater complexity in associative structure is inferred from procedures
that allow for the encoding for higher-order relationships (e.g., occasion setting; Miller &
Oberling, 1998).

Simple S-0 Associations. Credible evidence of -0 associations in classical condi-
tioning is provided by experiments using sensory preconditioning procedures (e.g., Riz-
ley & Rescorla, 1972). In this procedure, animals are presented first with contiguous
pairings of two neutral stimuli such as a light and a tone, During this initial phasc of the
procedure, there is no behavioral evidence that the animals associate the two stimuli.
Next, only one of the neutral stimuli, for example the tone, is paired with a US until it
elicits a CR. When the stimulus that was not paired with a US (the light in this example)
is presented alone in the final test phase, it too is found to elicit a CR. Note that because
the light was never paired with a US, it was never experienced as contiguous with a
response; therefore, it could not have gained eliciting properties as a result of an S-R
association, The generally accepted explanation of the sensory-preconditioning phenom-
enon is that the animals acquire a latent tone~light association in the first phase and a
tone—US association in the second phase. When the light is presented in the final test
phase, the light evokes a mental representation of the tone, which in turmn evokes an
expectancy of the US and generates a CR. Although sensory preconditioning procedures
provide strong support for simple 5-0 associations, they also show more complex cog-
nitive processes. That is, these results indicate that rats are able to take two separate 5-0
associations (Light-Tone and Tone-US) and through a transitive inference process infer
a third association (Lighi-US).

Additional evidence for this simple cognitive account of classical conditioning comes
from US devaluation procedures (c.g., Holland & Rescorla, 1975). In the first phase,
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experimental and control groups are given standard CS-US pairings until CRs are observed,
According to early mechanistic views of conditioning, Phase-1 conditioning reflects an
S-R (CS-UR) association, but, according to both contemporary mechanistic and simple
cognitive accounts, conditioning results in an S—O (CS--US) association, which can be
thought of as a mental link between the representations of the stimulus events. To differ-
entiate between the S-R and $—0 accounts of conditioning, the value of the US is reduced
(devalued) for the experimental group, but not for the control group during Phase 2 of the
experiment. For example, in procedures in which the US is food, satiating the animal ot
conditioning a taste aversion to the US can achieve devaluation. The S—R account pre-
dicts that devaluing the US should have no effect on the CSs subsequent ability to elicit
CRs because the US is not part of the association that controls conditioned responding.
The S—O account, however, includes a forward-looking association and a mental repre-
sentation of the anticipated US. The experimental group, therefore, should expect a deval-
ued US and thereby respond less Lo the CS relative to the control group. Devaluation
experiments invelving classical conditioning paradigms as diverse as sexuwal-approach
conditioning in birds (Holloway & Domjan, 1993) and food conditioning in rats {(e.g.,
Holland & Rescorla, 1975) have provided evidence of S—O associations.

A wide range of simple classical conditioning procedures result in robust and reliable
conditioned responding. This observation suggests the even simple associative learning
may vary in complexity. In most conditioning procedures, the CS onset precedes US
onset, but this temporal precedence is not necessary for conditioning to be seen, Condi-
tioned responses oceur when a CS is presented simultaneously with, or following, an
aversive US in just a few trials, and sometimes after just one trial (e.g., Ayres, Haddad, &
Albert, 1987; Mahoney & Ayres, 1976). Conditioning with just one CS—US pairing indi-
cates that temporal contiguity is a sufficient condition for the establishment of a simple
association between internal representations of a CS and US, Additional experience with
repeated CS—US trials, however, provides the opportunity for the subject to obtain more
information through contingency learning, information that may result in new learning
involving the causal (Rescorla, 1988) and temporal (Millér & Barnet, 1993) relationship
between stimuli or the behavioral expression of that information (Miller & Matzel, 1988).

Regarding variation in the behavioral expression of simple associations, expectancy
theory does not have much to contribute. For instance, expectancy theory does not account
for the form that the conditioned response takes in conditioning procedures. A number of
siudies indicate that the form of the conditioned response is influenced by the type of CS
used. For example, Holland (1977) found that rats exposed to tone—food pairings devel-
oped a head jerk to the tone, whereas tats exposed to otherwise identical light-food
pairings exhibited rearing behavior to the light, In addition, the fength of the interval
between the CS and the US can affect response topology in ways that are not always
consistent with rational expectancies. With-a short tone—food interval, Holland (1980)
observed a startle response to the tone, whereas with a long tone—food interval, he saw
orientation to the food hopper in response to the tone. Results like these support the view
that the activation of conditioned responding involves biologically preprogramed (mech-
anistic) behaviors that are organized around important biological functions (e.g., feeding,
mating, and defense) and are elicited by stimuli that anticipate the arrival of a US (Tim-
berlake & Lucas, 1989). Moreover, recent studies have demonstrated that an abstraction
such as response variability can be reinforced (e.g., Neuringer, 2002). Expectancy accounis
of simple associative Jearning also fail to explain basic leaming phenomenon that peint to
failures of behavioral expression rather than to failure to form an -0 association. One
example is the US preexposure effect. Repeated exposure o a US retards the course of
classical conditioning later when a CS is paired with the US in the same context. The US
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preexposure effect apparently occurs when the context accrues sufticient excitatory strength
to block conditioning to the discrete CS (Randich & LoLordo, 1979). This result usually
iy interpreted as reflecting the failure of a subject to acquire a CS-US association because
the added CS was redundant and provided no new information. However, Matzel, Brown,
and Miller (1987) demonstrated that unreinforced exposure to the context after CS8-US
training reduced the US preexposure effect, suggesting that the CS~US associations indeed
were formed during the training phase, but was not expressed in behavior.

Higher-Order Associations. Although the context can serve as a CS in a C8-US
association when the context is the best predictor of the US, it also can enter a higher-
order relationship with a CS—US relationship when the latter is embedded within the
context. In one study, Bouton and King (1983) found that when a discrete CS was paired
with a shock US in one context and extinguished in another context, the subjects showed
conditioned fear of the discrete CS when retested in the original training context. This
renewal of conditioned fear was not evident in subjects that experienced training and
extinction in the same context. Thus, expectancies ¢an be altered by the contexts in which
test trials occur. Furthermore, independent assessment of the ability of the context to
olicit conditioned responding indicated that demonstrable excitatory and inhibitory con-
ditioning of the context was not necessary for the context to control fear to the discrete
CS. These results were interpreted as supporting the role of the context as an occasion
setter, Occasion setters are viewed as stimuli that provide information about when a
CS-US contingency is in effect (Schmajuk & Holland, 1998). Occasion setters are not
restricted to contextual stimuli, but can occur in other procedures that provide two-level
hierarchical arrangements of discrete events, For example, in the serial feature-positive
discrimination procedure, a discrete stimutus (the feature) precedes another discrete stim-
ulus (the CS) when the latter is paired with a US, but not when it is presented without a
US. Evidence suggests that the discrete CS enters a simple association with the US, but
its expression is dependent upon a conditional cue function of the feature. Interestingly,
when the feature is presented simultaneously with the other CS instead of preceding it,
simple associations appear (o develop between the feature and the US rather than higher-
order conditional associations (Ross & Holland, 1981), Moreover, just as occasion setters
can disambiguate otherwise ambigeous CSs, so 0o can higher-order nccasion setters
disambiguate otherwise ambiguous first-order occusion setters (Amold, Grahame, & Miller,
1991).

R0 and S—{R~(0) Associations in Operant Conditfianing

R-0O Associations, Traditional cognitive explanations of behavioral change in instru-
mental conditioning procedures posit the formation of an association between an emitted
response and an outcorne that has followed it in the past (R-O; Bolles, 1979). These R-O
associations are the basis of outcome expectancies, that is, they support expectancies that
an cmitied response will lead to a particular outcome. Devaluation procedures, from
which evidence of S-0 associations in classical conditioning was derived, also have been
adapted for instrumental conditioning procedures, in which they provide evidence of
R—0 associations. In these instrumental learning studies, an outcome (e.g., sucrose sohu-
tion or foad pellets) can be devalued by pairing it with the administration of a substance
or toxin that creates a food aversion, for example. In one study using simple schedules
of reinforcement (i.e., a single manipulandum), rats that learned to press a lever for
food on a ratio schedule of reinforcement (Phase 1) and then experienced a devaluation
of the reinforcer outcome in the home cage (Phase 2) responded less on the lever in a
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subsequent extinction test (Phase 3) compared to rats that did not experience the deval-
vation (Dickinson, Nicholas, & Adams, 1983}, Rescorla and colleagues have used con-
current schedules of reinforcement such that in the first phase rats were trained to emit
one response for one type of outcome (e.g., food pellets) and a second response fot
another outcome {e.g., sucrose) followed by home-cage devalnation of one of the out-
comes. These studies also have demonstrated consistently a reduction in responding for
the devalued outcome during the test phase (e.g., Colwill & Rescorla, 1985a; 1985h).
Such results are not predicted by an SR mechanistic account of conditioning because the
S—R association that presumably was selected in Phase [ should have been unchanged by
the home~cage devaluation of the ontcome, and as a result, responding should have
persisted in the Phase-3 test. The 5-0 mechanistic and cognitive accounts, however,
explain it in terms of the devaluation procedure reducing the value of the reinforcer
outcome and consequently operant responding motivated by the expectation of the out-
come responding should decline.

S—(R-0) Associations. In his review of associative relations in instrumental learn-
ing, Rescorla (1991) made a strong case for the establishment of agsociations that went
beyond simple binary stimulus—tesponse or response-outcome associations. In addition
to S—R and R-O associations, Rescorla posited S—(R—0) associalions, which can be
understood as expectancies of particular outcomes (O) when certain responses (R) are
emitted in the presence of an occasion setting (discriminative) stimulus {$). For exampie,
in the typical operant conditioning procedure with rats, the discriminative stimuli of an
operant chamber occasions the expectation that responding will lead to imminent arrival
of food. Higher-order cognitive accounts describe instrumental conditioning as resulting
in motivated action directed toward an expected goal (outcome), whereas contemporary
mechanistic theories describe instrumental conditioning as resulting in motivated action
because it was reinforced previously, In both cases, S—(R—0O) associations are at the heart
of modern conditioning theory. In contrast, prior SR mechanistic explanations specu-
lated that the reinforcing outcome selects a stimulus—response association, but does not
become a component of the association—the prior reinforcement history simply compels
the rat to respond in the presence of distinctive stimuli, -

Cognitive Mediation in Clinical Research

Much of the data pertaining to the debate about higher-order cognitive mediation is
derived from basic research on animal behavior. However, there also have been studies of
clinical phenomena in which this issue has been addressed. In particular, studies of sys-
tematic desensitization and placebo analgesia have evaluated automatic and cognitive
accounts of these phenomena.,

Systematic Desensitization. Systematic desensitization (Wolpe, 1958) is a treatment
for phobic anxiety that was inspired by Clark Hull's (1943) theory of conditioning. Pho~
bic anxiety is posited to be a classically conditioned response. The idea behind the ther-
apy is to associate the anxiety-arousing cues (the CS) with a new CR, one that is
incompatible with anxiety (e.g., relaxation). Another explanation of systematic desensi-
tization is extinction. According to the extinction hypothesis, in the absence of reinforce-
ment by an aversive event (i.c., a US), repeated (or prolonged) exposure to the anxiety
cues causes the CR (anxiety) to extinguish, One nice feature of the extinction hypothesis
is that it works for other exposure-based ireatments (e.g., flooding), as well as sysiematic
desensitization,
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The idea that exposure treatments are due to automatic conditioning processes has
been tested in three studies (Gauthier, Laberge, Dufour, & Fevre, 1987, Kirsch & Henry,
1977; Southworth & Kirsch, 1988), In the first of these, Kirsch and Henry (1977) com-
pared the effects of systematic desensitization and two credible expectancy modification
procedures. One of these procedures was designed specifically to rule out conditioning
hypotheses. In an operant desensitization condition, visualizations of anxiety-related scenes
were paired with painful electric shocks, which subjects were told would “punish the
anxiety.” This expectancy modification procedure was as effective as standard systematic
desensitization in reducing public-speaking fear. Because aversive stimuli are assumed to
be the USs leading to the acquisition of fear as a CR, the substantial degree of fear
reduction produced by eperant desensitization cannot be accounted for by extinction or
counter conditioning. Furthermore, because the addition of the electric shock was the
only procedural difference between operant and traditional desensitization, it is reason-
able to suspect that the effects of the two procedures were due to a common causal
mechanism. Substantial correlations between pretreatment ratings of treatment credibil-
ity and treatient-outcome measures suggest that expectancy modification was the com-
ron causal agent.

A second test of mechanistic explanations of exposure treatments was a study of the
effects of in vivo exposure on agoraphobia (Southworth & Kirsch, 1988). Qver a two-
week period, participants in this study were give ten sessions of in vivo exposure, during
which they were asked to walk away from their homes until they became anxious and
then to turn around and return. Half of the participants were told that the purpose of this
was 1o lower their anxiety. The others were told that the purpose was 1o assess their
anxiety and that treatment would not begin until after the two-week period. Clients pro-
vided with therapeutic expectancies showed substantially greater improvement and
improved more rapidly than those who were led to believe that in vivo exposure was for
the purpose of assessment, even when the distance and time walked was equated hetween
the two groups. These data indicate that the therape'ptic effects of in vivo exposure can be
suppressed by disguising its therapeutic intent. These data were replicated by Gauthier
et al. (1987) in a study of dental phobia. The findings of both of these studies are prob-
lematic for not only traditional $~R models of learning, but contemporary conditioning
theories as well,

Placebo Effects. According to classical conditioning models of placebo effects {Ader
& Cohen, 1991; Herrnstein, 1962; Wickramasekera, 1980), active medications are USs
and the vehicles in which they are delivered (i.e., the pills, capsules, syringes, etc.) are
CSs. The medical treatments that people experience during their lives constitute condi-
tioning trials, during which the vehicles are paired with their active ingredicnts. These
pairings endow the pills, capsules, and injections with the capacity to evoke therapentic
effects as CRs,

There are a number of studies demonstrating that classical conditioning procedures
can enhance placebo anatgesia (Voudouris, Peck, & Coleman, 1985, 1989, 1990). The
placebo effect was enhanced in these studies by surreplitiously lowering the intensity of
a pain stimulus whenever a part of the body treated with a placebo anesthetic was stim-
ulated. The lowered intensity of the pain stimulus was the US and the placebo was the
CS. This procedure increased the pain-reducing effect of the placebo, when subsequently
it was tested without lowering the intensity of the pain stirulus.

Although the Voudouris et al. (1985, 1989, 1990) studies convincingly demonstrated
conditioned enhancement of placebo pain relief, they did not discriminate between 5-0
mechanistic and higher-order cognitive interpretations of this phenomenon. In a follow
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up to these studies, Montgomery and Kirsch (1997) investigated the effect of verbal
information on this conditioning procedure. Recall that in the initial studies, the lowering
of the intensity of the pain stimulus was done surreptitiously. Participants did not know
that the intensity was lowered, and they therefore attributed the reduction in pain to the
etfect of the supposed topical anesthetic. Montgomery and Kirsch replicated this effect,
but they also included an informed-pairing control condition in which participants were
told that the intensity of the stimulus was being lowered. As in the condition replicating
the original studies, participants in the informed-pairing condition were given trials in
which reduced pain was paired with the application of a placebo. However, they also
were given accurate information about how the reduction in pain was being produced.
This verbal information completely reversed the effect of conditioning trials on the pla-
cebo response, which is not anticipated by even modern conditioning theories, In addi-
tion, regression analyses indicated that the effects of conditioning wials were mediated
completely by participants’ verbally rated expectancies.

In contrast to these data, conditioning with various drugs as USs has been reported to
result in CRs that are the opposite of the URs (Siegel, 1983). For example, conditioning
trials with morphine as the US produces increased sensitivity to painful stirnuli as a
response to the CS, and conditioning trials with tranquilizers like chiorpromazine as the
US produces increased activity as a response to the CS. These data have been interpreted
as indications of compensatory CRs, failures to identify accurately the actual US and/or
UR when these drugs are administered (Donahoe & Palmer, 1994; Eikelboom & Stewart,
1982; Siegel, Baptista, Kim, McDonald, & Weise-Kelly, 2000). On one hand, these inter-
pretations render this phenomenon consistent with current conditioning theories, On the
other hand, repardless of interpretation, these data are inconsistent with a classical con-
ditioning model of placebo effects. If increased pain sensitivity and activation are the
CRs that are acquired when morphine and chlorpromazine are administered, then the
pain-reducing effect of placebo morphine and the sedating effects of placebo tranquiliz-
ers cannot be CRs produced by the same mechanism, These data especially are important
because the effects of placebo analgesics and tranquilizers are particularly well established.

In contrast, these data are not inconsistent with expectancy accounts of placebo effects
because those effects are consistent with people’s expectations. Most people expect mor-
phine to reduce pain and tranquilizers to decrease activity, and the placebo effect is
consistent with those expectations. Eikelboom and Stewart provided an account of how
both mimetic and compensatory conditioned drug effects; could arise from 5~O mecha-
nistic conditioning, but it also is possible that expectancy produces mimetic conditioned
drug cffects that are strong enough to override the conditioned effects of compensatory
drug effects. In addition, expectancies can produce two conflicting response tendencies:
an automatic mimetic response and a voluntary compensatory response, For example, in
addition lo an automatic response decrement, placebo alcohol can produce a voluntary
compensatory response that is associaled with the motivation to resist the expected del-
cterious effects, especially when the potential outcome is highly congequential (Vogei-
Sprott & Fillmore, 1999).

[

Data Indicating Automatic Conditioning

Taken together, the data reviewed above provide clear evidence of cognitive mediation in
both classical and operant conditioning. Other data, however, reveal conditioning phe-
nomena that do not appear to be mediated cognitively, The data reviewed in this section
seem to be explained more easily by automatic S-R processes and are consistent with a
stimulus substitution model of conditioning (Pavlov, 1927).
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Evaluative Conditioning

Evaluative conditioning occurs when a neutral conditional stimulus (C8} is paired with
an affectively valenced, liked or disliked, unconditional stimulus (US) and results in a
transfer of atfect from the US to the CS (see Baeyens, Eelen, Crombez, & Van den Bergh,
1992). Two aspects of evaluative conditioning have been thought to distinguish it from
traditional autonomic conditioning: (a) conditioning without awareness (Baeyens, Eelen,
& Van den Bergh, 1990; Martin & Levey, 1978) and (b) resistance to extinction (Baeyens,
Belen, Van den Bergh, & Crombez, 1989), Although mechanistic interpretations of much
of the evaluative conditioning literature have been challenged (e.g., Davey, 1994, Field &
Davey, 1999; Lovibond & Shanks, 2002; Shanks & 5t John, 1994), studies of the evalu-
ative conditioning of taste properties of odors (e.g., Stevenson, Prescott, & Boakes, 1995;
Stevenson, Boakes, & Prescott, 1998) have yielded more convincing evidence of condi-
tioning without awareness, leading Lovibond and Shanks to speculate that the gustatory
system possesses special Jearning characteristics that operate outside of awareness. Stud-
ies of learning during anesthesia in nonhuman animals {e.g., Rabin & Rabin, 1984} also
provided support for the possibility of learning without awareness.

S—R Persistence Following Devaluation

Recall that devaluation procedures were cited as support for a cognitive account of instru-
mental (as well as classical) conditicning. Specifically, devaluation of a stimulus that had
been used to reinforce a particular response resulted in reduction of the response in
simple (Dickinson, Nicholas, & Adams, 1983) and concurrent (Colwill & Rescorla, 1985a)
schedules of reinforcement. However, the equally important observation that outcome
devaluation does nat always affect instramental performance provides support for an
SR mechanistic interpretation of instrumental learning. When rats are trained on simple
schedules of reinforcement, outcome devaluation reduces respanding maintained on ratio,
but not interval schedules of reinforcement (e.g., Dickinson et al., 1983). Thus, depend-
ing on the schedule of reinforcement, instrumental performance can be autonomous of its
outcome. One explanation is that simple interval schedules fail to establish R—O associ-
ations because, unlike ratio schedules, the relationship between responding and rate of
outcomes received is weak at moderale and high rates of responding (Dickinson, 1989).
A seemingly contradictory finding is that interval schedules are effective in producing
behaviors that are sensitive to outcome devaluation when they are used in concurrent
schedules of reinforcement (Colwill & Rescorla, 1985a). Dickinson (1989) posited that
the availability of different behaviors and their consequent outcomes in concurrent pro-
cedures provide the opportunity to leam strong response—outcome correlations. Thus,
when there is sufficient opportunity to learn response—outcome correlations (e.g., simple
ratio schedules and concurrent schedules), R0 agsociations contro) performance. How-
ever, when the response—outcome correlation is weak (e.g., simple interval schedules),
§-R associations maintain performance.

Persistence following devaluation also has been observed in procedures that typi-
cally yield expectancy-based performance, Adams (1982) demonstrated that extended
training on a ratio schedule renders outcome devaluation ineffective, Behavioral auto-
nomy following extended practice appears not to be a result of the increase in the number
of training reinforcers (Adams, 1982; Dickinson,1989), nor of simple repefition. Repeti-
tion of responding, for example, does not preclude expectancy-based performance when
different behavior—outcome relationships are experienced in the same session (i.e., con-~
current schedules; Colwill & Triola, 2002) or in alternating sessions (Colwill & Rescorla,
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1985a; 1988). Dickinson (1989) had noted that the change from goal-directed expectancy
to behavior that is autonomous of its outcomes might reflect changes in the response—
outcome correlations that are experienced with extensive training in simple ratio sched-
ules. Thus, the variability in rate of responding (and the consequent rate of reinforcement)
that occurs early in taining is reduced considerably with extended training {Dickinson,
1985), These observations suggest that, in the absence of consistent behavior—outcome
correlations, instrumental performance is maintained by an $~R mechanistic process and
is autonomouns of the consequent outcomes,

Interestingly, a recent study suggests that behavioral autonomy from outcome status
also can be observed in situations with consistent behavior-outcome correlations. Using
the concurrent procedure, Dickinson, Wood, and Smith {2002} found that devaluation
reduced instrumental performance when the outcome was food, but not when it was
ethanol. This result is consistent with the view that alcohol-seeking behavior is main-
tained by S~R mechanistic habitual responding rather than goal-directed expectancy.

There also is evidence that cognitive and mechanistic processes can contribute to the
same action, Although the response reduction after devaluation reported by Colwill and
Rescorla (1985a, 1985b) strongly supports an explanation in terms of cognitive R—O
associations, there are aspects of their data that are consistent with an S-R mechanistic
interpretation. Devaluation of the reinforcing stimulus decreased the associated response,
but it did not eliminate it altogether after brief or extended training. So why did the rats
work at all to receive an outcome that had been devalued through taste aversion? A
plausible explanation is that an S-R association maintained the residual responding {(Col-
will & Rescorla, 1985h; Dickinson, 1989; Nevin & Grace, 2000).

Resistance ro Change and Excessive Behavior

Persistence of instrumental performance following outcome devaluation indicates that
under some circumstances instrumental performance is resistant to post-conditioning
changes in the consequent outcome, Resistance to change, or what Nevin has termed
behavioral momentum, also is observed when response contingencies are altered in mul-
tiple schedules of reinfor¢ement (e.g., Nevin & Grace, 2000). In this procedure, two or
more schedules of reinforcement are correlated with distinetive stimuli, For example,
responding is reinforced in the presence of one stimufus upder a VI — 1 min schedule and
in the presence of a second stimulus under & VI — 3 min schedule. The two stimulus—
response—outcome contingencies are presented successively and separated by a brief
time-out period. When noncontingent food is intréduced in the time-out periods to dis-
rupt performance, behavior under the richer schedule (VI — 1 min} is disrupted much less
thah behavior under the Jeaner schedule (VI — 3 min). This differential resistance to
change also is observed when reinforcer value, rather than rate, is varied across stimulus
sitnations. Nevin has shown that the overall rate of responding is determined by the
response—outcome contingency, but resistance to change is determined by the overall rate
of sutcomes obtained in the stimutus situation (Nevin, Tota, Torquatoe, & Shull, 1990,
The latter result was interpreted as indicating that resistance to change is modulated by a
simple association between the discriminative stimulus (SP) and the outcome. Good
evidence for $P-O associations come from transfer tests used to assess R~O associations
{Colwill & Rescorla, 1988; Colwill & Triola, 2002). For example, an SP present during
one outcome will enhance performance of another response if it was trained with the
same outcome, but not if it was trained with a different outcome. This result indicates that
in instrumental conditioning procedures both R-O expectancy and simple SP-0 associ-
ationg control instrumental performance (Colwili & Rescorla; 1988).
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A dramatic example of the mechanistic control of behavior comes from studies dem-
onstrating that a consistent history of intermittent delivery of reinforcers in a discrimina-
tive context (S®) can generate bizarre and excessive (adjunctive)} behavior in animals and
humans (Falk, 1994). For example, when food-deprived rats are reinforced with food
pellets on a fixed-interval schedule, they develop concurrent, excessive drinking (poly-
dipsia). The consistent intermittency of food-pellet delivery is the important factor since
schedule-induced drinking also occurs when the food is presented in the absence of an
R-O contingency (i.e., a fixed time schedule). This procedure for producing chronic and
excessive oral drug self-administration under strong stimulus control has been proposed
as an animal model of drug abuse (e.g., Falk & Tang, 1988). Discriminative control of
drug intake, whether it reflects resistance to chan ge'in the face of the disruptive effects of
excessive drug use (Nevin & Grace, 2000) or schedule-induced self-administration (Falk
& Tang, 1988), may be analogous to the phenomenon of relapse in humans. Relapse in
recovering addicts is much more likely when drug abusers return to a situation previously
associated with drug-taking behavior (Brownell, Marlatt, Lichtenstein, & Wilson, 1986)
and is much less likely when diug users are removed suddenly from their drug-taking
context to a radically different context. An example of the latter is that a very small
percentage of soldiers who became addicted to heroin in Vietnam relapsed within three
years of their return home (Robins, Helzer, Hesselbrock, & Wish, 1980; however, see
Fish, 1998, for an alternative explanation).

Second-Order Conditioning

Evidence of S—-R associations also is provided by studies of second-order conditioning
procedures. In this procedure, animals are conditioned with standard pairings of a C8
{e.8., a tone) and a US pairings (the first-order conditioning phase). In the next phase
(the second-order conditioning phase), a second CS (e.g., light) is paired with the first-
order CS that was conditioned in Phase 1, but with the US ormnitted. The resuli is that this
second C8 elicits CRs. A cognitive account explains the conditioning of the second-order
light CS in much the same way it explained the sensory preconditioning experiment:
After sufficient light—tone pairings, the light arouses a mental representation of the tone,
which in turn arouses the expectation of a US, thereby generating a CR. However, unlike
the sensory preconditioning results, an S-R association also can account for second-order
conditioning; the second-order light CS may be conditioned as a result of contiguous
pairings with the CR that was elicited by the fone CS. To differentiate these two accounts,
Rizley and Rescorla (1972) extinguished responding to the tone after the second-order
conditioning phase and subseguently presented the second-order light CS in a final test
phase. The cognitive account predicts that extinction of the first-order tone CS should
abolish responding to the second-order CS becauseithe former should no longer arouse an
expectancy of the US. The results failed to confirm this prediction, suggesting that the
second-order conditioning, at least in this situation, was most likely a result of an asso-
ciation between the second-order CS and the CR elicited by the first-order CS. The
ineffectiveness of US devaluation in reducing the CR-¢liciting properties of second-order
USs also provides evidence of S-R associations (Holland & Rescorla, 1975).

Conditioned Taste Aversions and Flavor Preferences

In the taste-aversion conditioning procedure, a taste stimulus (CS) is paired with a sub-
stance that produces gastrointestinal malaise (US). Because of this pairing, the subject
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avoids consumption of the taste the next time it is encountered. Why? One explanation is
that the taste is avoided because there is an expectation thét consumption of the taste will
cause gastrointestinal malaise (Rozin & Zellner, 1985). That is, behavior is guided by the
information (danger) provided by the taste CS. An expectancy explanation of taste-
aversion learning, however, does not account for the affective and hedonic changes that
have been observed in humans and animals (Berridge, 2000). Pleasant tastes (e.g., sugar
solutions) elicit positive affective facial and ingestive responses, but when paired with
gastric malaise, there is a shift to negative defensive reactions (e.g., gaping and head
shaking) that typically are seen with distasteful substances. In one study (Pelchat, Grill,
Rozin, & Jacobs, 1983), a sweet taste was paired with treatments to produce upper-
intestinal discomfort (LiCl toxicosis), lower-intestinal discomfort (lactose ingestion), or
pain (electric shock). All three treatments led to avoidance of the taste stimulus, but only
LiC1 shifted the hedonic reaction to the taste stimuli from like to disfike. Whereas avoid-
ance of the taste stimuli in the absence of shifts in hedonic quality may reflect an expec-
tancy of he negative consequences of ingestion, the observed changed in the sensory
evaluation of an initially preferred taste suggests an S-R automatic, noncognitive condi-
tioning process (Rozin & Zellner, 1985). o

Similar results have been observed in studies of conditioned flavor preferences. Rats
learn to prefer a novel, mildly sweet flavor CS paived with intragastric infusions of nutri-
ents (e.g., glucose) over another mildly sweet flavor CS paired with intragastric infusions
of water (e.g., Drucker, Ackroff, & Sclafani, 1994). Evidence suggests that such condi-
tioned flavor preferences sometimes reflect an increased positive hedonic value instead
of an anticipation of the positive consequences of ingestion. For example, flavor prefer-
ences conditioned with intragastric nutrient infusion as a US are very resistant fo extinction
in both deprived and nondeprived animals (Drucker et al., 1988), enhance sham-feeding
responses (Myers & Sclafani, 2001a), and shift taste reactivity toward responses Cypi-
cally seen with higher conceatrations of sweet solutions (Myers & Sclafani, 2001b).
However, as with conditioned taste aversions, not all conditioned flavor preferences appear
1o be mediated by changes in the hedonic properties of the flavors. When the CSs are
initially unpalatable flavors rather than mildly sweet flavors, robust conditioned flavor
preferences are not accompanied by enhanced positive hedonic reactions (Myers & Sclafani,
in press). Together, these taste-aversion and flavor-preference studies suggest that the
modulation of food choice through conditioning reflects two different processes—
anticipation of the consequences of ingestion and a more mechanistic change in sensory
evaluation (Rozin & Zellner, 1985; Myers & Sclafani, in press).

Conditioning with Subliminally Presented CSs

Additional evidence of automatic conditioning without awareness comes from experi-
ments where the CSs are visua) stimuli presented subliminally. Visual stimuli presented
briefly (less than 300 msec) and immediately followed by a masking visual stimulus are
not perceived consciously, yet are evaluated effectively as measured by explicit ratings or
elicited autonomic responses. Words with extreme negative (e.g., cancer) or positive
(e.g., friend) valence, when presented subliminally, elicit affective reactions that habitu-
ate with repeated subliminal presentations (Dijksterhuis & Smith, 2002). Phobic individ-
vals presented with subliminal fear-relevant stimuli show increased electrodermal responses
(Ohman & Soares, 1994), Because participants are not aware of visually masked stimuli
f used as a CS in a Pavlovian conditioning paradigm and conditioned responding is
observed, then conditioning will have occurred necessarily without the awareness of a




Cognition in Conditioning 385

CS-US contingency. Several studies have. reported conditioned responding to masked
visual CSs despite lack of awareness of the CS or the CS—US contingency. For example,
conditioned electrodermal responses have been observed when masked stimuli of angry
faces or threatening animals were paired with an unpleasant shock US in nonphobic
participants (Esteves, Parra, Dimberg, & Ohman, 1994; Ohman & Soares, 1998; Parra,
Esteves, Flykt, & Ohman, 1997) . Masked stimuli that did not have an initial negative
evaluation (e.g., pictures of a happy face or a flower), however, did not result in a con-
ditioned electrodermal response ((Ohman & Soares, 1998). Thus, it appears that automatic
conditioning occurs only to preattentively perceived CSs that evoke some affective neg-
ative evaluation. ’

Conditioned Immunosuppression

Robert Ader (1985) conducted experiments that are procedurally similar to tasie-aversion
conditioning, but instead of conditioning a taste aversion, he conditioned immunosup-
pression. In this procedure, rats are allowed to consume a sweet tasting sclution (CS) just
before cyclophosphamide injections (US). The drug cyclophosphamide reduces the num-
ber of T-lymphocytes produced by the immune system of rats. When rats drink the taste
CS in the absence of the drug, they show a reduced number of T-lymphocytes relative to
contro] animals that received noncontingent pairings of the sweet taste and drug, The
observation of conditioned immunosupression suggests that a normal, adaptive physio-
logical function can be brought under control of an arbitrary stimulus such as a taste, It
seems highly wnlikely that rats could expect immuﬂiosupression or even have any repre-
sentation of the phenomenon. '

Conditioning in Simple Qrganisms

Evidence for automatic S-R associations also are provided by studies of conditioning in
simple animals. For example, Aplysia californica, a large marine snail with a relatively
simple nervous system of only a few hundred neurons, shows learned behavior in both
classical and instrumental conditioning procedures (Carew, Hawkins, & Kandel, 1983),
This simple invertebrate has an external gill that'is withdrawn reflexively into a body
cavity for protection, A mild tactile stimulus applied to tissue surrounding the gill pro-
duces little defensive gill withdrawal. However, after pairing this mild stimulus {CS) with
a strong shock to the tail (US), the CS reliable elicits a robust gill-withdrawal response.
1t seems unlikely that an organism with such a simple nervous system would be capable
of forming representations.

Conclusions

Data concerning two interpretations of classical and operant conditioning have been
reviewed. One is the hypothesis that conditioning is an S-R mechanistic process in which
expectancy and other cognitive factors are, at best, epiphenomena. From this perspective,
conditioning trials produce conditional responses ahd perhaps expectancies, but there is
no causal relation between expectancy and response. The other is cognitive theory, includ-
ing S—0O associations, according to which ¢xpectancy is hypothesized to mediate the
effects of conditioning. From this perspectivé. conditioning trials produce expectancies,
and it is the expectancy that produces the response,
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Most traditional operant and classical conditioning phenomena can be explained by
cither S—R mechanistic or cognitive accounts (both simple S—O and higher order), and
experiments that have been designed as critical tests of these rival hypotheses have
yielded mixed results. On one hand, this review indicates abundant data disconfirming
mechanistic S-R hypotheses and supporting cognitive interpretations in some situa-
tions. These data have led contemporary conditioning theorists to abandon earlier for-
mulations in favor of approaches that are more consistent with cognitive theories. On
the other hand, there are data indicating the occurrence in other situations of condi-
tioned associations that are unlikely to be mediated cognitively, How can these data be
reconciled? -

Early debates about the nature of conditioning were based on the premise that it was
exclusively cither cognitive or mechanistic. A less parochial interpretation suggests that
there are two types of conditioning processes, those that are mediated cognitively and
those that are not. In addition, there appear to be learning processes that are not based on
conditioning at all (e.g., learning by observation or through verbal communication). These
aspects of the data suggest an unparsimonious proliferation of unconnected processes.

Conversely, there are data indicating important commonalities between condition-
ing and other forms of learning. Two examples of these are the informed-pairing and
informed-unpairing studies reviewed by Brewer (1974). Participants in these studies
who had been informed verbally about environmental contingencies behaved as they
would have had they actually undergone conditioning or extinction trials. Similarly,
verbally induced expectancies have been shown to produce patterns of responding that
emulate various schedules of reinforcement (e.g., Wasserman & Shaklee, 1984). These
data suggest a coordinated system of Jearning processes rather than a proliferation-
independent learning mechanisms.

Cogpition in complex organisms evolved from and incorporated more simple learn-
ing processes. Clearly, classical and operant conditioning of simple S-R associations are
among the most basic processes. However, behavioral flexibility requires greater com-
plexity. Thus, more complex organisms have evolved the ability to form representations
(i.e., based on both RO and §-0 relationships) via c‘:ond'jitioning procedures, as well as
the ability to infer those relationships from other sources of information. It can be spec-
ulated that the more complex the organism, the smaller the role of automatic conditioning
processes and Lhe greater the role of representational cognition, This speculation is con-
sistent with the data reviewed in this article showing that the provision of information
generally overrides the effect of conditioning trials, especially in human participants, but
also in laboratory animals.

Finally, the construct of sef may bridge the apparent divide between antomatic con-
ditioning processes and representalional cognitive processes. Simple S-R associations
may be thought of as response sets. They are functionally anticipatory in that they prepare
the organism for efficient automatic emission of the response when the appropriate stim-
ulus conditions are encountered (Kirsch & Lynn, 1999). Similarly, $~O and R-~0O asso-
ciations can be thought of as stimulus sets that prepare the organism to perceive
environmental stimuli in particular ways. Examples include placebo effects and the effect
of set on perceptions of ambiguous stimuli. Explicit expectancies are consciously acces-
sible stimulus and response sets. Stimulus and response sets that are not consciously
accessible conld be thought of as implicit expectancies, although in doing so one might
risk the danger thal they could be reified gratuitously as a higher-level construct implying
unconscious cognitions, Classical and operant conditioning are two of the means by
which response sets are formed, but they also can be acquired vicariously though obser-
vation and through the provision of verbal information.
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Introduction

In the past decade, several studics have indicated thar circadian
clocks may have varied effects on learning and memory. In some
cases, the ability to form a memory may be independent of
~ circadian phase, but phase may function as a contextual cue (Lime-
stamping) wuch that recall and performance are better at 24-hour
intervals following learning as demonstrated in hamsters [1] and
rats [2-4]. In other cases, recall appears to he largely independent
of the phase of testing, but memory acquisition or consolidation
may depend on the circadian phase of training as shown in
mollusks [5,6], msects (7-9], fish [10], and mice [11,12].

There have also been reports that disruption of the circadian
system by phase-shifting (“jet-lag”) can impair memory in rats
[13-15] and that internal phase relationships are important for
learning in humans [16]. Finally, two recent studies presented data
indicating that abolition of circadian cycling in hamsters imEairs
performance in a declarative memory task [L7] and that ongoing
circadian oscillalions in the hippocampus are siecessary [or long-
term memory stability following fear conditioning in mice [18].

Tn summary, it seems clear that the circadian system can have
widespread effects on various aspects of learning and memory
including acquisition, retention, and recall; however, al this point
numerous quesiions remain both about the mechanisms by which
the circacian system rcgulates thesc processes and about the
functional/adaptive significance of this novel [eatore of circadian
organization. One af the prablems with sorting cut the various
sesults W come to clear understanding of underlymg principles of
the circadian system's role in associative memory (orination is thal
the experimicnts have used various species, various conditioning

oo

paradigms, and various stimuli for reinforcement. Thus it is
unclear whether differences in resulis reflect fundamental difter-
ences in the role of the circadian system in learning and memory
or, alternatively, simply reflect a “hodge-podge” of species and
methodological differences that obscures any underlying general
principles,

The cackroach may be an excellent model for addressing these
issues. Cockroaches can be trained both by classical and operant
conditioning paradigms using virwally identical stimuli for re-
inforcement [7,19,20]. Thus we eliminate much of the variability
that plagues comparisons among published studics and are able to
focus on differences in circadian regulation of various forms of
associative memory. Using 2 differential classical conditioning
protocol it has been shown that the circadian system regulates
olfactory learning and memory in the cockroach Rhyparobia
(Leucnphaea) maderae [7]. Tn this study, the effect of training and
testing at different circadian phases on perforimance in an odaor
discrimination test was investigated. When the cockroaches were
allowed to choose between two odors {peppermint and vanilla),
naive antmals showed a clear preference for vanilla ac all circadian
phases. The results indicated there was no circadian modulation of
initial odor preference or ability to discriminate between odors.
Training involved differential classical conditioning in which
peppermint odor was associated with a positive unconditicned
stimulus (US+) of sucrose solution and vanilla odor was associated
with a negative unconditioned stimulus (U8—) of saline solution. it
was found that cockroaches conditioned in the carly subjective
night showed a strong preference for peppermint and retained the
memory for at least two days. Animals trained and tested at other



sircadian times (CT) showed significant deficits in performance for
both shorl-term and long-term memary. At CT 2 {early subjective
day}) the deficit was profound and animals that had been trained at
this phase werc behaviorally indistinguishable from naive, un-
trained animals. In contrast, recall of a learned memory was
independent of the phase of testing ~ animals trained at CT 14
were zble to recall at CT 2.

In the present study we show that R maderae can also be trained
via an operant conditioning protocol that utilizes the same sensory
cucs that were used for classical conditioning. Further we show
that, unlike classical conditioning, with operant conditioning
animals are able 1o acquire memories at any civcadian phase but
that their ability to recall long-term memories is tied to the phase
ol training. The results indicate that the impact of circadian
regulation of learning and memory is strongly dependent on the
form of training.’

Results

Operant Conditioning can Establish Both Short and
Long-term Memories

We first wanted to determine il R, maderae could indeed learn by
operant conditioning, Conditioning invelved placing animals that
had been icclated from [oed and water for 6-7 days in a cylindrical
plastic container with two odor choices on oppesite sides of the
arena. Peppermint, which is an aversive odor, was assaciated with
a standardized slice of apple as a reward. The second ador was an
attractant {vanilla) that was paired with apple made inaccessible by
covering with fine mesh netting, The arena was housed in very
dim red light and the animal’s behavior was monitored with an
infra-red video camera, Typically in the initial trial, animals would

syisit” the inaccessible apple slice at the vanilla 4-6 times hefore”

they approached the peppermint and consumed (he apple
associated with the aversive odor. In subsequent Lrials a reduction
in the number of visits to vanilia prior to acquiring the apple at
peppermint was taken a measure of learning. In inial experiments
the animals were trained and tested at ('1' 14, a phase when they
have been shown to be capable memory formation by classical
conditioning [7]. Memory was evaluated by the performance at 3
musutes, 90 minutes, 48 hours and 9 days (216 h). Following the
initial training trial and consumption of the apple slice, animals
consistently showed a significantly reduced number of visits 10
vanilla prior to the visit o peppermint and the receipt of the
reward in the 5-minute trial. Litle change m performance
oceurred in subsequent trials indicating that animals were capable
of both short-term and lpng-term memery (Fig. 1A). In additional
experiments in which animals were given three training trials on
each of twa consecutive days a1 CT 14, performance was excellent
at both one-week and twa-week tests (Fig. 1B} Notably, in
previous results with classical conditioning {3 training trials) long-
term memories were generally more labile lasting only 3-4 days
[7] while the present data indicate that memories formed via
operant conditioning persisted [for over a week with lide
decrement. S

In view of the facl that there is a robust ¢ircadian regulation of
memory acquisition via classical conditioning [7] we anticipated
that animals would not be successful at forming the associative
memory if trained at GT 2 (a phase where they appear to be
incapable of memory acquisiion via classical conditioning}.
Surprisingly, when animals were trained at CT 2 using our
operant conditioning protocel they performed just as well as the
animals trained at CT 14 (Fig. 1C) exhibiting both short-term and
long-tevm associative memory and there was no evidence of any
significant deficit in the ability to perform the task.

Effect of Circadian Phase on Learning and Memory.

As a control to demonstrate that the changes in odor preference
were in [act due to an association between the apple reward and
the peppermint odor, the protocol was revised such that animals
received no positive reward for peppermint visits by making the
reinforcement inaccessible at both odor sources. As shown in
Fig. tD there was no decrease in the preference for vanilla when
the apple reward at peppermint was not available. The results
confirmed that the changes in odar preference reflected the
formation of an associative memory.

Associative Memory Formation Is Independent of Reward

While the odor sources used in the operant task (peppermint
and vanilla) were the same as those used to demonstrate a circadian
rhythm in effectiveness of dlassical conditioning [7], in the carlier
experiments the positive unconditioned stimulus was a sucrose
solution rather than apple. Thus one potential explanation for the
difference in the impact of circadian phase on memery formation
was that the sensory information from the apple stimulus was
processed differently frem the sucrose solution, in one case being
subject 1o circadian regulation (sucrose) while perception of the
other (apple) was independent of circadian phase, Thercfore we
repeated our experiments utilizing a 20% sucrose solution as
a reward © match more closely the positive US we had used
previously for classical conditioning, The results are shown in
Fig. 2. When sucrose was offered as a reward, it was just as
effective as the apple in modifying odor preference behavior at
both CT 14 (Fig. 2A) and at CT 2 (Fig. 2B). As an additional
control we showed that when the sucrose that was paired with the
peppermint odor was also covered with netting to prevent the
cockroach from receiving the reward at the peppermint odor,
there was no change in odor preference (Fig, 1C). The resuls
confirmed the shift in odor preference was duc to an association
between the peppermint odor and the sucrose reward, Thesc
observations show that both short-term and long-term associative
memoties in which the peppermint odor is associated with
a reward arce formed tqually well at GF [4 and at OT 2 in an
operant conditioning task independent of whether the reward is
apple or sucrose.

The vesults suggested that either there is no effect of the
circadian system on memory formation or that the phasing of the
cffect was guite different for the two forms of learning. In order to
distinguish between these two possibilities, we trained animals al
two additional circadian times (CT 8 and CT 20). Fig. 3 plots the
Learning Indices for all four circadian times memory, There was
no significant dependence of performance on circadian phase.
With regard to shortterm memory the learning indices were
nearly identical at all circadian imes, There is more variability in
the results for long-term mermory (e.g., performance at CT 8 was
somewhat better than at other phases); however, there were no
statistically significant dependence of performance on the circa-
dian phase of training,

In view of the fact that both the classical and operant
conditioning protocols were closely matched in terms of the
stimuli used, we found it surprising that memory formation via
classical conditioning exhibited a robust circadian rhythm while
mermory formation follawing operant conditioning appeared i he
completely independent of the circadian system. However, the
experiments involving classical conditioning utilized a differential
conditioning protoco! in which the peppermint was associated with
a positive unconditioned stimulus (sucrose) while the vanilla was
associated with a negative unconditioned stiraulus {saline). 'Thus
a possible explanation of the diflerences we were [inding was that
the circadian modulation in classical conditioning was duc to
circadian regulation of the response to the aversive (saline)
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Figure 1. Each panel plots the number of times {Mean=SEM} the animals visited a vanilla odor prior to visiting peppermint as
a function of the tralning/testing time. A, animals were subjected to training sessions in the early subjective night (CT14) and were vewarded
with a slice of apple when they visited the peppermint. Prior to any reward (0 min) animals exhibited a clear preference for vanilla. In subseguent
trials animals showed a significant raduction in vanilla visits prior to visiting peppermint. B, Animals were subjected to two consecutive days of
training at CT 14 {three trails In each session with a 5 minute Intertrial interval, There was a highly significant reduction in the numizer of visits to
vanilla made prior to the visit to peppermint both ene and two weeks later compared to the Inltlal trial {0 min.). C, when trained at CT 2, anlmals
exhibited 3 similar reduction in vanilla Visits to the animals trained at CT 14. D, when access to the reward at peppermint was prevented during
training (CT14), there was no significant change in the number of vanilla visits. P-values for the ANOVA are indicated in the figure. Bars marked with *
indicate a statistically significant difference {p<<0.05) when compared to the initial number of vanilla visits (Holm-Sidak post-hoc test}.

doi:10.1371/journal.pona.0038693.g0M

stimulus, Tn order to test this, we trained animals 1o an operant Animals still exhibited excellent performance in both short-term
conditioning task in which the peppermint was paired with sucrose and long-term memory tests whether they were trained at C'T 2 or
and the vanilla was paived with an accessible saline, solution. CT 14 (Fig. 4). Notably, on initial visits to vanilla the animals did

A B C

10 10 10
CT 14 Naogjs ctrz N =14 Control pN; 5925
J P =<0.001 i =0,
@8 8 »nd
7] 7 ) I
56 6 g
2 3 2
E4- 4 41
>
2. Z 2 2.
0- 08 @ & & o0 0-
& & & @ W% PO R S
o8 6t W o oF &F W 4@

Figure 2. Plots the number of times (Mean2:SEM} animals visited the vanllla ndor prior to visiting peppermint as a function of the
training/testing sequance when trained at CT 14 (A) or CT 2 (B). Sucrose rather than apple was offered as a reward. C, when access to the
sucrose reward at peppermint was prevented during training (CT14), there was ho significant change in the number of vanilla visits. P-values for the
ANOVA are indicated in the figure. Bars marked with * indicate a statistically significant difference (p<0.05) when compared to the initial number of
vanilla visits (Holm-Sidak post-hoc test),

doi:10.1371/journal pone £058693.9002
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Figure 3. Plots of learning index as a function of the cIrcadian phase of training and testing for 5 min, 90 min, and 48 h memory
tests. Analysis of variance showed no significant dependence of performance on phase of training for measures of elther short-term or long-term
memory. Numbers of animals for each circadlan phase ranged from 10 to 15.

doi:10.137 1/jousnal.pone,0058693.9003

appear to contact the saline solution {but did not drink it)
indicating they were in fact exposed to the negative reinforcement.
Support for this contention was abtained in trials in which' we
offered sucrese solution instead of saline at the vanilla. Four of five
animals consumed the sucrose at the vanilla odor prior to a visit to
peppermint showing that they were sampling the reinforcement
solution presented at vanilla before moving to peppermint.

The results suggested that the dilference in the circadian
reguwlation of classical and operant condilioning was not dependent
on dilferences in the olfactory or gustatory cues the animals were
exposed fo in the rwo training protocols.

Temporal Regulation of Recall

Previous results with differential classical conditioning (7]
showed that recall of an acquired memory was independent of
circadian phase. Animals trained at CT 14 were able to perform
well on the task even if they were tested at CT 2 (a time when they
were incapable of memory acquisition), The results were guite
different when we trained animals at CT 14 in the operant
conditioning task and tested them 12, 24, 36, or 48 hours later.
Recall was significantly better when animals were tested at CT 14
{24 and 48 b tests) than when they were tested at CT 2 (12 hnd
36 h tests) (Fig. 5A). The results suggested that circadian phase at

CT 14

the time of training is a contextual cue influencing the ability to
perform the task. In order to confirm that successful recall was tied
to the phase ol training, we trained animals at CT 2 and Lested
them at either 12, 24, 36, or 48 hours alier training. In this case
recall was better if the animals were tested at times corresponding
ta CT 2 rather than CT 14 (Fig. 5B). In cssenee, animals perform
better when tested at the same circadian phase at which they were
trained (independent of the phase of training) suggesting that
circadian phase is an important contextual cue lor memory recall.

Discussion

In classical (Pavlovian) conditioning animals learn about the
relationship between two stimuli, while in operant (instrumental)
conditioning it is the relationship between stimuli and the
consequences of the animal's own behavior that is critical. While
the two forms of associative learning are operationally distinct, the
basic question of how these different forms of learning are related
and whether or not they involve the same or [undamentally
different underlying processes is sll uncertain [21]. While the
analysis of classical conditioning has proceeded rapidly, there is
much less information available on wmechanisms of operant
conditioning, However, recent data do suggest that while there
are similarities, significant differences exist at the cellular/
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Figure 4. Plots vanilla visits as a function of training/testing time when the peppermint odor was paired with the positive
veinforcement of sucrose salution and the vanilla odor was paired with an accessible negative reinforcement of saline, Left panel,
training at CT 2; right panel training at CT 14, P-values for the ANOVA are indicated in the figure, Bars marked with * Indicate a statistically significant
difference (p<<0.05) when compared to the inltial number of vanilla visits {Holm-Sidak post-hoc test).

doi:10.137 1/jeurnal. pone.0058693.g004
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Figure 5. Plots the learning index for animals tralned at either CT 14 (A) or CT 2 (B) and tested 12, 24, 36, or 48 h after training.
Animals tested at the same circadian time as training performed better than those tested at a phase 12 hours different from the phase of training.
Numbers of animals for each time point ranged from 14 to 17 in A and 10 to 11 in B. Analysis of variance showed significant dependence of

performance on the time of testing for training at both CT 2 and CT 14,
doi:10.1371/journal pone,0058693.9005

molecular level [22-24]. The extent to which these differences in
mechanism may be reflected in differences in circadian regulation
is unclear. With regard to the role of the circadian system in
learning and memory, smdies have addressed questions of memory
acquisition (short-term memory); memory consolidation {long-
term memory) and long-term memory recall utilizing both classical
and operant conditioning. The outcomes of these studies have
heen varied.

Circadian Regulation of Memory Formation

Although the number of studies is limited, based on previously
published reports, it appears that the role of the circadian system
in the regulation of leamning and memary may generally be
differenit for classical and operant conditioning. For memory
acquisiien, circadian regulation appears to be provalent in
classical conditioning paradigms {mice {11]; zcbrafish [10];
cockroaches [7]; fruit flies [8); bees [9]). The one apparent
exception to this generalization occurred in golden hamsters
(Mesocricetus auratus) subjected to conditioned place preference or
conditioned place avoidance [25,26).

In contrast to the general finding that memory acquisition
during elassical conditioning varies with circadian phase, the
results from operant conditioning sindies have suggested that
leavning and short-term memory are independent of the circadian
systern (vats [2,3]; marmoscts [4); Aghsia [6] ). Similarly, the
formation of long-term memories appears to depend on the
circadian phase of raming in classical conditioning while, with one
exception [6], long-term memory lormation appears to be
independent of circadian phase in operant conditioning para-
digms.

On the basis of these published results, one might suggest that
there polentialty generalizable differences between operant and
classical conditoning in the way in which the circadian system
vegulates memory formation. One reason to he cautious is that in
some cases it may be difficult to distinguish whether or not an
animal is relying exclusively on operant or classical features of
memory acquisition. Anether major problem is that the responses
to the two mechanisms for associative memory formation had
never heen examined in the same species and generally involved
very differenc training meihods (and thus very diflerent sensory
inpuls and hehavioral outputs). Therelore differences could be
dismissed as variation due to differences boetween species or
methodology. The results presented here however, indicate that in
the cockroach, Riyparobia maderas, the dilferences in the role of the

circadian system in regulating the formation of new memories can
likely be attributed 1o fundwmental differences in the way in which
memories are formed by the twe types of conditioning. Experi-
ments with classical conditioning in the cockroach demonstrated
that memory acquisiion in an odor discrimination task i
regulated by the circadian system [7]. In contrast, the results
presented here show that both short- and long-termn memory
formation via operant condidoning in a very similar odor
discrimination task are independent of circadian phase. These
results lend suppart to the notion that the circadian regulation of
memory formation may he different between memories that arise
from classical conditioning and those that are formed via operant
conditioning. The data raise a varicty of gencral questions of
interest. The first concerns the mechanisms by which circadian
clocks “gate” memaory formation in classical conditioning, and by
the samc token, why it doesnt appear to impact memory
formation with operant conditioning. In the cockroach, the
difference in effectiveness between classical and operant condi-
tioning at CT 2 is evident within 5 minutes after the waining,
Similarly, in mice [11}, zebrafish [10], and fruit {lies [B] circadian
regulation modifies performance early in the process of memory
acquisition, The data suggest that whatever the regulatory role of
the circadian system, its impact is significant very early (within
minutes) in acquisition process (which provides an experimentally
attractive limited time window for further sindy).

At present there are only three studies that appear to directly
approach the quesdon of how the circadian system regulates
memary formation, Th one recent study involving a novel ohject
recognition task in Siberian hamsters {Phodopus sungorus), it was
shown that the GABA, receplor antagonist, pentylenetetrazol, was
able 1o restove learning deficits caused by disruption of the
circadian system. The results indicated that GABAergic signaling
controlled by the circadian clock in the suprachinsmatic nucleus
may be responsible for suppressing memory acquisiion at
inappropsiate times of day [17]. Interestingly, as the authors note,
this hypothesis could also explain the observation that SCN-
lesioned rodents generally improved or failed to have a negative
eflect on learning [27,28]). Conceptually similar - results were
obtaited in another study on zebrafish, though the details differcd.
In the zchrafish the data suggested that night-time melatonin
secretion from the pineal gland was responsible for suppression of
memory acquisition at night, and removal of the pincal or
treatment with melatonin receptor antagonists abolished memeory
deficits at night [10]. Thus in both of these cases a circadian clock




appeary to actively suppress early stages of memory formation
during part of the circadian cycle, and destruction of the clock or
pharmacological interfevence with the output signal rescues the
learning deficit. The targets of suppression arc not yet clear. At
these early siages (i.e., short-lerm memory), proiein synthesis is
unnecessary for vecall or performance, thus il is unlikely that
regulation of transcription or translation is involved. In contrast, in
diurnal dphsie results indicate that at night when the animals
exhihit a deficit in long-term memory, the circadian clock actively
suppresses persistent MAPK activation and thus the transqrip-
tional activation necessary for long-term memory while leaving the
processes of memory acquisition and short-term memory un-
affecred [29]. ' o :

In summary, in these markedly different species, mechanisms of
circadian regulation of memory formation appears to be quite
diverse in detail but do exhibit the commen feature that the clock
appears to be actively suppressing memory formation at “in-
apprapriate” times of day. On the other hand, no clear picture
emerges to answer (he question of whal mechanistic differences
between memory flormation and reivieval could account for
differential regulation of operant and classical conditioning by the
circadian system.

Circadian Regulation of Long-term Memory Recall

With regard o the circadian regulation of recall of Jong-term
memoarics, the contrast between operant and classical conditioning
appears (o be less consistent. Studies have indicated three different
owicomes for the role of the circadian system in vecall long-term
memory recall following classical conditioning In mice, recall
ability following context or tone cued [ear conditioning was better
during the subjective day, independent of the time of training
i11,18]. The results suggested the circadhan system ecither limits
access {0 long-lerm memory stores to a flixed set of circadian
phases or modulates down-stream processes related to perfors
mance. In contrast, in the golden hamster, tollowing classical
conditioning (conditioned place preference or avoidance), recall
wag better when the test was done at the same circadian phase as
the training independent of whether animals were trained in-the
night or the day [1,25,26]. In this case, the results suggested thac
circadian phase of training became a contextual cue that
determined performance during testing, Firally, recall following
classical conditiening in the zebrafish |10] or the cockreach [7)
appcared to be independent of the dme of testing,

Simiar variability has been cvident on smdies of operant
cenditioning. Following operant conditioning in the cockroach,
recall was better when the test was done at the same circadian
phase as wraining indicating (as in classical conditioning in the
hamster). This suggests that circadian phase of training was
a contextual cue that determined performance during testing, On
the other hand, in Aplysia recall of long-term memory after operan
conditioning appeared to be independent of the time of testing [6].
Overall, the data suggest that the variability in the ability to recall
a consolidated memory at various points i the circadian cycle is
not readily tied to a particular mode of traming,

Adaptive Significance

The sccond general question concerns the adaptive significance
of circadian control and why circadian regulation of classical and
operant conditioning should be different. One  speculative
suggestion that emerged from classical conditioning studies was
that memories are only profitable when formed in the envirpn-
mental context i which they will be used [7]. The data fiom
cockroaches are largely consisient with this notion. In the case of
classical conditioning, the suppression of memory *formation

Effect of Circadian Phase on Learning and Memory

occurs at a time when the animals are least active and thus least
likely tv be using olfactory cues in foraging behavior. As
a consequence, formation of memories by completely external
intervention is suppressed at times when the animal & not
normally engaged in olfactory driven behavior and the associative
memory is not likely to be useful in guiding future behavior.

Conversely, if’ the animal is sofuniarily out foraging (even al an
unlikely time as might happen when foed is scarce [30]) and is
rewarded, then memory of the success of the behavior becomes
uscful and is tied to the circadian phase at which that particular
olfactory envirenment was profitable. At other times of day, when
the olfactory er reward environment is likely to have changed, the
memory is not used to guide behavior. This is reminiscent of the
early work on honey bees [31] and later work with birds [32,33]
and fish [44,35] where the animals were shown to select feeding
sites at those specific times of day when they had previously been
successful, The notion here then is that the role of the circadian
system in regulation of learning and memory is to limit formation
of new memories or utilization of established memories o only
those times of day when they are likely to be profitably used in the
furure,

Materials and Methods

Animals

Colonies of Rhpparobia maderae (more commonly known as
Leucophaea madyrag) were maintained in 12-h light/dark cycles (LD
£2:12% One week before the experiment began, six to twelye
young adult males were isclated from food and water and housed
together m & round plastic container 9 cm tall and 24.5 cm in
diameter, All animals were transferred to constant darkness at cnd
of the last complete light period prior to training. The experiments
were conducted in an environmental room under dim red light at
24.5°C. The animals remained in a light-tight box in constant
darkness (IX) until the conclusion of the experiment.

Operant Conditioning

The methods were adapted from [19] and [7]. The stratcgy was
to reward animals for visiting an aversive peppermint odor rather
than an attractive vanilla odor — the reward was either a small slice
ol apple or 20% sucrose solution. Animals were trained and lested
in a circular Plexiglas arena 30 cm in diameter and 9.5 cm tall, the
sides of which were smeared with petroleum jelly to prevent
escape. This arena was housed in a closed box, the interior of
which was illuminated with dim darkroom safelight that limited
visible light wavelengths to greater than 600 nanometers (Kodak
A or GBX-2; Eastman- Kodak, Rochester, NY). Light intensity
was adjusted with a rheostat to a final intensity at the floor of the
testing arena less than 0,1 pf-m ™ 2-sec”™’ (LiCer Phoatometer).
Odors were provided by placing a 1.5-cm-square picce of filter
paper, saturated with 20 pl of either vanilla or peppermint extract,
into a 1.5 ml microfuge tube acrated with small holes. The
microtuge tube was connected to a peri dish id 3.1 em in
diameter. For training and testing, one vanilla odor and one
peppermint odor source were placed at opposite sides of the arcna,
A small cup in each Petri dish kid (made from a microluge tbe lid)
held either a 75 pl sucrose reward or a slice of apple. A “standard”
apple reward was prepared by inserting glass tubing, 0.5 cm in
diameter, through the apple. The cylindrical core of apple
retrieved from the tube was sliced with two razor blades separated
by the 1 mm width of a microscope slide to produce 1 mm-thick
apple slices that weighed approximately 0.01 g The reward was
covered with a fine mesh netting on the vanilla apparatus but was
not covered on the peppermint apparatus, allowing the animal




access to the pesitive reinfarcement at peppermint only. Tn one
series of experiments as noted in the results, the vanilla odor was
paired with a negative reinforcement of an aceessible 20% NaCl
solution,

Inclividuals were placed in the center of the arena and covered
wilh a Petri dish unil the waning wial hegan. Animals were
observed using an infrared-sensitive GCD camera (Sony XC-77;
Sony, Tokyo, Japan). When the timer way started, the animal was
allowed to run freely in the arena between the two odor sources,
The animal was cxpected o visit the vanilla odor first before
visiting the peppermint, since it has been shown that cockroaches
have an innate preference for the vanilta ador [7,19]. In order to
ensure that all subjects in the study exhibited a naive preference
for vanilla and to eliminate inactive individuals, cach animal was
required to visit the vanilla at least three times before visiting the
peppermint or it was dropped from further training trials. A visit to
vanitla was recorded when the animal probed the netting covering
the reward with its mouthparts. The number of vanilla visits was
recorded until the animal first visited the peppermint and received
the positive reinforcement which cencluded the training trial,

Training and Testing Schedule

Circadian Times (CT) of training and testing were estimates
based ot the time of lights-off of the prior light cycle (designated as
CT 12) and assumed a frecrunning peried of 24 hours. Training
was conducted at cither: CT 0-3 (corresponding to the carly
subjective day); CT 6-9 {late subjective day); CT 12-15 (early
subjective night); or CT 18-21 (late subjective night). For most
experiments, each training scssion consisted of three “training
trials,” The first was designated as time 0, the second at 5 minutes
after the end of the first, and a third 60-120 minutes after the
second trial was complete (referred to as 90 minutes in the results).
We note that the variability of timing in the third Iraining trial
could have inooduced more imter-individual variability in
performance [36,37] but was necessary for sufficient numbers of
animals to be trained in one session. Subsequent trials were carried
out cither 12, 24, 36, or 48 hours, or ¢ days later. For one

. cxperiment we subjected amimals (o iraining sessions on two
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Abstract Previous research suggests disturbed emotional
learning and memory in borderline personality disorder
(BPD). Studies investigating the neural correlates of aversive
differential delay conditioning in BPD are currently lacking,
We aimed to investigate acquisition, within-session -extinc-
tion, between-session extinction recall, and reacquisition. We
expected increased activation in the insula, amygdala, and
anterior cingulate, and decreased prefrontal activation in BPD
patients. During functional magnetic resonance imaging, 27
medication-free fernale BPID patients dnd 26 female healthy
controls (HC) performed a differential delay aversive condi-
tioning paradigm. An electric shock served as unconditioned
stimulus, two neutral pictures as conditioned stimuli (CS+/
CS—). Dependent variables were blood-oxygen-level-depend-
ent response, skin conductance response (SCR), and subjective
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ratings (valence, arousal). No significant between-group dif-
ferences in brain activation ‘were found [all p(FDR) > 0.05].
Within-group comparisons for CS-ypumg > CS— revealed
incrensed insula activity in BPD patients but not in HC dur-
ing early acquisition; during late acquisition, both groups
recruited fronto-parietal areas [p(FDR) < 0.05]. During extinc-
tion, BPD patlents rated both CS+- and C8— as significantly
more arousing and aversive than HC and activated the amyg-
dala in response to CS+. In contrast, HC showed increased
prefrontal activity in response to CS+ > CS dufing extinc-
tion. During extinction recall, there was a trend for stronger
SCR to CS+ > C8 in BPD patients. Amygdeala habitaation
t0 CS-+ppea (C3+ in temporal contingency with the aversive
event) during acquisition was found in HC but not in patients.
Our findings suggest altered temporal response patterns in
terms of increased vigilance already during early acquisition
and delayed extinction processes in individuals with BPD,

Keywords Borderline persomality disorder - Classical
conditioning + Prefrontal cortex - Amygdala « Insula

Introduction

Conditioning is a basic associative learning process that
plays an important role in the development and mainte-
nance of psychiatric disorders as well as in behavior ther-
apy, especially exposure therapy.

Numerous studies have applied experimental fear condi-
tioning paradigms fo examine the (neurobiological) mecha-
nisms underlying associative emotionat learning [1-31]. In
differential delay conditioning paradigms, one of the two
initially neutral stmuli (CS+) is temporally paired with
an aversive unconditioned stipmutus (US), while the other
is not (CS—). Many experimental settings do not only
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involve gcguisition (learning) and within-session extinction
but also between-session extinction (extinction recall) and
reacquisition or reinstatement, i.e., a renewed exposure to
the original CS—US contingency.

There is convergent evidence from both animal research
and human studies that the amygdala, insula, and medial
prefrontal cortex (mPFC) including the anterior cingulate
cartex (ACC) play central roles in the acquisition of fear
responses [1, 4, 5, 9, 15). Several studies in healthy humans
further reported differential responses (to CS+ > CS—) in
the inferior frontal gyrus, rostral, and candal orbitofrontal
cortex (OFC), thalamus, hippocampus, cerebellum, siia-
tum (including putamen), as well as in sensory cortices [6,
10, 16, 18, 20, 22, 24-28). The mPFC is assumed to play a
central role in the integration of sensory and affective stim-
uli and in the coordination of memory storage both dur-
ing the acquisition and the extinction of emotional (fear)
memories [11, 14, 28, 31). Extinction is thought to involve
activity-dependent potentiation of synaptic transmission in
the mPFC resulting in an inhibition of amygdala-depend-
ent responses [11, 14]. Animals with lesions of the mPFC
are unable to extinguish conditioned responses [4, 15]. In
healthy humans, increased activation in the mPFC [20, 24,
26], OFC [17], amygdala (e.g., [7, 18, 20]), and insula 2,
17] could be observed during extinction (for a review see
[28]). For the amygdala, a rapid habitwation, i.e., decrease
in reactivity to unpleasant stimuli was observed over the

course of the acquisition phase [7, 8].

Within a ‘brain network of emotion regulauon thc
amygdala and insula have been critically implicated in the
processing of negative emotions, while the ACC is thought
1o play a eritical role in both the generation and regulation
of emnotions [9, 32]; prefrontal arcas including the vent-
rolateral and dorsoclateral PEC (vIPFC, dIPFC), OFC, and
dorsomedial PFC are thought to be involved in the down-
regulation of affective arousal [32].

In anxiety disorders, acquired fear responses to an ini-
tially meutral stimulus (e.g., place, object, person) previ-
ously paired with an US appears to be not successfully
extinguished [33-35]. Patients with postrasmatic stress
disorder (PTSD), for example, showed amygdala hyper-
reactivity and increased skin conductance responses to the
CS-+ during extinction recall [34], Deficits in associative

emotional learning are assumed to underlie clinical features .

such as a persistent fear and heightened affective arousal,
even in contexts where no actual threat is present,

To our knowledge, no study so far has investigated the
neura} correlates of aversive differential delay condition-
ing in patients with borderline personality disorder (BFD).
BPD is a severe psychiatric disorder with high rates of
trauma and pronounced difficulties in emotion regulation
including affective hyperarousal even in normative neutral
situations [36, 37]. Experimental research in patients with

BPD suggests altered learning and memory in aversive
emoticnal contexts [38, 391, On the peural level, there is
growing evidence for both structural and functional alter-
ations in fronto-limbic brain regions which play a major
role in affecting regulation and learning processes (e.g.,
amygdala, hippocampus, anterior cingulate) including
amygdala hyperactivity and diminished recruitment of the
prefrontal areas during emotional challenge (for reviews
see [40, 41]).

In a previous psychophysiological study {42], we investi-
pated skin conductance responses (SCR) as well as arousal
and valence ratings during an aversive differential delay
conditioning paradigm in patients with BPD and healthy
conirols (HC). We additionally assessed levels of peri-
experimental digsociation, i.e., dismaptions of usually inte-
grated functions of consciousness, memery, body aware-
ness, and perception. In this previous study, BPD patients
with low levels of dissociation showed regular conditioning
responses in terms of a differential SCR to C8+ > C5—
similar to HC, Of note, patients with high state dissociation
failed to show regular conditioning, which suggests that
disseciation may modulate emotional learning in BPD.

Recently, Kamphausen and colleagues [43] assessed
SCR and brain activity during an instructed fear task in
patients with BPD and HC during functional magnetic res-
onance imaging (fMRI). Before participants were brought
to the MR scanner, they were informed that they would see
different stimuli either indicating a safe sitnation or poten-
tial threat {electrodermal stimulation). The electrodermal
stimulation was in fact only applied during this instruction
but not during the experimental procedure. During fMR],
both healthy participants and BPD patients showed differ-
ential fear responses in terms of stronger SCR to stimuli
indicating potential threat compared to stimuli indicating
the save situation. However, only HC but not BPD patients
showed amygdala habituation and an increase in activity
in the mPFC during instructed fear. Findings of this fMRI
study suggest that altered activity in a fronto-limbic brain
circuitry might underlie disturbed emotional learning dur-
ing an instructed fear task in patients with BPD.

The aim of the present study was to investigate the
neural correlates of emotional learning in BPD patients
applying an aversive differential (danger versns safety sig-
n4l) delay conditioning paradigm during fMRL Between-
session extinction and re-acquisition were assessed after
72 h. Based on previous neuroimaging studies, we expected
stronger activation in the amygdala and insula during
acquisition and rescquisition and less activation in (he
mPFC during within-session and between-session extinc-
tion. We were further interested in habituation effects, i.e.,
decreases in activity over the course of each conditioning
phase, Based on previous research [7, 8, 43], we expected
a habimation of the amygdale during the acquisition phase.




Bur Arch Psychiatry Clin Neurosci (2016) 266:291-303

293

Methods and materials
Participants

Thirty-four female individuals fulfilling DSM-IV criteria
for BPD as assessed by the international personality dis-
order examination (IPDE) [44] and 32 female HC aged
between 18 and 45 years participated in our study. Exclu-
sion criteria for the patient group were a lifetime diagno-
ses of alcohol or substance dependence, psychotic disor
der or bipolar I disorder, and current major depression as
assessed by the Structured Clinical Interview for DSM-1V
Axis 1 Disorders (SCID-I) [45], In addition, patients had
to be free of psychotropic medication for at least 4 weeks
prior to investigation. Exclusion criteria for the HC group
were the presence of any current or lifetime axis T or axis
II disorder, and cugrent or past psychotherapy. Diagnostic
interviews were administered by trained and experienced
psychologists. Inter-rater reliability for BPD was « = 0.69
for SCID-I (primary diagnosis) and & = 0,77 for IPDE.
Patients were recruited at the Central Institute of Mental
Health, Department of Psychosomatic Medicine and Psy-
chotherapy in Mannheim/Germany or via announcements
on BPD-associated Web sites. The HCs were randomly
selected from the resident register of the city of Mannheim.

All participants underwent diagnostic assessment using
the SCID-1 [45] and the [PDE [44]. To obtain a psychopath-
ological characterization of the patient sample, trait disso-
ciation by the German version of the Dissociative Expeti-
ence Scale (Fragebogen zu Dissoziativen Symptomen,
FDS; [46]) and global BPD symptom severity by the Bor-
derline Symptom List (BSL-95; {47]) were assessed.

Demographic and clinical characteristics (trait dis-
sociation, BPD symptom severity, comorbid diagnoses)
of the full sample can be found in Supplemental Table 1.
There were no significant differences regarding age [BPD
(Mean + SD): 27.6 + 7.5, HC: 27.8 & 7.5], sex (all
female), and ethnicity (all Cancasian}. All participants were
right-handed. There was a statistical trend for significant
differences in level of education. As expected, both groups
differed significantly in clinical measures of trait dissocia-
tion and BPD symptom severity,

From this initial sample, one HC and five BPD patients
dropped out of the study before completion of the experi-
ment. From the remaining sample, a subset of neurcimag-
ing data had to be discarded due to movement artifacts or
technical problems during MR scanning. The final neuro-
imaging data set comprised data from 26 HC and 27 BPD
patients for the first (conditioning) session, 22 HC and 21
BPD patients for extinction recall, and 17 HC and 24 BPD
patients for reacquisition. Since some participants did not
show an adequate skin conductance response (SCR} > 1 u8
during the scanning procedure, SCR data of 21 HC and 21

BPD from the first {conditioning) session and SCR of 15
HC and 14 BPD from the second session (extinction recall,
reacquisition) could be included into the final psychophysi-
ology analysis,

Demographic and clinical characteristics (trait disso-
ciation, BFD symptom severity) of all subsamples can be
found in Supplemental Table 2 (subsamples neuroimag-
ing dataset) and Supplemental Table 3 (subsamples SCR
dataset), There were no significant differences regarding
age and educational level in any subsample, As expected,
within all subsamples, BPD patients teported significantly
more trait dissociation and BPD symptom severity.

Experimental design

The experimemtal design was an aversive differcntial
delay conditioning procedure which is depicted by Fig. 1.
Dependent variables were the blood-oxygen-level-depend-
ent (BOLD) signal, SCR, and valence/arousal ratings. The
conditioned stimuli (C8) were two neutral graphic patterns’
(blue square and yellow triangle). The US consisted of
unpleasant, but tolerable electrical stimulation to the right
thumb. Stimulus duration was 5.8 s (s), and the uncen-
ditioned stirnulus (US) lasted for 2.8 s and was adminis-
tered 3 s after CS onset. The inter-trial interval (TTT) lasted
between B and 12 5, randomly generated. CS+ (CS paired
with the US) and CS— (non-reinforced CS) were coun-
terbalanced across participants and presented in pscudor-
andom order with the constraint of & maximum of two
consecutive preseritations of the CS+4- (danger signal) or
CS~ (safety signal).

The US (electrical stimulation) was delivered through
a copper electrode of an electrical stimulus generator
(Digitimer, DS7A, Wewyn Garden City, UK). Before the
experiment, for each participant, the Ievel of pain stimula-
tion was individually determined. To this end, participants
were given a series of stimuli, starting with 2 mild stimulus,
which was gradually increased to (1) detection threshold,
(2) pain threshold, and (3) pain tolerancé. This procedure
twas repeated three times: Finally, we delivered stimuli that
were 80 % above pain threshold. Participants were asked
to rate the intensity of pain on a Likert scale ranging from
0 = not painful to 10 = extremely painful. For the experi-
ment, we used stimulation intensitiss that were rated with
at 1east 7/10. Therefore, the experimental level of pain was
objectively different, but subjectively both groups received
the same level of painful stimulation. This procedure was
chosen due to the fact of higher pain threshold in BPD [48,
4491,

The first session (conditioning session) started with a
phase in which participants were familiarized with the CS+
and CS— (‘familiarization’: 10 CS-+, 10 CS-), During the
following acquisition phase, 18 CS+ paited with the US

Ao .



Eor Arch Psychiatry Clin Newrosci (2016) 266:291-305

294

000 2P 905 oLy (gva) SIAS [Erol [BPSN o 8 TF '6E ‘0
000 w0y ER'Y Telpdua], A jeioduay ofpPIN T st 9— ‘9f— ‘LS
QE00  ¥TF  ST'C Tanpaqald) sTorerid 1 8eT 05— ‘99— LT~
g20°C DEY 9Es [esodumay, stuAS jeacdumm Jouagul | € ¥2— ‘vT— 09
LZO0  S9¥  8%¢ Ewoi] (gve) snI4d TeInol] SIPPIAL a 26 € “L§ 6
10D 606 9L BInaz] (gve) STI4E THuoy SIPPIAL b 67 SP ST 'BF +s0 add
104°s00>  65E P femoy *9— ”E ., 18-
104°'500> | £9¢  TTY Latiient| (Lpy) snikF emuol ORI 1 ¥ «0 ‘12 'S—
0N 'so0> 80F E6Y feiuoL] (/v sn1£F TaUosg JCHAR i 8 #6— ‘LT 'SP
so00 OTP S6'p [euan] S48 TeroK APPOA | ¢ 0% ‘TP ‘6E
Lot ¥ BEY 9¢ “16— ‘gE—
S00°C T8t 194 £EIS— Th—
yo0 6Tr 6L [EREd {Oyve) smoof [Resed 100Ul 1 91 $T “Cp— 05—
800°0 9%°F 5T¥ smé3 [euoly JOUIIL L9 'Th
800°0 LOE Jiy Te1moy {(gtve) snzdS [eIuoIy JOHaIL BT '0€‘¥S
w0 3FF I9€ feIon] (oyvE) snriB [auol SPPIA q 81 EE'ITVE
w000 EEV 58 OF ‘Sy— '8$F
$O00 Y 65C V22— £9
+00'G SLF 519 iateg (orye) smqo] Mmewed Jortaguy o 909 1S ‘8p— ‘S¥
#O0°0 ¥ 16°S [Isu0] Iefjagqalas v "£9— "68—
yoOs  SLk FE9 Jouasod BAl[o2p Q- ‘8L— "EE—
VOO0 P8P ZE9 - ERfsgRaD 21nq0] TRUN|[UI3S JGRAI] T SUT 16— 99— "0, —SO<+80
09 ‘500> 00F (1784 BneL] {17V | snIAT RO J0LTag0L g vE +0—"€¢ “oF +80 DM uomzsmmboe A’k
109 500> ZTE 59¢ - 73 - I 1 2
109°500>  OLE (A% Teqo-qng emang 1 ot £ 6T "€~
0E00 €0 PeY etoduay, {zyvd) s11A3 Terodme Jousdng E: 68 81 ‘€— 99
SEDD 0y 06% faodway, {zpva) sruks [erodwa toledng 1 19 Tl T~ ‘99—
7200 oty 62°S perodwar, sn1A3 eiochuey Jopedug 1 &% £'e 09—
£000 09 L1y el snik3 [euexy Jopadas A £ 15T
g0 8TC 9TL {ERI0g SIUKE [emol; APPTAL 4 8L ST'66'cE  —SIO< 8D
: §0°0 > (Y1) 18 sioisnjo weaywiBs oN +82 ~ Gdad
S0 > (D 18 uoisop weopuEs O —SD<+8D
{02 B i = TS o 3 4 aquEy] {8zvg) srus edureooddmere a £8 +51= 51— "81
gL'E £8p aqury 1 VT~ "€ YT
108 °s0°0> oy £ES AqmIT PlepdAurg/snoun/snif3 _.«&.Euonnﬂﬁam 1 £S #T1— 6— 81—
1200 LY STY feudroag (LEVED) SnIAS TUaFISTL 1 6t SI—'8b— ‘LZ—
800 1Ly E09 QU ayendus Jasog 4 0l Ti'9o—0 +50 OH uonisinboe Ajreg
: 1% sseqd
aea d oMEAZ  AnTRA A0 (eare vuENIpOIg) Toqe] Sleydsyal ¥ seTRuIpIO0e TN jsequos | dnoig  Buuonpuy)

(dg) Ieopiostp Liffeuosiad sUTIaploq i

4 spmoned Ul pue (OH) sjenlios LMpest w saseyd SoTIONIpUoo I[P SO Fupmp Qanoe uelg T 3108L



295

Bur Arch Psychiatry Clin Neurosci (2016) 266:201-305

§0'0 > d IS TWEOPTISS ON  —8D < +5D m
910 0L 08°% 2IquIY sniAd edureooddryered 1 9 51— ‘pT— '9t—
#10°0 $EE 98 2NquIEY {6vd) SAT [muoy Jotadng 1 ¥ 6E “TS “¥T—
9000  I9E gE'y JUHIE] sn1£8 pedureooddmemg 1 o1 17— 5= LT~
L1000 47§ HLE Temdura], {1Tve) srrdB fetodiu sppmu q 6— ‘TS—£9
910'0 0€E (17: 49 Tezoduay, STUAR TRI0durel STPPHA ! £EE £'8F— 15
€000  T6E fLy  MMEgRIa) Toqn, 1 1€ 65— '£9— "6e—
W00 HOr  00% o] SUAS [RImaly A[PPI 1 LT 6— Tk '9F—
000> 60°C Sr'L Tendioon (L1 V) snaumo T £'y8— T1—
10070~ 429 ¥1'6 Tendmag snakF pendur k| §1 ‘8L~ 9
000>  EI9 F101 rendeoQ snAS [ensury b B ¥ A 0 "9 21 +5D OH [rI=1 UOTOUNXY
500> (JqA)d sopsmio eogIBIs AN —SD <+§0
104 'so°0> £FE 06°E AquETT EEpiiury [ k| +Z1— 90— 0¢
04 SO0 00v LY o] {11y 5142 [FUOLONGIO 66 a +T1— ‘TP SF +85 add
I0d9's00> o€ £8°C Ewoig STUAS 1m0l SpPIN L 1 +5b 1T "Sh—
104 00> Ve 06°€ Temaly suifd Temoy tousdng b4 +¥T ‘9 ‘5t
j(o}: i x> She 56t TR0, (01vg) swiAE [eyuoy opadng 8T | 1299 % ~SO<+8D
104 ‘5070 £5°¢ oy remoay STIAT [BIU0IF B[PPLIN § | «VT '9E ‘TP
108 °500> 95t TP Teoy SN1A3 [RIU0L IPPRY | +1Z 'SP 18
104 ‘soro> £5E £y Tesusg smAS Terwol PPN #1 k| +«LT 8 'Sk .
JOE's00>  $9°F £Zr TEitoy sn34F Ternoyy A[ppIA st 1 «FT LG L=
IOF s00> #WE PSP FmaL] (¢ V) surS [ramoy Jolopu] 0z 1 *6— '6E ‘Sp—
109 ‘500> L8E  I8€ +1Z'€9 1T
10 500> £9'% £9v +81 ‘9 ‘€€
104 500> 0¥ 98% [B18013 STEAS TR0 0141 Ls a A
10¥ “50'0> 4 10°¢ B0 STUAZ Jejuog IPPIN e 1 #SP ‘51 66—
IOAS60>  S¥y LSS {230 g243 fegol] a[PPRLN 81 4 #E— "3 '8P +8D o8 UonIEnXY
81070 LEE Y [euoL] {0Tvd) sni4d (ol 2pPIAL 1 4 £~ ¥C ‘St~
LIDO  6LE A4 [E1uoag (gve) SMAT [e3mcy [Ipagy d i TwoE'9
9100  +8¢ o TEeEg {orve) a(nqof (etaired Jopaguy 4 8¢ TF ‘T ‘09
LZ0D A2 68°E d 6—'1C 'tE
[ALUY Ity 6y 101 sni2 {eucyy Jousyur a1 oF €21 0%
¥00°0 Ly 66 [BFm0T] {6vg) sIA3 oy SIpPIN o ozt £ ‘L5 6
OO0 9% 629 =g {31ve) sn143 rendiooo ofppi 1 1€8 £ ‘Z01— ‘81—
LID  08e 'y Teuozy {9pva) suhS [muoy PP o 0% '6E ‘8%
1000 555 80°E LAl RR | (gve) su4d [euol) SIPpIN | 80T CrS1'8F . —SO<+8D
ZA'% sseyd
onea d  anfeaz  supA g 207 (eare ouemporg) #qe] laudsmuy bl SRIBUIPIOOY INIAL wenues ] dnor)  BETHORIDUOD

penuyuos T AQEL



Bur Arch Psychiatry Clin Neurosci (2016) 266:291--305

296

1 v parTed 30A3M SN{NIIS PAUORIPUCO —§7) ‘SM) 9T JO S0USSTE U £UC 213 111G (S[1) SUTMWRS pauon
~IpTioon 3t QA pazfed SIS SEM TRy} STMIS PRTORIPUOS +§7) “Fare UTSHIpOl] Ve WSIAYEN 77 ‘imist] [Eor30TOInoN] [RARUOIA IV “S[9%0A SNONBIU0D JO 371 SN2 ¥ B ¥ el
7 #10p wonsmhoe-al 10 £ | DU ‘[{EO2X YOHORRYS 101 £ (QOROUIXD *noysnbor ‘UONEZIIRIITNIEY) T BOISSES 19 O a13M sopdiresqns 1o SOZIG FASEIR TEOTWIOIELE paufepaid Wilm sesdeue (I0W)
150330 J0 wordar £q PAoFAD AT YEUIISY Ue AG PeTedfpHl SIa1NIT TeAS] 2SIM-]aX0A HEIG-I[OUM A TO PAITALI0D YA €00 > d jo POUsanR pIpuelxa W Surkjdde pelllliixlep aram SIASTL)

109 *s0°0> I9°€ 8Ty feson] {01 v STuAS Jeauol] PRI E:! 01 sZ1'IS9E —82<+SD
108°'500>  £9°¢€ P TauaL] {11V 80343 TRUOIOUIC +4 +B1 +61— ‘S 6L
JOdS00>  vRE WOF a1quury (VD) SEMBUD oLy o *61 #6E ‘€6 +§>  add
108 *50°0> TFE ) AL {2V} snlAT peanoy SIPPIA T ot 16 T ‘LT~
0¥ ‘500> 9% £0°5 snIAZ [emox Joladng #6€ TP S1—
109'5070> 89°¢ 81°S [EIUOLR] THU0Id sud3 teiory Jowsdng 61 T #S¥ T ‘TE—
104 ‘so'o> 09'E 26y d AT Al
104 'so> 99°¢ 195 q *8T— ‘68 0
108 ‘00> qTH 089 Tauesd {01V snIAB oy etpay 1 161 £0—"I5'¢— —§D<-+82
09500 keE FES JquItF snoonye[epHius -1 +T— QYT
109 "s0°0> T6°E ors aqUIrY {peve) snkd pdarpoddmemry 1 ¥ +81— "€ 06—
1000 ELE PV v T ST S ‘8h—
1000 79t 0E'v 1 08157~
1000 PRE Y6+ pRuoag {(6vd '0Tve) SIWAT [eIuog SfPPIN 1 ¥L ¥T 5 6E—
b
000> sFP ) eraon] k| pARR s Srad
{0 e T 389 TERIOL] (orve | ¥z 16T
000> T0S BLL ool ‘Gvd) SuS [Riex S[ppRy/snIAS [ejuey Jopadng L 61T 21 L6 "0E
109 's0°0> 88'8 A
600> 09¢ 8L6 1 O ‘12— ‘99—
100°0> 165 6011 Izqol-qng (£1V'9) X703 IBjnsU T A Tl (S
100°0> 109 £5°1] ffesodmag, “sruAS utodir totadng | S0l 8l ‘s¥— ‘1% +80 ol uvopmmbIe-oy
109 ‘s070> LEE 00w TeIRolg (Rve) ST [erEoqg [Bipew : A «[CRLD
10¥ 500> 68°€ 06'F [EoL] (1 1'Ve) Sk [0 E: L +BI—'6E¥C —83<+SD
6000  [9F  8EF HGuIpy sd pdmeacddimere] g ¢ [Z-"¢—"1—
108 600 85¢ PEP Jeqol-qng (gEweD) Bmst] | & 6 6 Gk
TG0 8L’y 89 EdooQ {£1v) snounD d 4 6 TL— 21 +§3  adg
Z'1% aseqd
oA d anEAZ  ONBEA L Ao (vare uuzwIpold) [2q8T ataydsiuap] )] S9TRUIPIOOD NN enuon ], dnoin  Buwonipuod

panupuioo { 31qEL



Bur Arch Psychiatry Clin Newrosci (2016) 266:291-305

297

and 36 CS— never paired with the US were presented.
Furthermore, 18 CS+ were presented but not paired with
the US (catch trials), Catch trials were used to differenti-
ate between BOLD responses to the TS+ and to the pain
stimulus (US). During the extinction phase, 18 CS+ and
18 CS— were presented. The second session (reacquisition
sesgion) took place 72 h Tater and consisted of the extine-
tion recall phase (18 CS+ and 18 CS—) and a reacquisition
phase (18 CS—, & CS+, 9 CS+4-/US),

Apparatus and physiological recordings

Stimulus delivery was controlled by a PC running Pres-
entation software (Neurobehavioral Systems, San Fran-
cisco). Physiological data acquisition was controlled by
en Ibook running Vitagraph version 4.61 (Becker Med-
itec, Karlsruhe, Germany). Physiological channels were
recorded at a rate of 256 Hz in continuous mode using
the Vitaport IT system (Becker). SCR was obtained from
[0-mm (sensor diameter) Ag/AgCl electrodes (Marque-
tie Hellige GmbH, Freiburg, Germany) filled with an isow
tonic EDR jelly TDE-246 (Steffens, Berlin, Germany) and
placed on the thenar and hypothenar of the non-dominant
hand (constant voltage method with 0.5 V),

Procedure

The study was approved by the etliical review commitiee
of the University of Heidelberg, Germany, in accordance
with the Declaration of Helsinki. All subjects gave written
informed consent after receiving a description of the study
and scanning procedure. All participants were paid for
study participation (10 €/h). The experiment was conducted
between 2007 and 2009 at the Central Institute of Mental
Health in Mannheim, Germany.

All  participants underwent diagnoslic assessments
including the SCID-I and IPDE by trained diagnosticians
and completed clinical questionnaires (FDS, BSL) as
described above. The conditioning procedure took place on
two different days within & fixed time interval, On a first
day, the conditioning session (familiarization phase, acqui-
sition phase, extinction phase) was conducted during fMRI,
Immediately before the experiment, the level of pain stimu-
lation was individually determined for cach participant as
described in detail above. The reacquisition session (extine-
tion recall phase and reacquisition phase) took place 72 h
later in the same MR scanner. .

Throughoul the scanning procedure, participants viewed
stimuli presented on a screen by a projector via a mirror
mounted on the head coil, Participants were not informed
about CS-US contingencies and were told to passively
view the stimuli. After each phase (familiarization acqui-
sition, extinction, extinction recall, and reacquisition),

participants rated the valence and arousal of the CSs to test
awareness of the C8-US contingency. In addition, partici-
pants rated their acute dissociation on scales ranging from
1 = very calm to 9 = very arousing, 1 = very pleasant to
9 = very unpleasant, and 1 = no dissociative symptoms to
9 = vety intense dissociative symptoms. Valence/arousal
ratings of the CS were obtained by presenting the CS
together with a visual analogue scale, and patients used a
keypad to move the cursor and 10 choose 4 number,

fMRI assessment

fMRI was conducted by a Siemens MAGNETOM Vision
1.5 Tesla whole body scanner (Siemens Medical Solution,
Erlangen, Germany). Head movement artifacts and scan-
ning noise were restricted using head cushions and head-
phones within the scanner coil. To acquire BOLD signals
(T2-weighted echo planar imaging, EPI), a standard proto-
col (see also {27]) with the following parameters was used:
repetition time (TR): 3.77 s, echo time (TE): 45 ms; flip
angle: 90°%, matrix: 64 x 64, glice thickness: 3 mm, slice
gap: 1 mm, FOV: 220 x 220 mm, and number of slices: 35.
There were 100 images for familiarization, 320 for acquisi-
tion, and 160 for all other phases.

Data analysis
Psychometrics

Means and standard deviations of the BSL and the FD§
were analyzed using ¢ tests. For group comparisons, sig-
nificance levels were setto p < 0.05, All analyses were con-
ducted with SPSS (Version 22.0 for Windows; SPSS Inc.,
Chicago, IL).

Ratings

To compare valence and arousal ratings, repeated-measures
analyses of covariance (rm-ANCOVA) were performed for
the mean of each phase with group (HC, BPD) as between-
subject factor, stimulus type (CS+, CS) as within-subjecis
factor, and present-state dissotiative experience as covari-
ate. A Greenhouse-Geisser correction was employed in
case the sphericity assumption was not met. Statistical
analysis was performed using SPSS 22.0 (SPSS Ing, Chi-
cago, IL). An alpha level of p < 0.05 determined statistical
significance.

Skin conductance response (SCR)

The electrodermal activity was determined according to pub-
lished guidelines {50] with the program EDR-Para (Schafer,
Wuppertal). Phasic SCRs were defined as the response

AN ol
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magnitude (maxirmum deflection) within a 1- to 4-s tine
frame (first interval response, FIR). SCRs lower than 0,05 uS
were scored as zero. The FIR was counted as missing when
the SCR was clearly initiated prior to CS onset. If such an
anticipatory response was superimposed on a stimulus-related
response, the scoring method (B) as described by Bouesein
([50], p- 136} was used. SCRs were log-transformed to
reduce skewness {S0]. To compare SCR to C54 and CS—
type x group, rm~-ANCOVAs were performed for the mean
of each phase with present-state dissociative experience as
covariate. A Greenhouse-Geisser correction was employed
if the sphericity assumption was not met. Statistical analysis
was performed using SPSS 22.0 (SPSS Inc, Chicago, IL), An
alpha level of <0.05 détermined statistical significance,

fMRI data

Functional data were analyzed with SPM5 (Welcome
Department of Imaging Neuroscience, University College
London, UK, 2003). The first four images at the beginning
of each trial were discarded to enable the signal to achieve
steady-staie equilibrium between radiofrequency pulse an
relaxation. i

Within preprocessing, the EPT time series were realigned
and unwarped to the mean to correct for intra-subject’s head
movements. Mean images were normalized to an MINI (Mon-
trea] Neurological Institute, www.bic.mni.megill.ca) echop-
lanar ifnaging template with affine registration followed by
nonlinear transformation with 25 mm cutoff, medium regu-
larization and 16 iterations, resampled with trilinear interpo-
lation, and written in 3 x 3 X% 3 mm? isotropic voxels. The
nonmalization parameters determined for the mean functional
volume were then applied to the corresponding functional
image volumes for each participant. Finally, images were
smoothed with 2 Gausstan kemel of 8 mm full-width at half-
maximum. The data were high-pass filtered (1/128 Hz cutoff)
to remove Jow-frequency signat drifts.

The consecutive statistical analyses of the TMRI data
relied upon the general linear model (GLM) to mode] effects
of interest as implemented in SPMS5. For sach subject, the
following events of interest were defined as regressors of
interest: US, CS—, CS+pyppeq, B0 CS+ 009 fOT euch phase
of the conditioning paradigm: familiarization, acquisition,
extinction, extinction recall, and reacquisition phase, :

In order to assess the temporal course of brain activation,
we split up the acquisition phase (of the first conditioning ses-
sion) into an early and late acquisition phase. In addition, we
investigated habitation effects during acquisition by mod-
eling linear time effects for CS4y e, C8+npaireg > CS—,
and CS-+ 04 (CS paired with US) using the time modulation
fanction as implemented in SPM (p < 0.05).

Task-related activity (BOLD response) for each event
was modeled by convolving a vector of the event onget
times with a canonical hemodynamic response function
(HRF). The regressors of interest were included together
with time as covariate in a GLM to yield parameter esti-
mates for brain activation related to the different event
types (US, CS—, CS+pyis CS-byopaireg)- T contrast images
for CS+4pea > C3— and CS— > CS+;y Were computed
for each tonditioning phase (familiarization, early acquisi-
tion, late acquisition, extinction, extinction recall, reacqui-
sition} separately,

At the second level (group level), the resulting first level
contrast images were entered into random effect models:
Within-group (one sample) ¢ tests were used to compare
brain activity during CS+ to brain activity in response to
CS—. Between-group (two sample) ¢ tests were used to ana-
lyze group differences in response to CS+, CS—, as well
as CS+ypppiea > C5— during the different conditioning
phases. Clusters were determined using an extent threshold
of p < 0.05 on the voxel-wise whole-brain level. The faise
discovery rate (FDR) correction was applied to correct for
multiple comparisons.

Region of interest analyses Based on our a priori hypoth-
eses (stronger activation in the amygdala and insula duor-
ing acquisition and reacquisition and less activation in the
mPFC during within-session and between-session extinc-
tion in BPD patients than HC), regions of interest analy-
ses (ROIs) were performed for the following brain areas:
amygdala, ACC, hippocampus, insula, OFC, dfPFC, and
vmPFC, Anatomically based ROIs of these regions were

_created using the Masks for Regions of Interest Analysis

(MARINA}) software program (Bertram Walter, Bender
Institute of Newroimaging, University of Giessen, Ger-
many). These masks were then used for small volume
corrections.

In @ separate model, state dissociation ratings were
included as a covariate in order to test the effect of this

Fig. 1 Experimentsl design:
Ratings of vilence and arpusal
were performed after each of
the five experimental phases,
C8+ conditioned stimulug
paired with the US; CS— noun-
reinforeed conditioned stimulus,

" Session 1.

S unconditioned stimulug

. Session2
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variable on the results. Furthermore, a subgroup analysis
with BPD patients with versus without current PTSD com-
pared to HC was computed.

Results
Ratings

Means and standard deviations of arousal (a) and valence
(b) ratings during acquisition, extinction, extinction recall,
and reacquisition in HC and BPD patients are depicted in
Fig. 2. ,

For arousal ratings aftey acquisition, a significant effect
of type [F(1,34) == 23,929, p < 0.001] but no signifi-
cant interaction with group was found [F(1,34) = 0.001,
p = 0.973]: All participants showed a higher rating of the
'S+ compared to the CS—. For the arousal ratings afier
extinction and extinction recall, no significant effect of type
[F(1,30} = 0.250, p = 0.621; F(1,24) = 0.566, p = 0.459}
and no significant interaction with gronp were found
[F(1,30) = 0.009, p = 0.925, F(1,24) = 0.452, p = 0.508].
After extinction, BPD patients rated both stimuli as more

~
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Fig. 2 Results of the arousal (a) and valence (b) ratings. ACQ acqui-
sition, EXT extinction, REC extinction recall, REAC(Q reacquisition,
HC healthy controls, BPD BPD patients, CS+ conditioned ‘stimulus
paired with the US, C5— non-reinforced conditioned stimulus, sig-
nificant at *p < 0.05, ¥ < 0.10

aversive than the HC indicated by a significant effect of
group [F(1,30) = 5.565, p = 0.025],

For the avousal ratings after reacquisition, a significant
effect of type [F(1,24) = 18.315, p < 0.001] and no signifi-
cant interaction with group were found [F(1,24) = 0.337,
p = 0.567]: All parlicipants showed a more aversive rating
of the C8- compared to the CS— (see Fig. 2a).

For the velencs ratings after acquisition, a significant effect
of type [F(1,34) = 15.199, p < 0.001), with more aversive rat-
ing of the CS+ than the CS-—, and a significant interaction
effect type x group [F(1,34) = 4.223, p = 0.048] were found.
For the valence ratings afier extinction and extinction vecall,
no significant effect of type [F(1,30) = 0.334, p = 0.568;
F(1,24) = 1189, p = 0.286] and no interaction with group
were found [F(1,30) = 0.021, p = 0.886, F(1,24) = 1,156,
p = 0.293], After extinction, agairn, & significant effect of
group was found for the valence ratings [F(1,30) = 14.944,
7 = 0.001}: BPD patients rated both stimuli as more aver-
sive than the HC. For the valence ratings after reacquisition,
2 significant effect of type [F(1,24) = 14.138, p = 0.001]
but no interaction with group was found [F(1,24) = 0.199,
p = 0.660]: All participants showed a more aversive rating of
the CS+ compared to the CS— (see Fig. 2b).

Skin conduactance response (SCR)

Means and standard deviations of SCR during acquisition,
extinction, xtinction recall, and reacquisition in HC and BPD
patients are shown in Fig. 3. During acquisition, no signifi-
cent effect of type [F(1,34) = 2.291, p = 0.139, n* = 0.063)
and no significant interaction with group were found
[F(3,34) = 0039, p = 0.844]. During extinction, no sig-
nificant interaction with group was found [F(1,33) = 0.962,
p = 0.334], but a significant effect of type [F(1,33) = 9.895,
p = 0.003) with participants shows stronger responses to the
(84 than to the CS—, During extinction recall, no significant
effect of type [F(1,20) = 0.209, p = 0.652] and a wend for the
interaction effect type x group were found [F(1,20) = 3.194,
p = 0,089], with BPD patients showing descriptively a
stronger response to CS+ compared to the C3—, whereas
HCs showing descriptively a stronger response to CS—
compared to the CS+. During reacquisition, no significant
effect of type (F(1,20) = 1967, p = 0.176, #* = 0.090]
and no interaction with group were found [F(1,20) = 1,768,
p=0,199, n* =0.081].

fMRI
Behween-group t tesis
No significant group differences on the whole-brain level

could be detected at a threshold level of p < 0.05 after cor-
rection for multiple comparisons (FDR correction).
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Fig.3 Skin conductance response. Note ACQ acquisition, EXT
extinction, REC extinction recall, REACQ reacquisition, HC heglthy
controls, BPD BPD patlents, CS+ conditioned stimulus paired with
the US, CS— non-reinforced conditioned stmulws

Within-group t tests

Results for brain activity in response 10 CS+ g and
CS+yppaired > CS— can be found in Table 1. In the follow-
ing, results are reported for each group and for each condi-
tioning phase separately [(FDR) < 0.05).

Healthy control group

During early acquisition, no significant clusters were
observed for the CS+y, g > CS— contrast. During pres-
entation of the CS+ .4, HC recruited the fusiform gyrus
(BA37) and right posterior cingulate, Our ROI analyses
further revealed significant C8+ i related activation in
the bilateral parahippocampal gyrus and left amygdala.

During iate acquisition, HC showed significant stronger
activatien in response to the CS+ 404 than to CS~ in the
bilateral inferior frontal gyrus (BA46 and BA47), bilateral
inferior parietal lobule, right middle frontal gyrus (BA46),
and left corebellum,

During extinction, HC exhibited significant differential acti-
vation for CS+nireq > CS— in the right superior frontal gyrus
(BAI0) and left middle frontal gyrus (clusters revealed by ROT
analyses). In addition, our ROT analyses revealed significant

@ Springer

CS+yppaiesTelated activation in the right OFC, left inferior
frontal gyrus (BA47), and bilateral middle frontal gyrus,

During extinction recall, no significant clusters were
found for the C8+,;p55eq > CS— contrast. In response to
the CS+-yyaiee: HC activated the right lingeal gyrus and
left cuneus, the left middle frontal gyrus and superior fron-
tal gyrus (BA9), the left parphippocampal gyrus, right mid-
dle temporal gyrus, and left tuber (cerebellum).

During reacquisition, our ROI analyses revealed signifi-
cant clusters in the bilateral medial frontal gyrus (BA10),
left superior frontal gyrus, and left middle frontal gyrus
(BASB) for the CS+, 5509 > CS— contrast. In response to the .
CS+npaired» HC showed recruitment of the bilateral superior
temporal gyrus and insular cortex (BA13), bilateral middle
frontal, and superior frontal. For the CS+y 0, contrast,
ROI analyses additionally revealed significant clusters in the
left amygdala and left parahippocampal gyrus.

BPD group

During early acquisition, BPD patients showed significant
differential activation for CS-l-wmimd > C8— in the right
superior and middle frontal gyrus as well as in the bilateral
superior temporal gyrus. ROI analyses further revealed sig-
nificant stronger activation in the left insula (see Fig. 4a)
for the CS+,yp4ived > C8~ contrast.

During late acquisition, BPD patients exhibited significant
stronger activation in response 10 CS+yyiea > CS— in the
bilateral middle and medial frontal gyrus (BAS8, BA9, BA10,
BA46), right inferior frontal gyrus, left middle occipital gyrus
(BAI1B), and right inferior parietal lobule (BA40). In response
to the CS+,papq: in addition, patients recruited the right
inferior temporal gyrus and left middle temporal gyrus,

During the extinction phase, no significant clusters were
observed for the CS-H,,u564 > CS— contrast, Jn response to
CS+npairess BPD patients activated the right orbitofrontal
gyrus (BA 11) and right amygdala (see Fig, 4b).

During  extinction recall, BPD patients exhibited
C8-tyypirea-Telated activation in the right comens and left
parahippocampal gyrus as well as in the right insula, For
the CS-typpuires > CS— contrast, RO analyses revealed
stronger activation in the orbitofrontal gyrs (BA11) as
well as medial frontal gyrus (BAB) in the patient group,

During reacquisition, we found significant clusters in
the middle frontal gyrus (BA10) for the CS+, 4 > C85—
contrast as well as clusters in the orbitofrontal gyrns
(BA11) and ACC (BAZ24) for the CS-ypppirea CONrast.

Linear habituation

Complete resuls for kinear time effects during the acqui-
sition phase in each group can be found in Supplemental
Table 4,
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This paper aims to bridge the gap between the positions of Carl Rogers and B. F.
Skinner by demonstrating that they are not as antithetical as they are ordinarily
assumed to be, and as the two men themselves tended to think, The author uses
the concept of nonlinear dynamic systems as the principal concept in her effort to
bridge the gap between the work of Rogers and Skinner and consequently
introduces the concept of nonpredictivity to replace the concept of nondirectivity
as being a more correct and basic characterization of classical client-centered
therapy. The concept of noripredictivity allows. client-centered therapy to be
framed, in an overarching and general way, by B. F. Skinner's principle of
operant conditioning without doing violence to Rogers’ concern about client
autonomy. More specifically, the paper argues that Rogers’ theory of therapy is
not antithetical to Skinner’s theory of personality and that client-centered therapy
therefore can be practiced seamlessly by therapists who, like the author, believe
that operant conditioning is & better explanatory concept for human behavior
than the actuallzing tendency,

Keywords: Rogers and Skinner, nonlinear dynamic systems; nonpredictive;
nondirective

Briickenschlag zwischen den Positionen von Rogers und Skinner: die Rolle
nicht-linearer dymamischer Systeme

Dieser Artikel will die Kluft zwischen den Positionen von Rogers uwnd Skinner
schiiessen, Diese sind nicht so anti-thetisch, wie man normalerweise annimms und
wie die beiden selbst meinten. Ein Konzept nichi-linearer dynamischer Systeme
soll die Kluft zwischen Rogers' und Skinners’ Werk schliessen. Das Konzept der
Nicht-Vorhersagbarkeit soli das Konzept der Nicht-Direktivitht ersetzem; exsteres
ist eine korrektere und prundlegendere Charakterisierung der klassischen
Klientzentrierten Therapie, Das Konzept der' Nicht-Vorhersagbarkeit erm8glicht
es, Klientzentrierte Therapie in umfassender und penereller Weise in Skinners
Prinzip des Operanten Konditionierens einzubetten, ohne dass man Rogers’
Sorge win die Autonomie der Klienten Gewalt antut. Rogers' Therapistheorie ist
keine Antithess zu Skinners Theorie der Persbulichkeit und Klientzentrierte
Therapie kann daher nahtlos voi Therapeuten “praktiziert werden, die wie die
Autorin fiberzeugt sind, dass Operantes Konditionieren ein besseres Erklimongs-
konzept fir menschliches Verhalten ist als die Aktualisierungstendenz.
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Fstableciendo un puente entre lag posturas de Rogers y Skinner: El rol de
los sistemas dinamices ni lineales

Este escrito tiene como fin establecer un puente entre las posiciones de Carl Rogers y
B. F. Skinner al demostrar que nio son tan antagdnicas como normalmente se las
considera, ¥ como ambos autores tendian g congiderarlas. La autora ufiliza el
concepto de sistemas dinfmicos no lineares como el concepto principal en su
eafuerzo para salvar Iz distancia entre la obra de Rogers y la de Skinner, y por ello
introduce el concepto de no predictibilidad para reemplazar el concepto de no
directividad, considerdndolo una caracterizacion mas exactz de Ja terapia centrada
en ¢l cliente clasica. El concepto de no predictibilidad permite que ubiquemos la
terapia centrada en el ¢liente en un marco mas abarcativo y general, por el principio
de Skinner de condicionamiento operativo sin violentar la preccupacitn de Rogers

acerca de la autanomia del cliente, Mas especificamente, este sscrito argumenta que

1a tenria de Rogers acerca de [a terapia no es contraria a la teoria de la personalidad
de Skinner y que por lo tanto la terapia centrada en el cliente puede ser aplicada por
terapeutas, como Ja autora, creen que el condicionamiento operante es un concepto
que explica ¢l comportamiento humano mejor que la tendencia actualizante.

L’élaboration d’un pont entre les positions de Rogers et de Skinner: Le rble
de systémes non-linéaires et dynamiques -

Cet article vise 4 créer un pont entre les positions de Carl Rogers et B.F, Skinner
en démontrant qu'elles ne sont pas aussi antithéiiques qu'on le suppose
d’ordinaire ou gque les deux hommes avaient tendance 4 fes penser. L'auteure
utilise le concept de systémes non-linéaires st dynamiques comme concept
principal dans son effort de créer un pont entre le travail de Rogers ct de Skinner.
1l sensuit qu'ells propose le concept de non-prédictibilité pour remplacer le
concept de mnon-directivitt en tant que caractérisation plus juste et plus
fondamentale de la thérapie centrée sur le client classique. Le concept de non-
predictibilité permet & la thérapie centrée sur le client d’8tre encadrée, d'une
manidre globale et générale, par le principe de conditiohnement opérant de
Skinner sans faire violence & la préoccupation de Rogers concernant 'autonomie
du client. Plus spécifiguement, Particle soutient que la théorie de la thérapie de
Rogers n'est pas antithétique par rapport 4 la théorie de la personnalité de
Skinner et que Ja thérapie centrée sur le client peut donc étre pratiguée sans heurt
par des thérapeutes qui, comme "auteure, croient que le conditionnement opérant
est un concept qui explique mieux le comportement humain que la tendance
actualisante,

Fazende a ponte entre as posicdes de Rogers e de Skinner: O papel dos
sistemas dindmicos niio lineares

Este artigo pretende estabelecer uma ponte entre as posigdes de Car) Rogers e de
B.F. Skinner, a0 demonstrar que ot dois autores ndo sfo antitéticos como
habitualmente se julga & como eles préprios tendiam a ver-se um ao outro. A
autora recoire 20 congeito de sistemas dindmicos nfo lineares como sendo central
no estabelecimento dessa ponte entre os trabathos de Rogers e de Skinner e,
consequentermente, introduz o conceito de nfio previsibilidade para substitiir a
nép directividade, considerando o primeiro como permitindo uma caracterizagiio
mais correcta & basica da terapia centrada no cliente cléssica, O conceito de ndo
previsibilidade permite que se enquadse a terapia centrada no cliente, de forma
mais abrangente ¢ geral, através de principio skinneriano de condicionamento
operante, sem violentar a preocupagio de Rogers com a autonomia do cliente.
Mais concretamente, oste artigo pretende que a teoria da terapia de Rogers ndo &
antagonica com a teotia da personalidade de Skinner e que, consequentiemente, 2
terapia centrada no cliente pode ser colocada em prética, sem problemas, por
terapeutas que, como o autor, acreditam que o condicionamento operante € um
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conceito mais adequado pars o comportamentd humano do que a tendéncia
aciualizante, . )
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Eu brobygger mellern Rogers og Skinner: De ikke-linemre dynamiske
-gystemers rolle .

Denne artiikel har til formal at bygge bro mellem Carl Rogers’ og B. F. Skinners
positioner ved at demonstrere at de ikke er 584 anti-tetiske som almindsligt antaget
og som d¢ to mznd selv ansd dern for at vare, Forfatteren bruger begrebet “ikke-
linemre dynamiske systemer™ som sit vigtigste begreb i forsaget pd at bygge bro
mellern Rogers' og Skinners teorier, og som en konsekvens heraf introducerer hun
begrebet “ikke-forudsigende” til erstatning for begrebet “ikke-direktiv,” idet hun
anser farstamvate for at vers en mere basal o korrekt karakterisering af klassisk
Klient-centreret terapi. Begrebet “ikke-forudsigende” tillader kliemi-centreret
terapi at blive kontekstualiseret, p& overordnet og generel vis, af B. F. skioners
princip om operant betingning wden at gere vold p& Rogers’ omsorg for klientens
autonomi. Mere specifikt argumenterer artiklen for at Rogers' teori om terapi
ikke er antitetisk til Skinners personlighedsteori og for at klient-centreret terapi
derfor lkkan praktiseres gnidningsfrit af terapeuter der, som [orfatteren, tror at
operant betingning er et bedre begreb til forcklaring af menneskers adferd end den
aktualiserende tendens.

Infroduction

Writing this paper has been close to the heart of the author who finds so much of
value in Rogers’ as well as in Skinner’s works that it has become increasingly
inconceivable to comprehend their views as being excluding of or in contradiction
with each other. Rogers and Skinner were, after all, among the giants of 20th century
psychology. It therefore seems most likely that much of value can be found in both
men’s work. _

If Rogers and Skinner could have had a third dialogue, today, informed by late
20th century advances in work with nonlinear dynamic systems (see below), they
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might have ended up on the same page and there might not have been the split
between the behaviorist orientation and the humanist orientation in psychology that
we see today. They agreed (Rogers & Skinner, 1956, 1962/1989) that human
behavior is determined, although Rogers had some reservations, because he found
that Skinper attached too little importance to the inner, subjective experiences of the
individual, particularly the experience of being free and having choices. Rogers did
not clarify, though, what kind of importance should be attached to these inner,
subjective experiences, apart from stating in various ways that they were important
because they felt important and meaningful to” the individual. He spoke of a
“paradoxical” relationship between scientific determinism and inner, subjoctive
experiences. He said (19621989, p. 132): ‘

1 am in thorough agreement with Dr. Skinper that, viewed from the external, scientific,
objective perspective, man is determined by genetic and cultura! influences. I have also
said that in an entirely different dimension, such things as freedom and choice are
extremely real ... Isee 1t a8 being similar to the situation in physics where you can prove
thal the wave theory of light is supported by evidence, as is the corpuscular theory,
thongh the two of them appear to be contradictory. They are not, at the present state of
knowledge, reconcilable, but one would be natrowing his perception of physics to deny
one or the other. It is in this same sense that I regard both of these dimensions as real,
although they exist in paradoxical relationship. [Physicists, today, would not speak of a
paradoxical relationship, but of a complementary relationship between the wave theory
and the corpuscular theory of light. (This anthor’s comment)]

However, talking about a paradoxical relationship between scientific determinism and
the experience of freedom doesn't really explain anything and, significantly, Rogers did
not state that he attached causative agency to inner experiences, or to the expetience of
being free to make choices, that is, to the experience of having a free will. On the
confrary, he said (Rogers, 1962/1989, p. 99): “Behaviors that were formerly dealt with
as though they were caused by little homunculi within the individual, or various
internal causes, are now seen to have other types_of;causation." '
Rogers’ reservation to Skinner’s views seems first and foremost to originate in
Rogers' feeling of no less than revulsion (1962, p. 126) at the thought that human
behavior could be controlled ad modum Walden Two (Skinner, 1948), Skinner took
the position that as much as he acknowledged the exisience of inner, subjective
experiences, including the experience of choosing freely, he regarded them as more or
less covert or private behaviors, and it was the environmental consequences of a
person’s behavior, not any kind of inner experiences, that should be studied, because
those consequences were the causes (in the form of rewards or punishments) of the
behavior. By engineering the environmental consequences of a person’s behavior, it
was, according to Skinmer, possible to control this person’s behavior and that
prospect was as positive from Skinner’s point of view as it was negative from Rogers’
point of view, .
Basically, however, they were in agreement about the assumption that
determinism implies predictability. Today, they would have been informed about
Chaos Theory and nonlinear dynamic systems, that is, they would have known that
determinism does not necessarily imply predictability. In the light of this knowledge,
they might have appreciated that their respective positions were, indeed, compatible.
Skinner might have understood that in spite of his being right about the principle of
operant conditioning and determinism for living organisms, in general, he could not
hope to be able to control the rich and complex behavior of any human individual, in
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particular, A Walden Two could never be realized. Rogers, on his side, might have
understood that his agreeing with Skinner about deterministn did not exclude the

soundness and relevance of his nonpredictive therapeutic approach with any
individual client.

The impossibility of predictive control of complex sets of behavior
A basie asswmption

It is a basic assumption of this paper that the trajectory of the process of the
individual human organism’s interaction with its environment from c¢onception to
death is best modeled by a nonlinear dynamic system unlike, for example, the
trajectory of the planets around the sun, which is, as physics has long since
demonstrated, best modeled by a linear dynamic system.

Nonlinear dynemic spstems'

Classical Newtonian science is almost exclusively concerned with linear dynamic
systems, In such systems, cause—effect relationships can be clearly and exhaustively
defined. This allows for very precise predictions of the behavior of a linear dynamic
system. With measurements of a few parameters, the trajectory of a planet, for
example, can be very precisely predicted, This is so even if no set of measurements
can be 100% precise. Physicists and mathematicians say about linear dynamic
systems that small differences in initial conditions remain small differences in the
Puture behavior of the system. For all practical purposes, therefore, small differences
in initial conditions can be disregarded. Stated otherwise, one can make one’s
measurements as precise as one wishes one’s predictions to be precise. This is the
essentially characterizing feature of linear dynamic systems.

Such is mot the case with nonlinear dynamic systems. They are said to be
sensitively dependent on initial conditions, This means that small differences in
initial conditions cen develop into big differences in the future behavior of the
systems. The butterfly effect is the ubiquitously used term for this semsitive
dependence on initial conditions. To illustrate what nonlinear dynamic systems are
about, it is said that a butterfly flapping its wings in Beijing on Sunday can be
decisive for the weather in New York next Saturday. This means that the
development of the weather around the globe is a nonlinear dynamic system, which
is sensitively dependent on initial conditions, and it is the reason meteorologists
cannot predict the weather with better than chanee precision for much more than
four or five days ahead.

To the surprise of most people, mathematics, that is, the area that is normally
thought of as the most predictable of all, is full of nonlinear dynamic systems, Many
mathematical equations show sensitive dependence on initial conditions. If one
iterates (develops) such equations on a calculator that delivers results with nine
decimal points’ precision and on & calculator that delivers results with eight decimal
points® precision one will find that the iterations on the two calculators sooner or
later start to vary widely and seemingly chaotxcally, as 4 result of the tiny, one
millionth part, difference in initial conditions. Chaos Theory is the field of
mathematics that is concerned with nonlinear dynamic systems (see, e.g., Gleick,
1987: Lorenz, 1993; Peitgen, Jirgens, & Saupe, 1992). The name is somewhat
unfortunaie, since there is really nothing *‘chaotic” about these systems. They are
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fully determined systems. The meaning of the term chaotic is, more precisely,
unprediciuble. Nonlinear dynamic systems are as determined as linear dynamic
systems, but they are as unpredictable as linear dynamic systems are predictable.

Here is another example of a nonlinear dynamic system:

Imagine that you let go of a small bullet at the edge of a large funnel with a
hole in the bottom, just a tiny bit larger in diameter than the bullet, You can, of
course, on the basis of the law of gravity, predict that it will end up disappearing
down the hole in the bottom, but there is no way you can predict its trajectory
toward that disappearance. That trajectory is sensitively dependent on the tiniest
differences in the way you hold the bullet towards the edge of the funnel at the
start, on the tiniest diffierences in where you hold it, on the tiniest differences in
the way you let go of it, and on the tiniest details of irregularities on the side of
the funnel. Any of these tiny differences can have a buge effect on the bullet’s
trajectory, At the same time, these differences are so tiny that there i3 no way to
measure them, just as there is no way to measure their combined differential
influence on the bullet’s behavior in a way that is sufficiently precise to make it
possible to predict the trajectory of the bullet towards its disappearance. One can
only make the prediction (obvious to everyons) that the bullet’s overall trajectory
will be downwards, that it will probably not disappear right away, but instead hit
the edge of the hole in the bottom, and be spiraled up agdin, one time or several
times, but still closer to the bottom and still more slowly as it loses energy, uniil
it finally disappears.

At this point, the reader is welcome to. associate to the human organism’s
trajectory through life, since my point with this rather detailed explanation of
nonlinear dynamic systems is, as already stated, to postulate that the behavior of
the human organism, that is, its continuously changing complex sets of interactions
with a continuously changing environment, from conceplion to death, is a
nonlinear dynamic system, and, probably, the nonlinear dynamic system, par
excellence. The human organism in its environment is, more than anything, like the
bullet in the funnel that was described above: Its trajectory through life is as
sensitively dependent on initial conditions as the bullet’s trajectory on the side of
the funnel.

Determined and nnpredictable

The consequence of this assumption is that the interactional processes of human
beings with their environment are determined and unpredictable. It is very important
to grasp the idea that something can be both determined and unpredictable. It is
important, becanse our language and thinking is so suffused with the linearity of
classica) science that we automatically tend to think of determined systems as being
synonymous with predictable systems. It is therefore no wonder that Rogers and
Skinner did not question the basic, mistaken, assumption that they had in common:
that determinism invariably implies predictability. It was only with the advent of the
modern cornputer that mathematicians and physicists could investigate nonlinear
dynamic systems thoroughly, and knowledge about nonlinear dynamic systems did
not become common knowledge until the two last decades of the past century. At
the time of the dialogues between Rogers and Skinner, thinking n terms of

predictable, linear dynamic systems was still the way of thinking that dominated the
sciences.
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The individaal level and the geneval level

Rogers and Skinner, though, were not altogether wrong about their assumption
that determinism implies predictability. They were only wrong on the level of the
individual human organism’s interaction with the envirtnment, and they were not
very careful about distinguishing between the individual and the general level in
their dialogues. Their failure to do so may have;contributed to their thinking of
themselves as being in disagreement, On the general level, that is, on the level of
people, at large, or of sufficiently large groups of people, or on the level of “the
average,” they were right. And it may be this level Rogers had in mind when he
spoke of the “scientific perspective” in the quotation above, On this level
Skinner's laws of conditioning can be applied to predict which environments will
produce & certain kind of behavior among the majority of people exposed to this
environment. And on this level Rogers and Skinner were actually in rather close
agreement about the general kind of environment that would produce the most
constructive behaviors in the majority of people or, vice versa, they were in
agreement about the kind of environment that hampered the actualization of
these behaviors, that is, they were in agreement about a genetai theory of
disturbed psychological development or, in Skinner’s terminology, disturbed
behavior. For Rogers, psychological disturbance came about as a result of the
individual having been excessively exposed to conditional regard. For Skinner,
disturbed behavior came about as a result of the individual having been
excessively exposed to punishing conseguences.

Skinner’s theory operates with four reinforcers, two positive (increasing the
likelihood of recurrence of a certain set of behaviors) and two negative (decreasing
the likelihood of recurrence of a certain set of behaviors). The two positive
reinforcers are (1} inding rewarding consequences, and (2) escaping from punishing
consequences; and the two negative reinforcers are (3) finding punishing
consequences, and (4) finding that rewarding consequences have disappeared
(O’Donohue & Ferguson, 2001, p. 92). :

For Rogers conditional positive regard is actually implicitly punishing of
behaviors that are not regarded positively: “1 love you when you .., implies that 1
do not love you when ... " and withdrawa) of love can be as painful to humans as
electric shock to rats.

Thus, it is hard to see any essential difference between “conditional regar " and
*“punishing consequences.” ‘

Rogers, however, employed the concept “unconditional positive regard” that has
1o counterpart in Skinner’s work, and this concept of Rogers', although he didn’t
explicitly say so anywhere, embraces the unpredictability of human behavior that
went beyond Skinner’s theory. (See further, below.) Rogers, more than Skinner, had
a “gense” of nonlinear dynamics, before knowledge of these dynamics became
accessible.

In any case, they were in agreement about the essential point: that disturbed
psychological development or disturbed behavior is the result of wunfortunate
environments, that is, it is conditioned and thus controlled by the environment, even
if it is impossible to tell, on the individual level, what the specific conditioning
contingencies or reinforcement relationships of any given set of disturbed behaviors
might have been and may be. The logical conclusion s that they were also in agreement
thal any behavior, not only disturbed behavior, is controlled by the environment. The
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evidence js Rogers’ statement, in the debate with Skinner, that “I am in thorough
agreement with Dr, Skinner that, viewed from the external, scientific, objective
perspective, man is determined by genetic and cultural influences™ (1962/1989, p. 132;
see the full quotation above). In another context Rogers wrote:

The question is often raised: But what about the therapist’s attitude toward his client's
asocial or antisocial behavior? Is he to accept this without evaluation? Sometimes this
question is answered by saying that the eflective therapist prizes the person, but not
necessarily his behavior, Yet it is doubtful if this is an adequate or true answer, To be sure,
the therapist may feel that g particulai behavior is socially unacceptable or soclally bad,
somsthing he could not approve of in himself, and a way of behaving which is injmical to
the welfare of the social group. But the effective therapist may feel acceptant of this
behavior in his client, not as desivable behavior, but as a retural consequence of the
circumstances, experiences, and feclings of this client. Thus the therapist’s acceptance may
be besed upon this kind of feeling: *If I had had the same background, the same
circumstances, the same experienicss, it would be inevitable in me, as it is in this client, that 1
wouild act in this faghion.” (Rogers, Gendlin, Keisler, & Truax, 1967, p. 103)

Here Rogers is fully on the same wavelength as Skinmner.

Rogery’ dilemma

As we have seen, Rogers, however, had problems with this and he also often spoke
about the self-governing, internally controlled individual. For example, in his
definition of the actualizing tendency (Rogess, 1959, p. 196) he spoke of development
“toward autonomy and away from heteronomy, or control by externa] forces.” It
seems to be this apparent contradiction in Rogers’ view that he tried to resolve with
reference to the “‘paradoxical” rclationship between the individual experience of
freedom and the notion that human behavior is determined.

Rogers also expressed his efforts to integrate the idea of individual freedom on
the one hand and determinism on the other m the following quote:

The fully functioning person ... not only experiences, but utilizes, the most absolute
freedom when he spontanecusly, freely, and voluntarily chooses and wills that which is
also absolutely determined. (Rogers, 1961, p. 193)

Tt should be evident from these quotations that Rogers struggled hard with the free
will/determinism jssue without resolving it. The author wonders why Rogers
seemingly did not pay attention to the everyday occurrence that subjective
experience and objective knowledge can be held simultaneously in mind: We can
enjoy the beautiful sunset while knowing full well that the sun is not at all “setting™;
instead the earth is revolving around it. Likewise, we can hold in mind,
simuitaneously, the enjoyment of freedom while knowing full well that the
experience of freedom is a subjective experience that is as determined as everything
else and certainly not an experience enjoyed. by all.

Skinner’s mistake

it is undoubtedly the impossibility of making sufficiently precise predictions about
the individual conditioning contingencies of a given client’s behavior that is at the
heart of the problems of behavior anmalytic therapy, that is, the therapeutic
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application of Skinner's laws of conditioning on the level of individual clients. The
engineering of specific reinforcement strategies to change a given “target behavior”
demands isolation of the target behavior and prediction about the reinforcement
strategies to be applied to change the target behavior, and this is, more often than
not, impossible with the complex kind of behaviors and problems ordinary clients
present to ordinary practicing therapists, The rare client may present with sufficiently
simple and well-delineated kinds of symptom/problem/target behavior for effective
reinforcement strategies to be successfully predicted and applied, In these cases, it is
possible to approach the client’s “presenting problem” to a linear dynamic system
and to work with it accordingly. To remain with the bullet in the funnel analogy, this
would roughly correspond to a whole in the bottom that was sufficiently large to
make it cbvious that the bullet would disappear directly into it independently of any
differential influences on its way to the bottom. As early as the middie of the last
century numerous studies, referred to by Patterson (1963), showed that carefully
chosen, well-delineated and obvious “bits” of behavior can be changed by predictive
operant conditioning. Ordinarily, though, this kind of approximation to a linear
dynamic system is not possible in therapy without disregarding essential features of
the relatively complex problems that clients typically see therapists about. These
problems are part of a unigue nonlinear dynamic system that is as unpredictable as it
is determined. With ordinary clients, the diameter of the hole in the bottom is not
much larger than the diameter of the bullet, the side of the funnel is very irregular
and there are an infinite number of variations in the ways different bullets were
sterted on their unique trajectories toward the bottom.

Therefore, Chaos Theory and the basic unpredictability of nonlinear dynamic
systems falsify Skinner's assumption of the prediciability of the behavior of the
individual human organism. Rogers' opposition to this point of Skinner's ideas
seems to have been, primarily, ethically miotivated, but Jater developments in
mathematics and physics came to his support: Rogers’ idea that a therapist should
not try to control the behavior of any individual client gains momentum by the idea
that the therapist, quite simply, cannot control the behavior of any given client.

A thivd dialogue

Thus, if Rogers and Skinner could have had a third dialogue, today, Rogers, in the
light of the basic unpredictability of nonlinear dynamic systems, might not have been
as uncomfortable abount Skinner's deterministic position as he was in 1957 and 1962.
Rogers might more unequivocally have agreed with Skinner that the human
oTganism is determined and Skinner might have agreed that Rogers was right that
the complex sets of interaction of & client with his or her environment should not be
exposed to efforts of direction or coutrol in therapy: not, primarily, because such
efforts were ethically wrong, but because such efforts were, more likely than not,
doomed to failure, since they would imply therapist capacity to make appropriate
predictions about the client at odds with the trajectory of client changes being best
modeled by a nonlinear dynamic system.

Classical client-centered therapy: Nonpredictive rather than nondirective

Classical client-centered therapy is regarded by most practitioners as being utterly
nondirective (see, e.g., Bozarth, 1998, p. 57, Grant, 1990; Levitt & Brodley, 2005). 1t
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is the therapy of the “early Rogers” or “Rogers-1" (Frankel & Sommerbeck, 2005,
2007) that Rogers described in Counseling and Psychotherapy (1942), where he
distinguished between “directive” approaches and his own “nondirective” approach
(1942, pp. 115-128). He articulated the philosophical foundation of this therapy in
raore detail in Client-Centered Therapy (1951). Nevertheless, most would probably

. agree that classical-client centered therapists do direct, in the sense of influence, their

clients, just as clients influence their therapists, and just as we all influence each other
all the time. Skinner would say that control or conditioning is mutual; it goes both
ways. Therefore, the essence of nondirectivity in classical client-centered therapy is,
more precisely, that the therapist does not systematically try to influence or direct the
client. The therapist has no preconceived, that is, predictive idea, based on diagnostic
assessment, a particular theory of personality, or any other perapective of their own,
of how and in which direction they wish to influence the client, and the therapist
entertains no such ideas at any moment during the course of therapy. In short, the
therapist makes no effort to predict what will be helpful to a given client, but engages
instead in continnous empathic understanding of the client’s perspective,

This does not mean that expert predictions do not exist. However, expert
predictions are made on the basis of experts’ knowledge of what characterizes some
average of a group of people or some sufficiently large group. Such predictions can
be made with satisfying precision when the average process and the actual process
are virtually the same, which is the case with linear dynamic systems like, for
example, the trajectory of the planets around the sun. But for nonlinear dynamic
systems, where small differences in initial conditions can develop inio very large
differences at a later point in time, it is impossible to kmow how widely the known
average and the actual system of interest at this precise moment in time differ from
cach other, except in very crude and banal ways. Psychologists and psychiatrists,
for example, are experts at how a sufficiently large group of people with a certai
diagnosis responds to this or that intervention, or how the “average” person with
this diagnosis responds, but have no way of knowing how close any given client
with the given diagnosis is to this average (Sommerbeck, 2004, pp. 295-297).
Therefore: oo

i

Any intervention with the process of another, which js made with the intention of being
helpful, as will most often be the case in therapy, is made on the basis of a prediction
that this intervention will actually, more likely than not, be helpful for the other.
Otherwise, the intervention would not be made, In making such predictions, the other is
treated as a linear dynamic system, as *‘an average person” or 28 “an average client” on
the basis of theory, research, or the therapist’s professional or persona) experience, The
other is not treated as this particular, unique, nonlinear dynamic system, John, who is
different from eny average, or as this other, different and equally unique, nonlinear
dynamic system, Jenny, whose future interactions with her environment it is impossible
to make predictions about. (Sommerbeck, 2004, p. 296)

To this author, Rogers’ fourth condition of the six necessary and sufficient
conditions for therapeutic change (Rogers, 1959, p. 213), unconditional positive
regard for the client, is, first and foremost, respect for the uniqueness of each client,
or respect for the client being a nonlinear dynamic system that it is impossible to
make anything but banal and crude, that is, more often than not therapeutically
irrelevant, predictions about. It is also respect for the mmportance of clients’
subjective experience of freedom, while knowing that objectively the client is as
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determined as the therapist or anything/anyone else, and that the therapy, as a
whole, is but another determining or conditioning influence, albeit a nonpredicted
influence, in the life of the client and in the life of the therapist, The only prediction
made by the classical clieni-centered therapist is that the client will, more likely than
not, be better off at the conclusion of the therapy than at the start of it, but what this
means, in any detail, is left blowing in the wind.

A personal note

This paper represents the way the author, for herself, has tried to resolve Rogers’
“paradox” regarding freedom and determinism, and the way she can effortlessly and
satisfyingly contain the wisdom of Rogers® client-centered therapy and the wisdom
of Skinner's principle of operant conditioning at the same time. It is the way for the
author to be dedicated to Rogers' theory of therapy, while being critical of Rogers’
theory of personality, particularly the concept of the actualizing tendency {Frankel,
Sommerbeck, & Rachlin, 2010} and instead embracing Skinner’s behavicrist theory
of personality, o

Conclusion

Hopefully, this paper has demonstrated that if Rogers and Skinner could have hada
third dizlogue, today, informed by knowledge of nonlinear dynamjc systems, they
could have bridged the apparent gap between their respective positions, They could
have agreed that, rather ironically, the very point they used to agree about, thai
determinism implies predictability, was the very point they were both wrong about.
They would have known that most aspects of a human being’s trajectory through life
are a nonlinear dynamic system, determined and wnpredictable, and in the light of
this knowledge Rogers could have agreed nnequivocally with Skinner about operant
conditioning and determinism without fearing the consequences of his agreement for
the relevance of his therapeutic approach. And in this same light, Skintier could have
agreed about the wisdom of nonpredictive client-centered therapy for the ordinary
complexity of client problems that demand unconditional respect for client
uniqueness rather than respect for client freedom in some nonscientific “dimension.”

A corollary of this conclusion is the dispensability of a belief in the existence of
the actualizing tendency as the foundation for practicing client-centered therapy. A
belief in, and respect for client uniqueness suffices.

Notes

}. This explanation of nonlinear dynamic systems is a slightly revised and shortened excerpt
of Sommerbeck (2004). The author is grateful to the editors of the PCEP journal for their
permission to inseet this excerpt in the present article.

2. Tt would be more correct to say that the frajectory,of the weather is best modeled by a
nonlinear dynamic system, since the concept of.a nonlinear dynamic system is a
mathematical concept that consists of mathematical variables and their interrelationships,
which the weather, of course, does not consist of, For easier readability, though, the
puthor has chosen the less mathematically torrect formulation that this or that is a
nonlinear dynamic system rather than the more circumstantial, but also more correct,
formulation that the trajectory of this or that is best modeled by a nonlinear dynamic
system.
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The Dynamics of Conditioning and Extinction

Peter R. Killeen, Federico Sanabria, and Igor Dolgov
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Pigeons responded 1o intermittently reinforced classical conditioning trials with erratic bouts of respond-
ing 1o the eonditioned stimulus. Responding depended on whether the prior trial contained a peck, food,
or both. A linear persistence—learning modei moved pigeons into and out of a response state, and &
Weibull distribution for number of within-triat responses governed in-state pecking. Variations of trial
snd intertrial dutations cansed correfated changes in rate and probability of responding and in model
parameters. A novel prediction—in the protracted absence of food, response rates can platean above
zero—was validated. The model predicted smooih acquisition functions when instantiated with the
probability of food but a move accurate jagged learning curve when instantiated with trial-to-trial records
of reinforcement. The Skinnerian paramster wes dominmt enly when food could be accelerated or
delayed by pecking, These experiments provide a framework for trint-by-trial accounts of conditioning
and extinction that increases the information available from the data, permitting such accounts to
comment more defnitively on complex contemporaty tnodels of momentum and conditioning.

Keywords: auioshaping, behavioral momentum, classical conditioning, dynamic analyses, instrumental

conditioning

Estes’s stimulus sampling theory provided the first approxima-
tion (o a general quantitative theory of learning; by adding &
liypothetical attentional mechanism to conditioning, it carried anal-
ysis one step beyond extant linear learning models into the real
of theory (Atkinson & Estes, 1962; Bower, 1994, Estes, 1950,
1962; Healy, Kosslyn, & Shiffrin, 1992). Rescorla and: Wagner
(1972) added the important nuance that the asymptotic level of
conditioning might be partitioned among stimuli that are assooi-
ated with reinforcers as a function of their reliability as predictors
of reinforcement; that refinement has had tremendous and wide-
gpread impact (Sicgel & Allan, 1996). The attempt to couch the
theory in ways that account for increasing amounts of the variance
in behavior has been one of the main engines driving modern
feaming theory, Models have been the agents of progress, the
go-betweens that reshaped both our theoretical inferences about
the conditioning processes and our modes of data analysis. In this
theoretical-eripirical dialogue, the Rescorla—Wagner (R-W)
model has been a paragon.

Despite the elegart mathemnatical form of their arguments, the
predictions of recent learning models are almost always qualita-
tive—a particular constellation of eues is predicted to block or
enhance conditioning more than others because of their differential
associability or their history of association, and those effects are
measured by differences in speed of acquisition or extinction or as
a response rate in test trials. Individual differences, and the brevity
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of learning and extinction procvesses, make convergence on mean-
ingful parametric values difficult: There are nothing like the basic
constants of physics and chemistry to be found in psychology. To
this is the added difficulty of a general analytic solutien of the
R-W model (Danks, 2003; Yamaguchi, 2006). As Bitterman
(2006) astutely noted, ihe residue of these difficulties leaves pre-
dictions that are at best ordinal and dependent on simplifying
assumplions concerning the map from reinforcers to associations
and from associaticns to responses:

The cnly thing we have now that begins lo approximate a general
theory of conditiening was introduced more than 30 years ago by
Rescorla and ‘Wagner (1972)..... An especially attractive feajure of
the theory is its statement in equational form, the old lixear equation
of Bush and Mosteller (1951) in & different and now familiar notation,
which opens the door to quantitative prediction. That door, unfortu-
nately, remaing unentered, Without values for the several parameters
of the cquation, associative strength cannot be computed, which
means that predictions from the theory ¢an be no more than ordinal,
and even then these predictions ate made on the naive assumption of
a one-to-one relation hétween associative strength and performance.
(p. 367)

To pass throgh the doorway that these pioneers have opencd
requires techniques for estimating parameters in which we can
have some confidence, and to achieve that requires a database of
more than a few score learning and testing trials. But most vegnant
paradigms get only a few conditioning sessions out of an organism
(see, e.5., Mackintosh, 1974), whereupon the subject is no longer
naive. To reduce error variance, therefore, data must be averagad
over many animals, This is inefficient in terms of data utilization
and also confounds the variability of learning paramelers as a
function of conditions with the variability of performance across
subjects (Loftus & Masson, 1994), The pooled data may not yield
parameters representative of individual animals; when functions
are nonlinear, as are most learning models, the average of param-
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elers of individual animals may deviate from the parameters of
pooled data (Estes, 1956; Killeen, 2001), Averaging the output of
large-N studies is therefore an expensive and nonoptimal way to
narrow the confidence intervals oo parameters (Ashby & O'Brien,
2008),

Most fearning is not, in any case, the learning of novel responses
to novel stimuli. H is refining, retuning, reinstating, or remember-
ing sequences of action that may have had a checkered history of
association with reinforcement, [n this article, we make & virtue of
the necassity of working with non-naive animals, to explore ways
to compile adequate data for convergence on parameters, and
prediction of data on an instance-by-instance basis. Our: strategy
was 1o use voluminous data sets to choose among learning pro-
cesses that permit both Pavlovian and Skinnerian associations, Our
tactic was to develop and deploy general versions of the lingar
learning equation—an error-comrection equation, in modern par-
lance—to characterize repealed acquisition, extinction, and reac-
quisition of conditioned responding,

Perhaps the most important problem with the traditional para-
digm is its ecological validity: Conditioning and extinction acting
in isolation may cccur at different rates than when occwrring in
mélange (Rescorla, 2000a, 2000b). This limits the genesalizability
of acquisition—extinction analyses to newly acquired associations.
A seldom-explored alternative approach consists of setting up
reinforcement contingencies that engender continnal séquences of
acquisition and extinction. This would allow the estimation of
within-subject leaming parameters on the basis of large data sets,
thus increasing the efficiency of data use and disentangling
between-subjects variability in parameter estimates from variabil-
ity in performance. Against the possibility that animals will just
stop learming at some point in extended probabilistic taining,
Colwill and Rescorta (1988; Colwiil & Triola, 2002) have shown
that if anything, associations increase throughout such training. -

One of Skinner's many innovalions was to examine the effects
of mixtures of extinction and conditioning in a systematic mannet,
He originally studied fixed-interval schedules under the rubric
“periodic reconditioning”™ (Skinner, 1938). But, absent computers
to aggregale the masses of data his operant techniques generated,
he studied the temporal patterns drawr by cumulative recorders
(Skinner, 1976). Cumulative records are artful and sometimes
clegant, but difficult to translate into that common cwrency of
science, numbers (Killeen, 1985). With a few notable exceptions
(c.g., Davison & Baum, 2000; Shull, 1991; Shull, Gaynor, &
Grimes, 2001), subsequent generations of operant conditioners
tended to aggregate dafa and Teport swnmnary statistics, even
though computers had made a plethora of analyses possible. Lin-
ited implementations of conditional reconditioning have begun to
provide critical insights on learning (e.g., Davison & Baum, 2006).

Recent contributions to the study of centinual reconditioning are
found in Reboreda and Kacelnik {1993), Killeen (2003), and Shuli
and Grimes (2006). The firat two studies exploited the natural
tendency of animals to approsch signs of impending reinforce-
ment, known as sign tracking (Hearst & Jenkins, 1974, Janssen,
Farley, & Hearst, 1995). Sign tracking has been extensively stud-
ied as Pavlovian conditioned behavior (Hearst, 1975; Locurto,
Terrace, & Cibbon, 1981; Vogel, Castra, & Saavedra, 2006}, It is
frequently elicited in birds using a positive automaintenance pro-
cedure (e.g., Perkins, Beavers, Hancock, Hemmendinger, & Ricei
1975), in which the illumination of a respense key is followed by

food, regardless of the bird's behavior. Reboreda and Kacehik and
Killeen recorded pecks to the illuminated key as indicators of an
acquired key—food association, In both studies, a negative contin-
gency between key pecking and food, known as negative aulo-
maintenance (Williams & Williams, 1969}, was imposed, In neg-
ative automaintenance, an omission contingency is superimposed
such that key pecks cencel forthcoming food deliveries, whereas
absent key pecks, food follows key illuminations, Key—food pair-
ing elicits key pecking (conditioning), which, in turn, eliminates
the key-food pairings, reducing key pecking {extinction}, which
reestablishes key-food peirings {conditioning}, and so on. This
generates slternating epochs of responding and nonresponding, in
which responding eventually moves off key or lever (Myerson,
1974; Sanabria, Sitomer, & Killeen, 2006) and, to a naive recorder,
“cxtinguishes.” Presenting food whether or not the animal re-
sponds provides & more enduring, but no less stochastic, yecord of
conditioning (Perkins et al., 1975). The data lock similar to thase
shown in Figure 1; a self-similar random walk ranging from
epochs of nonresponding to epochs of responding with high prob-
abilities. Such data are paragons of what we wish to understand:
How does one make scientific sense of such an unstable dynamic
process? A simple average rate certainly will not do. Killeen
{2003) showed that data like these had fractal properties, with
Hurst exponents in the “pink noise™ range. However, other than
alerting us to control over multiple time scales, this throws no new
light on the data in terms of psychological processes.

To generate a database in which pecking is being continuelly
conditioned and extinguished, we instituted probabilistic classical
conditioning, with the unconditioned stimulus (US) generally pre-
sented independently of vesponding. Using this paradigm, we
examined lhe effect of duration of intertrial interval (ITI; Experi-
ment 1), duration of conditioned stimulus (CS; Experiment 2}, and
peck=US contingency (Experiment 3) on the dynamics of key peck
conditioning and extinction.

Average Number of Responses

1 i I i
0 BOO 1000 1500 2000
Trial Number

Figure 1. Moving averages of the number of responses per 5- trial aver
25 trials from | represenfative subject and condition (Pigeon 98, first
condition, 40-8 intertrial interval).
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Experiment 1; Effects of IT1 Duration and US Probability

Method
Subjects

Six  experienced adult homing pigeons (Columba fivia) were
housed in a room with a 12-hr light-dark cycle, with lights on at
6:00 a.me. They had free access to water and grit in their home
cages, Running weights were maintained just above their 80% ad
libitum weight; a pigeon was excluded Irom a session if'its weight
exceeded its running weight by more than 7%, When required,
supplementary feeding of Ace-Hi pigeon pellets (Star Milling Co.,
Perris, CA) was given at the end of each day, no fewer than 12 hr
before experimental sessions were conducted. Supplementary
feeding amounts were based equally on current deviation and on a
moving average of supplements over the past {5 sessions.

Apparatus

Experimental sessions were conducted in three MEL Associates
(St. Albans, VT) test chambers (305 mm fong X 241 mm wide X
292 mm high), enclosed in sound- and light-attenuating boxes
equipped with a ventilating fan. The sidewalls and ceiling of the
experimental chambers were clear plastic. The floor consisted of
thin metal bars above a catch pan, A plastic, translucent response
key 25 nun in diameter was located 70 mm from the ceiling,
centered horizontally on the front of the chamber. The key could
be illuminated by green, white, or red light emitted from diodes
behind the keys. A square opening 77 mm across was located 20
mm above the floor on the front panel and could provide access to
milo grain when the food hopper (part H14-10R, Coulbourne
Instruments, Allentown, PA) was aclivated. A house light was
mounted 12 mm from the ceiling on the back wall, The ventilation
fan on the rear wall of the enclosing chamber provided masking
noise of 60 dB. Experimental events were arranged and recorded
via a Med-PC interface connected te a PC computer controlled by
Med-PC IV software.

Procedure

Each session started with the illumination of the house light,
which remained on for the duration of the session. Sessions started
with a 40-5 I'T1, followed by a S-s trial, for a total cycle duratien
of 45 5. Diring the 1T, only the house light was 131; during the trial,
the center. response key was illuminated white, After completing &
eycle, ihe keylight was tumed off for 2.5 s, during which foad
could be delivered. Two and a half seconds after the end of a cycle,
4 new cycle started, or the session ended and the house light was
wrned off. Food was always provided at the end of the first trial of
every session. Pecking the center key during a trial had no pro-
grammed effect,

Initially, food was accessible for 2.5 s with reinforcement p =
.1 at the end of every trial after the first, regardless of the pigeon’s
behavior, In subsequent conditions, the I'TI was changed from 40 s
10 20 s and then to 80 § for 3 pigeons; for the other 3 pigeons, the
ITI was changed to 80 s first and then to 20 s, ITIs for all pigeons
were then returned to 40 s, Each session [asted for 200 cycles when
the TTI was 20 s, 100 cycles when the ITI was 40 s, and 50 cycles
when the ITT was 80 s, In the last condition, the probability of

reinforcement was reduced to .05 at the 40-s I'TL One pigeon (113)
had ceased responding by the end of the .1 series and was not run
in the .05 condition. Table 1 arrays these conditions and the
number of sessious at each.

Results

The first dozen trials of each condition were discarded, and the
vesponses in the remaining trials, averaging 2,500 per condition,
are presented in the top panet of Figure 2 as mean number of
responses per 5-g trial, The high-rate subject at the top of the graph
is Pigeon 106 (cf. Figure 3 below). There appears to be a slight
decrease in average response rates as the ITI increased and a larger
decrease when the probability of food decreased from .1 to .05.
Rates in the second exposure to the 40-s condition were lower than
the first. These changes are echoed in the lower panel, which gives
the relative frequency of at least one response on a trial. The
interposition of other ITIs between the first and second exposure to
the 40-s ITI caused & slight decrease in rate and probability of
responding in 5 of the 6 birds, although the spread in rates in the
top panel and the error bars in the battom indicate that that trend
would not achieve significance.

These data seem inconsistent with the many studies that have
shown faster acquisition of the key-peck response at longer 1T1s. But
these data were probabilistically meintained responses over the course
of many sessions. Only one other report, that of Perkins et al. (1975),
constilutes a relatively close prequel to this one. These authors main-
tained responding on schedules of noncontingent partial reinforce-
ment after CSs associated with different delays, probabilities, and
ITIs. They used five different key colors associated with different
conditions within each study. Thoese that come closest to those of the
present experiment are shown as open symbols in Figure 2. The
circles represent the average response rate of 4 pigeons on 4-5 trials
(converted to this 5-s base) recciving reinforcement on one of six
(~16.7%) of the trials, at TTTs of 30 s (first circle} and 120 s (second
circle). These data also indicate a slight decrease in rates with increas-
ing ITIs. Perkins et al, aiso reported a condition with 8-s trials and
60-5 TTIs involving probabilistic reinforcerment. The first square in
Figure 2 shows the average rate (per 5 s) of 4 pigeons at a probability
of 3 of 27 (~11.1%); the sccond square, al a probability of 1 of 27
(~3.7%). Their subjects, like ows (and like a few other studies
reporied by these authors) showed a decrease in responding with .a
decrease in probability of reinforcement.

Any inferences one may wish to draw concerning these data are
chasiened by a glance at the intersubject variability of Figure 2 and of

Table |
Conditions of Experiment |

Ordey 1T {seconds) P Sessions
1 40 . 20-21
2 20, 80 B 21-23
3 80, 20 . 20-22
4 40 N 21-23
5 40 .03 2429

Note. Half the subjects cxperienced the extreme interirial intervals (ITls)
in the order 20 s, 80 5, and half experienced them in the other order.
U p ia the probability of the trial ending with food.
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Figure 2. Data from Experiment 1. Top: everage number of responses per

trial (dots) for each subject, ranging from Pigeon 106 (tap curve) to Pigeon
105 (bottom in Condition 20), Open symbols represent data from Perkins
et al. (1975). Bollom: Average probubility of making at least one response
on a trial averaged over pigeons; bars give standard errors, Unbroken lines
in both panels are fiom the Momentum/Tavlovian model, described later in
the texi.

Perking et al.'s (1975) data. The effect size is small given that
variability, and in fact some authors such as Gibbon, Baldock,
Locurto, Gold, and Temace (1977) have reported no effect of [Tl on
response rale in sustained automaintenance conditions; others (..,
Terrace, Gibbon, Farrell, & Baldock, 1975) have reported some
effect. Representing intertrial variability visually is no simpler than
characterizing intersubject variability; Figure 1 gives an approxima-
tion for 1 subject (Pigeon 98) under the first 40-s ITI condition, with
data averaged in running windows of 25 trials, There is an early rise
in rates to around six responses per trial, then slow drifi down aver the
first 1,000 trials, with rates stabilizing thereafter at around four re-
sponses per trial. There may be within-session warm-up and cool-
down effects nat obvious in this figure. We may proceed with similar
displays and characterizations of them for each of the subjects in each
of the conditions—all different. Or we may average performance over
the whole of the experimental condition, as we did to generate the
vanilla Figure 2. Or we may average data over the last 5 or 10 sessions

as is the wraditional modus operandi for such data. Bat such averages
reduce a performance yielding thounsands of bits of data to a report
conveying only a few bits of information. As is apparent from the
{smoothed) trace of Figure 1, the averages do not tell the whole story.
How do we pick a path between the oversimplification of Figure 2
and the overwhelming complexity of figures such as Figure 1?7 And
how do we tell a story of psychological processes rather than of
procedural resuits? Models help, assayed next.

Analysis: The Modeis
Respanse Output Model

The goal of this research is 1o develop a procedure that can provide
a more informative characterization of the dynamics of conditioning.
To do this, we begin analysis with the simplest and oldest of learning
models, a linear leaming madel of associative strength. Thess analy-
ses have been in play for more than baif a century (Bower, 1994;
Burke & Bstes, 1956; Bush & Mosteller, 1951; Couvillon & Bitter-
man, 1985; Levine & Burke, 1972), with the R-W model a modem
avatar (Miller, Bamet, & Grahame, 1995; Wasserman & Miller,
1997). Because associative strengths are asymptotically bounded by
the unit interval, it is seductive to think that they can be directly
mapped to probabilities of responding or to probabilities of being in a
conditioned state. Probabilities can be estimated by taking the number
of trials containing at least one response within some epoch, say, 25
trials, and dividing that by the mumber of trials in that epoch (cf.
Figure 1). There are three problems with this approach:

1. Twenfy-five trials is an arbitrary epoch that may or may
not coincide with a meaningful theoretical-behavioral
window,

o

Infosmation abont the contingencies that were operative
within that epoch are lost, along with the biurring of
responses to them.

3. Parsing ftrials into those with and without a response
discards information, Response probability makes no dis-
tinction between trials containing 1 response and trials
containing 10 responses, even though they may convey
different information about response strength,

4. As Bitterman (2006) noted, associative strengths arc not
necessarily isomorphic with probability (Rescorla, 2001).

The map between resporse rates and inferred strength must be the
first problem attacked. The place to start is by looking at, and char-
acterizing, the distribution of responses during a CS. Figure 3 displays
the relative frequency of 0, 1, 2, . . ., 20 responses during a trial in the
first condition of Experiment 1 for each of its participants.

The curves through the distributions are linear functions of
Weibull densities:

plr=0)=s win, a,c) +1 -3,
pla> 0) = s~ wln, o, c). )]

The variable s, is the probability that the pigeon is in the response
state on the /th trial, For the data in Figure 3, this is averaged over all
trials. The w fanction is the Weibull density with index # for the actual
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number of responses during the CS, the shape parameter «, and the
scale parameter c, which is proportional to the mean mumber of
responses on 2 irial, The first line of Equation | gives the probability
of no responses on a trial: k is the probability that the animal is in the
response state (s;) and makes no responses [win, o, cjl, plus the
probability that it is out of the response state (1 — s,). The second line
gives the probability of all nonzera responses.

The Weibull distribution is a generalization of the exponential/
Poisson distribution that was recommended by Killeen, Hall,
Reilly, and Ketile (2002) as a map from response rate Lo response
probability. That recommendation was made for free operant re-
sponding during brief observational epochs, The Poisson also
pravides an approximate accouni of the respense distributions
shown in Figure 1, It is inferior to the Weibull, however, even when
the additional shape parameter is taken into account using the Akaike
information criterion (AIC). The Weibull distribution’ is

Win, o, c) =1 — g 0™ (23

According to this model, when the pigeon is in a response state, it
begins responding after trial onset and emits 1 responses during the
course of that trial. It is obvious that when ¢ = 1, the Weibull
reduces to the exponential distribution recommended by Killeen et
al. (2002). In that case, there is a constant probability 1/c of
terminating the response state from one response to the next, and
the cumulative distribution is the concave asymptotic form we
might associate with Jearning curves, Pigeon 105 exemplifies such
a shape parameter, as witnessed by the almost-exponential shape
of its density shown in Figure 3, Just below Figeon 1035, Pigeon
107 has a more representative shape parameter, around 2, (When-
ever a > 1, as was generally found here, there i en increasing
probability of terminating vesponding as the trial clapses—the
hazard function increases.) When a is slightly greater than 3, the
function most closely approximates the normal distribution, as
seen in the data for Pigeon 119. Pigeon 06, familiar from the top
of Figure 2, has the most extreme shape parameter seen anywhere
in these experiments, o = 5. The poot fit of the function fo this
animal is due to its “running through” many trials, which were not
long enough for its distribution to come to its natural end.

It is the Weibult density, the derivative of Equation 2, that drew
the curves through the data in Figure 3. The deusity is easily called
as a function in Bxcel as =Weibulifn, o, c, false). Tt is readily
interpreted as an extreme value distribution, one complementary to
that shown to hold for latencies (Killeen -t al., 2002). In this
article, we do nol use the Weibull as part of a theory of behavior
hut rather as a convenient interface between response rates and the
conditioning machinery. Conditioning is assumed to act on s, the
probability of being in the response state, a mode of activation
(Timberlake, 2000, 2003) that supports key pecking.

Does the Weibull continue to act as an adequate model of the
response distribution after tens of thousands of trials? For a different,
and more succinat, picture of the diswibutions, in Figure 4 we plot the
cumulative probability of emitting # responses on a trial, along with
lincar functions of the Weibull distribution. As before, the y-intercept
of the distribution is the average probabitity of not making a responsc;
the corresponding theoretical value is the probability of being out of
the state, plus the (small) probability of being in the state but still not
making a response. Thereafler, the probability of being in the state
multiplies the cumulative Weibull distribution. The fits to the data are

generally cxcellent, except, once again, for Pigeon 106, who did not
have time for a gracefu! wind-down. This subject continued to run
through the end of the trial; & good fif requires the Weibull distribution
1o be “censored,” involving another parameter, which was not deemed
worthwhile for its present purposes.

" Changes in Response State Probability: Momenium and

Paviovian Conditioning

In his analysis of the dynamics of responding under negative
automaintenance schedules, Killeen (2003) found that the best
first-order predictor was the probability that the pigeon was in a
response state, as given by a linear average of its probability of
being in that state on the last trial and the behavior on the last trial,
In the case of a trial in which a response occurred, the probability
of being in the response state is incremented toward its ceiling
(8 = 1} using the classic (Killeen, 1981) linear average:

S;= Ry + "ITR(B = S;}, (3)

where pi {w) is a rate parameter. Pi will take different values
depending on the contingencies: 7, subscripts the response, being
instantiated as W, on trials coniaining a peck and as w; on quiet
trials. Theta (6) is I on trials that predict future responding and ¢
on trinls that predict quiescence. Thus, afier a trial on which the
animal responded, the probability of being in the response state on
the next trial will increase as

si= &+ m(l — s,
whereas aftér a trial that contained no peck, it will decrease as
.5'; =8 + 'ITQ(O - S;).

After these intermediate values of strength are computed, they
are perturbed by the delivery or nondelivery of food. For that we
use a version of the same exponentially weighted moving average
of BEquation 3;

Sy =8 (8 — 8. (N

Now the learning parameter m,, subscripts the outcome (food or
empty). All of these pi pavameters tell us how quickly probability
approaches its ceiling or floor and thus how quickly the state on
the prior trial is washed out of control (Tonneau, 2005). For
geometri¢ progressions such as these, the mean distance back is

¥ Whereas the Weibull is a continvous function, it approximates a proper
distribution function on the integers, as

z“ win, @, c)=1

over the range of all paremeters studied here. The approximation is significantly
improved by adding a contimuity correction of £ = 0.5 to all response counts.
Epsilon may be thought of as a threshold for emitting the first response but is
weated here merely as an ad hoc statistica] correction applied to all data (except nat
to the pedagogic exaniple given below). A belter estimate is given by evaluating
the distribution function between # + (1/2) and & — (1/2), with the latter taking 0
a8 u minimum. However, that exiys computation does not add enough precision in
the current sitwation 1o be vsefill, The Weibull shondd be right censored because
there are time constraints on responding, This causes the deviation between
predicted and abtained for Pigeon 106 in Fipures 3 and 4. That refinement is not
engaged here.
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Figure 3. The relative frequency of trials coritaining 0, 1, 2, .. . responses. The data are from all trials of the first
condition of Experiment 1, The curves are drawn by the Weibull response rate madel {Equation 1). The parameter
is the probability of being in the response state; the complermnent of this probability accounts for most of the variance
in the fivst data point. The parameter « dictates the shape, from exponential (o = 1} to approximately nommal (o =
3) 1o inereasingly peaked (@ == 5), The pavameter ¢ is proportional ko the mean number of responses on trials in the
response state and gives the rank order of the curves in Figure 2 at Condition 20,

(1 — ar)rr, whenever w > (), One might say that this is the size of
the window on the past when the window is haif open. As before,
theta (@) i3 | on triaks that strengthen responding and O on trials
that weaken it. Thus, after a trial on which food was delivered, we
might expect to see the probability of being in the response state on
the next trial {s,,.) increase as

Sy = 8+ w1 — 5),
whereas after a trial that contained no food, it might decrease as
S = .5‘: + ﬁTE(O - Sf’).

These steps may be combined in a single expression, as noted in the
Appendix. Although shamefully simple compared with more recent
theoretical treatments, such linear operator models can acquit them-
.selves well in mapping performance (e.g.,, Grace, 2002).

There are four performance parameters in this model corve-
sponding to the four operative contingencies, each with an asso-
ciated ceiling or floor. We list them in Table 2, where parenthetical
signs indicate whether behavior is being strengthened ({positive
entails that 8 = 1) or weakened (negative entails that § = 0).% The
values assumed by these parameters, as a function of the condi-
tions of reinforcement, are the key objects of our study.

2 In our analysis programs, we let the leaming variables go negative to
indicate decrementing (8 = 0), exlract the sign of the parameters to set their
direction toward floer (when m < 0, @ = 0) or ceiling (when 7 0,0 = ),
and use their absolute value|w |to adjust the distance traveled toward those
Yimits, as in Equation 4. Thus, we refrain from imposing our expectations
about what the dircctions of events should be on behavior,
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Figure 4. The cumulative frequency of trials containing 0, 1, 2, ...
responses. The data are from all rials of the last condition of Experiment
1. The curves are drawn by the Weibull response rate model (Bquation 1),
using the distribution function rather than the density.

Notice that this model makes no special provision for whethera

response and food co-cccurred on a trial, It is a model of persis-
tence, or behavioral momentum, and Paviovian conditioning of the
CS. Because these factors may always be operative, it is presented
first, and the role of Skinnerian response—outcome associations is
subsequently evaluated, The model also takes no account of
warm-up or cool-down effects that may occur as each session-
progresses, Covarying these out could only help the fit of the
modcls to the residuals, but it would also put one more layer of
parameters betwsen the data and the reader’s eye, '
" The matrix of Table 2 is referred to as the Momentum/Pavlov
model, or MP meodel, By calling it a model] of momentum, we do
not mean that a new hypotbetical construct is invoked to explain
the data. It is simply a way of recognizing that response strength
will not in general change maximally on receipt of food or extine-
tion. Just how quickly it will change is given by the parameters mp
and ar,. If these are 1, there will be no lag in responsiveness and
no need for the construct; if they equal 0, the pigeon will persist at
the current probability indefinitely, and there will be no need for
the construct of conditioning. In early models without momentum
(i.e., where these parameters were de facto 1), goodness of fit was
at least ¢'? worse than in the model as developed here, and
typically worse than the comparison madel, described later.

Implementation

To fit the model to the data, we use Equation | to calculate the
probability of' the observed data given the model. Two hypathetical
cases illustrate the compuration of this probability:
1. Assume the following: no key pecks on trial i, the predicted
probability of being in the response state 5; = 2/3, and the
Weibull parameters were o = 2, ¢ = 6. Then the probabilily
of the data (0 responses) given the model p(d|m) is the
probability of being
(a) out of the response state, 1 — s, times the probability of no
response when out of the state, 1.0: (1 - 2/3}- 1 = 1/3; o
that, add the probability of being

(b) in the state, times the probabitity ol no responses in the
state: 2/3w(n, 2,6) = 2/3 -0,

(c) the sum of which equals p{d; = Olm) =~ 333 -+ 0 ~ 0.333,

2. If four pecks were made on trial i, given the same model
parameters, then the probability would be p(d, = 4jm) = 0 +
2/3win, 4, 6), =~ 0.142.

The natural logarithm of these conditional probabilities gives
the index of merit of the model] for this trial: That is, it gives the
log-liketihood (LL)) of the data (given the model) on trial 7, These
logarithies are summed over the thousands of trials in each con-
dition to give a total index of merit LL (Myung, 2003). Case 1
added In{(1/3) = -1.1 to the index, whereas Case 2 added
In(.142) =~ —1.9, its smalleir value reflecting the poorer perfor-
mance of the model in predicting the data on that trial, The
parameters are adjusted iteratively to maximize this sum and thus
to maximize the likelihood of the data given the model. The LL is
a sufficient statistic, so that it containg all information in the
sample relevant to niaking any inference between the madels in
question (Cox & Hinkley, 1974).

A Base (Comparison) Model

Log-likelihoods are less familiar to this audience than are coef-
ficients of determination--the proportion of variance accounted
for by the model. The coefficient of determination compares the
tesidua! error (the mean square error) with that available from a
simple default model, the mean (whose error term is the variance);
if a candidate model can do no better than the mean, it is said to
account for 0% of the variance around the mean. In like mauner,
the maximun likelihood analysis becomes more interpretable if it
is compared with a default, or base, model. The base model we
adopt has a structure similar to our candidate model: It uses
Equation 1 and updates the probability of being in the response
state as A moving average of the recent probahility of a response on
a trial:

Sy =P+ (1 =y, 0<y< 1, (5)

where gamma () is the weight given to the most recent event and
# takes a value of 1 if there was a response on the prior trial and
0 otherwise, Equation 5 is an exponentially weighted moving
average, and can be written as s, = 3, + (P, — ), which
reveals ifs similarity to the Momentum/Pavlovian model, with the
one parameter y replacing the four contingency parameters of that
model. The base model atternpts to do the bést possible job of
predicting future behavior from past behavior, with its handicap
being ignorance as to whether food or extinction occurred on a

Table 2
Momentum/Pavlovian Model With Events Mapped Onio
Direction and Rate Parameters

Event Representation
Peck B (),
No peck (quiet) Q: (*)wg
Food F: (e
Empty/extinction E (*)mg

Note, The parentheticals indicate whether the learning process is driving
behavior up (positive entails that @ = L) or down (negalive entails that 6 =
0); the rate parameters themselves are always positive.
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rial. 1t is a model of perseveration, or momentum, pure and
simple, It invokes three explicit parameters: vy, «, and ¢. Other
details are covered in the Appendix.

An Index of Merit for the Modely

The log-likelihood does nol take into account the number of free
parameters used in the model. Therefore, we use a transformation
of the log-likelihood that takes model parsimony into account, The
AIC (Burnham & Anderson, 2002) corrects the log-likelihood of
the model for the number of free parameters in the model to
provide an unbiased estimate of the information-theoretic distance
between model and data:

AIC = 2(n,— LL), (é)

where n, is the number of free parameters and LL is the total
log-likelthood of the data given the model. (We do not require the
secondary correction for small sample size, AIC.).

We compare the models under analysis with the simple perse-
veration model, the base model, characterized by Equations | and
5. This comparison is done by subtraction of their AICs. The
smaller the AIC, the better the adjusted fit to the data. There are
np = 3 parameters in the base model (herinafter base), and 6
parameters (8 in later versions) in the candidate model (hereinafier
madel), so the relative AIC is

Merit = Relative AIC = AIC(Base} — AIC{Model}
=2{3 - LLg} — 2(6 — LLy) .
= 2(LLy; — LLy) — 6. %)

Because logarithms of prababilities are negative, the actual
log-likelihoods are negative. However, our index of merit subfracts
the model AIC from the base AIC so that it is generally positive
and is larger because the model under purview is better than the
base model, The relative AIC is a linear function of the log-
likelihood ratio of model to base (LLR = log{(likelihood of
model)/{likelihood of base)}). Because of the additional tree pa-
rameters of the model, it must account for ¢* as mmch varience as
the basc model just to break even. An index of’ merit of 4 for a
model means that under that model, the data are ¢*—approximately
50 times—as probable #s under the base model, after taking into
account the difference in number of free parameters. A net meris of
4 is our criterion for claiming strong support for one model over
another. [f the prior probabilities of the mode! under consideration
and the base (or other comparison) model ae deemed equal,
Bayes's theorem tells us that when the inrdex of merit is greater
than 4 (after handicapping for excess parameters), then the poste-
rior odds of the candidate model compared with the comparison is
at least 50/1.

The base mode! is nested in the Pavlovian/Momentum modek:
Setting 7, = —mp = vy, and W =, = 0 reduces it to the base
model. For swimmary data, we also display the Bayesian informa-
tion criterion (BIC; Schwarz, 1978), which sets a higher standard
for the admission of free parameters in large data sets such as ours:
BIC = —2LL + kln(n). We now apply this modeling framewark
to the results of the first experiment,

The index of merit is relative to the default base model, just ag
the propottion of variance accounted for in quotidian use i3 relative

i

to a default model (the mean), I the default model is very bad, the
candidate model looks very good by comparison. If, for instance,
we had used the mean response rate or probability over all sessions
in & condition as the default model, the candidate would be on the
order of ¢*™ better in most of the experiments. A tougher test
would be to contrast the present linear operator model with the
more sophisticated models in the literature, but that is not, per
reviewers® advice, included here.

Applying the Models

The AIC advantage of the Pavlovian model over the base model
averaged 43 AIC points for the first four conditions, in which onty
2 of the 24 Sobject X Condition comparisons did not exceed our
criterion for strong evidence (improvement over the base model by
4 points). For the last, p = .05, condition, the average merit
jumped to 183 points. Figure 5 shows that the Weibuli response
rate parameters were little affected by the varied conditions. The
average value of ¢, 8.2, corresponded to a mean of 7.3 responses
per trial on trials on which a response was made (the mean is
primarily a function of ¢, but also of o). The average value of the
shape parameter o was 2.4 The modal response distiibution
looked like that of Pigeon 113 in Figure 3. The values of these
Weibull parameters wers always essentially identical for the base
and MP models and were therefore shared by them.

The values of gamma (v), the perseveration congtant in the base
model, averaged 038 in the first four conditions and increased to
A00 in the p = .05 condition. This indicates that there was a
greater amount of character—more local variance—in this last
condition for the moving average to take advantage of, a feature
that was also exploiled by the MP model. There was no change in
the rate of responding— given that the pigeon is in a response
state—as indicated by the constancy of c. All of the decrease seen
in Figure 2 was the result of changes in the probability of entering
a response state, as given by the modet and seen in the model’s
predictions, traced by the lines in the bottom panel of Figure 2.

The weighted average parameters of the MP model are shown in
the bottom panel of Figure 5 (the values for each subject were
weighted by the variance accounted for by ithe model for that
subject). Just as autoshaping is fastest with longer ITls, the impact
of the T, and m, parameters increases markedly with 1TI. The
increase in . indicates that at long ITIs, the delivery of food,
independent of pigeons’ behavior, increases the probability of a
response on the next trial, It increases 11% of its distance toward
1.0 in the 20-g 1T1 condition, up 1o 28% in the 80-s IT{ condition,
Also notice that =, is everywhere of greater absolute magnitude
than 7, a finding consistent with that of Rescarla (2002a, 2002b).

The increase in 1, indicates that pecking acquires more behav-
ioral momentum as the ITI is increased. The parameter ar , remains
around —7% over conditions (although a drop from —5% to
—10% in the first and second replication of the 40-s conditions
accounts for the dectease in probability of responding in the
second exposure). A trial without a response decreases the prob-
ability of a respouse on the next by 7%, The parameter , hovers
at zero for the short and intermediate ITIs: Extinction trials add no
new information about the pigeons’ state on the next trial and do
not change behavior from the status quo ante. Under these condi-
tions, extinction does not discourage tesponding. The law of
disuse, rather than extinction, is operative: If a pigeon does not
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figure 5. The average paramelers of the base and Momentum/Paviovian
madels for Experiment 1. The first four conditions are identified by their
intertrial interval (ITI), with the first and second exposure 1o the 40-3 ITIL
noted parenthetically. The same Weibull parameters, ¢ and o, were vsed for
hath models. In the last condition, the probability of hopper activation on
a frial wag reduced from . to .05, with [Tl = 40, The e¢rror bars delimit the
slandard error of the mean. | = food; P = response; E = no tood; @ = no
response,

respond, momentum in not responding (measured by 1) carries
response probability lower and lower, At the longest ITT and in the
p = .05 condition, extinction trials decrease the probability of
being in a response state on the next trial by 4% and 10%,
respectively. When reinforcement ts scarce, both food and extine-
tion matier more, a8 indicated by increased values of 7. and wp,
but the somewhat surprising effect on . is modest compared with
the farmer, The importance of food when it is scarce is substan-
tial—with - increasing more than 30% in the p = .05 condition,
The fall toward extinction of responding, driven by 7y and g, is
arrested only by delivery of food, a strong tonic fo responding
{7y, or an increasingly improbable peck, which, as reflected in
m,, is associated with substantially enhanced response probabili-
ties on the next trial,

We may see how close the simulations look to the real perfor-
mance, such as that shown in Figure |. We did this by replacing
the pigeon with a random number generator, using the average
parameters from the first condition, shown in Figure 5, The prob-
ability of the generator’s entering a response state was adjusted
using the MP model, and when in the response state, it emited
responses according to a Weibull distribution with the parameters
shown in the top of Figure 5. Figure 6 plots the resulting data in
a fashion similar to that shown in Figure 1 {a running average
of 25 trials). Comparison -of the three panels cautions how
different a profile can result from a system operating according
to the same fixed parameters once a random element enters,
Anglyses are wanted that can deal with such vagaries without
TecOurse to averaging over a dozen pigeons. By analysis on a
trial-by-trial basis, the present models attempt to take a step in
that direction.

These graphs have a similar character to those generated by the
pigeons (although they lack the change in levels shown by Pigeon 98
in Figure 1, a change not clearly shown by most of the other subjects).
The challenge is how to measure “similar™ in o fashion other than
impressionistically. Killeen (2003) showed that responding had a
fractal structure, and given the self-similar aspect of these curves, that
is likely to be the case here. However, the indices yielded by fractal
analysis throw little new light on the psychological processes. The
AIC values returned by the model provide another guide for those
comfortable with likelihood analyses; they tell us how good the
candidate model is relative to a plausible contender,

The variance accounted for in the probability of responding will
look pathetic to those used to fitting averaged data: It averages
around 10% in Experiment 1 and around 15% in the remaining
experiments, But even when the probability of a response on the
next tria! is known exactly, there is probabilistic variance associate
with Bernoulli processes such as these, in particular, a variance of
p(1— p). The parameters were not selected to maximize variance
accounted for, and in aggregates of data much of the sampling
error that is inevitable in single-trial predictions is averaged out,
When the average rate over the next 10 trials, rather than the single
next trial, is the prediction, the variance accounted for by the
matriz models doubles, At the same time, the ability to spealc to the
trial-by-trial adjustment of the parameters is blunted, Other anal-
yses, educing predictions from the model and testing them against
the data, follow,

Hazard Functions

That 7, and m,, are negative in the p = .05 candition makes a
strong prediction about sojourns away from the key: When a
pigeon does not respond on a trial, there is a greater likelihood that
it will not respond on the next, and yet greater on the next, and so
on. Only free food (or the unlikely peck despite the odds) saves i,
The probebility of food is 5%, but the cumulative probability is
continually increasing, reaching 50% after 15 trials since the first
nonresponse. The probability of returning to the key should de-
crease at first, flatten, and then eventvally increase. A simple test
of this prediction is possible: Plot the probability of returning to
the key after various numbers of quiet trials. In making these plots,
each point has to be corrected for the number of opportunities left
for the next quiet trial. Such plots of marginal probubilities are
called hazard functions. If there is a constant probability of return-
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Figure 6. Moving averages of the number of responses per 5-s triul over 25 trials {rom three representative

“statrats,” characterized by the average parameters of real pigeons in the first condition, 40-s ITI. The only
difference among these three panels is the random number seed for Trial 1, Compare with Figure 1,

ing to the key, as would be the case if returng were at vandom, the
hazard function would be flat. The eartier analysis predicts hazard
functions that decrease under the pressure of the negative param-
eters and eventually increase as the comulative probability of the
arrival ot food increases.

Figure 7 shows the functions for individual pigeons (fruncated
when the residual response probabilities fell to 1%). They show the
predicted form. The filled squares show the averaged results of
running three “statrats™ in the program, with parameters taken
from the .05 condition of Figure 5.Tf the model controls behavior
the way it is claimed, the output of the statrats should resemble that
of the pigeons. There is indeed a family resemblance, although the
statrats’ hazard function was more elevated than the average of the
pigeons, indicating a greater eagerness {0 return to the operandum
than was the case for the birds. Note also that the predicted
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Figurs 7. The marginal probability of ending a run of quiel trials. The
unfilled symbols are for individual pigeons, and the filled circles represents
their average performance. The hazard function represented by filled
squares comes from simulations of the model.

decrease—Tirst 8% of the distance to 0 from W, and then another
11% from w—predicts a decrease to 82% of the initial value after
the Tirst quiet—that is, from about 0.45 to 0.37 for the statrats and
from about .28 to about .23 for the average pigeon. These are right
in line with the functions of Figure 7. The eventual flattening and
slow rise in the functions is due to the cumulative sffects of wp.

Is Momentum Necessary?

In the parameters 7, and 1, the MP model invokes a trait of
persistence or momentum, which may appear supererogatory to
gome readers. However, the base madel, the linear average of the
recent probability of responding, actually proves a strong con-
tender to the MP model. It embodies the adage “The best predictor
of what you will do tomorrow is what you did today.” 1t is the
gimplest model of persistence, or momentum. We may contrast it
with 8 MP-minus-M model: That is, adjust the probability of
responding on the next trial as a function of food or extinction on
the current trial, while holding the momenturn parameters at zero,
Even though the base model has one fewer parameter, it easily
trumps the MP-minus-M model. For example, for Pigeon 98, the
median advantage of the MP meodel over the base model was 14
AIC points in the .1 condition and 58 points in the .05 condition.
But without the meomentum aspect, the MP-minus-M model tum-
bles to 3 median of 106 points below the base model in the .1
conditions and 540 points below it in the .05 condition. However
one characterizes the action of the m, and -, parameters, their
presence in the model is absolutely necessary. This analysis carries
the within-session measurement of resistance to change reported
by Touneau, Rios, and Cabrera (2006) to the next level of contacl
with data.

Operant Conditioning

What is the role of response—teinforcer pairing in controlling
this performance? The first analysis of these data (unreported herc)
consisted of a model involving all interaction terms, and those
alone: PF, PE, QF, and QE. Although this interaction model was
substantially better than the base model {18 AIC units over all
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conditions, 73 in the p = .05 condition), it was always trumped by
the MP model (51 AIC units over all conditions, 183 in the p = .05
condition).

In search of evidence of Skinnerian conditioning, we asked
whether there was a correlation between the number of responses
on a trial and the probability of responding on the next trial. Any
simple correlation could be just due lo persistence; however, if
responge—reinforcer contiguity is a factor in stremgthening re-
sponding, then that corelation should be larger for trials that end
with food (r;) than for trials that end withowt (ood (ry). When
many responses occur on a reinforced trial, {a) there are more
responses in close contiguity with the reinforcer and (b) the last of
thern {s likely to be closer in time to the reinforcer than the case of
trials with only a few responses. Therefore, there should be a
positive correlation between number of responses on trials ending
with food and number of responses on the next trial. It is different
for trials that end without food: When many responses occur on a
nonreinforced trial, there are many more instances of the response
subject to extinction; this shouid not only undermine a positive
cotrelation, it could drive it negative. We can therefore test for
Skinnerian conditioning by correlating the number of responses on
F and E trials that had at least one response (the predictors) with
the presence or absence of a response on the next trial (the
criterion). If contiguity of multiple responses with food strengthens
behavior more than contiguity of one response to food, the corre-
lation with subsequent responding should be larger when the wial
was followed by food than when it was not, That is, we would
expect 1y > .. We restrict the analysis to trials with at least one
response so that the correlation is not simply driven by the infor-
mation that the pigeon is in a response state, which we know from
T, has good predictive value.

We analyzed the data for all subjects from all conditions and
found no evidence for value added by multiple response-reinforcer
contiguity. For uo pigeon was the average correlation between
predictor and criterion greater when the predictor was followed by
food than when it was nol. The averages over all subjects and
conditions were 7, = 0,035 and r,; = 0.081. With an average n of
150 for r» and of 1,470 for rg for each of the 29 pais of
correlations, the conclusion is unavoidable: Reinforcement on
trials with multiple respenses did not increase the probability of a
response on the next trial any more than did extinction on trials
with multiple responses,

Perhaps fitting a delay-of-reinforcement model from cach re-
sponse to an eventual reinforeer would show evidence of operant
conditioning? This was our first model of these data, not reported
here. We found no value added by the extra parameter (the slope
of the delay-of-reinforcement gradient).

Convinced that there must be some way to adduce evidence of

(adventitious) operant conditioning, we turned to the next analysis.”

Tt remains possible that reinforcement increases the probability of
staying in the response state on the next trial: Possibly the com-
mitmert to a bebavioral module (Timberlake, 1994), rather than
the details of actions within the module, is what gets strengthened
by reinforcement, To test this hypothesis, we added conditioning
factors, g aNd g, to the model. TF response—veinforcer conti-
guity added strengthening-prediction beyond that afforded by the
indcpendent actions of persistence and of food delivery, one or
both of these parameters should lake values above zero and should
add significantly to predictive accuracy when it does. We measure

aceuracy with the AIC score; any increase (after handicapping for
the added parameter) lends credibility, and increases by at least 4
constitute strong evidence.

The average value of o, across the 29 cases was 0.064; That
i, the probability of a response on the next trial increased by 6%
beyond that predicted by momentum and mere delivery of food
(independent of the presence or absence of a peck). For 2 birds,
107 and 119, theére was no advantage, and 1,5 remained close to
Zero, as often negative as positive. Of the 19 remaining Pigeon X
Condition cases, 11 showed an AIC advantage for the added
parameter, 5 of them meeting our criterion for strong evidence. Of
the 4 birds that showed evidence of Skinnerian conditioning, the
average value of 1rp, was 8%, which may be compared with 16%
for 7rs and 14% for . Examining the data on a condition-by-
condition basis, all 4 of these pigcons showed evidence of Skin-
nerian conditioning in the 20-s ITI condition (3 of them, strong
evidence), and in all cases but one wpy was larger than either wp
or 7T Actoss all 6 pigeons, the advantage of adding the contiguity
parameter was 2,6 AIC points at the 20-s ITI 20, 0.8 at the 4(-s
ITI, and —1.5 at the 80-s ITL. {The negative value indicates that the
cost of the extra parameter in Equation 7 is not repaid by increased
predictive ability,) In the p = .05 condition, the total advantage
confetred by the mpp parameter imcreased to 6.4. (When the
Skinnerian parameter comes into play, there is typically a read-

justment of the other parameters that had been tasked with picking

up the slack.) The Skinnerjan extinction parameter mp, was almost
never called into play and exerted negligible improvement in the
predictions, Parameter values for cach pigeon are listed in Table 3;
indices of merit, in Tablc 4.

These results indicate that Skinnerian conditioning was stron-
gest where Pavlovian conditioning was weakest—whether that
weakness was the result of a small ITI-to-trial ratio 20-s ITI) or to
a less reliable CS (p = ,05). This is consistent with the findings of
Woodraff, Conner, Gamzu, and Williams (1977). We retain wpp
and mp; in subsequent analyses, in which we call the full model
the Momentum/Paviovian/Skinnerian (MPS) madel,

Implications for Acquisition and Extinction

On the basis of Equation 4 and the parameters shown in Fig-
ure 5, we may predict the courses of acquisition and extinction in
similar contexts-~it is given by Equation A5 in the Appendix, For
the parameters in Figure 3, the MPS model predicts faster acqui-
gition nt longer ITIs—the trial spacing effect, along with an in-
creasing dependence on the origingl starting strength (derived from
hopper training} as trial spaciny decreases. Pretraining plays a
critical role in determining the speed of acquisition (Davol, Stein-
hauer, & Lee, 2002; Downing & Neuringer, 2003); the current
analysis suggests that this is in parl because of elevation of the
initial probability of a response, 5,, possibly through generalization
of hopper stimuli and key stimuli (Sperling, Perkins, & Dumcan,
1977; Steinhiaver, 1982). Conditioning of the context proceeds
rapidly, however, so that mote than a few pretraining trials in the
same context will slow the speed of subsequent key conditioning
(Balsan & Schwartz, 2004).

The predieted number of trials to criterion show an approximate
power-law relation between trials to acquisition and the 1TT (Gib-
bon et al,, 1977). Those researchers, along with Terace, Gibbon,
Famrell, and Baldock (1975), found that both acquisition and re-
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Table 3
Parameter Values of the Base and Momennm/Paviovian/Skinnerian
Models for the Dat of Experiment |

Bird no.  Parameler 20 40, 4, 80 05

98 Y 02 .03 05 02 8
¢ 8.78 6,93 531 737 590
o 3.00 2,08 1.55 230 1.76
P 00 .02 .04 -0l .27
Q -2 —.03 -.03 -0l —.19
F .00 05 03 22 0.
E 00 Q0 .00 00 H
PF .20 00 13 00 00
PE 00 .00 .00 00 - 08

105 ¥ 05 04 g1 10 12
c 5.69 5.12 7.18 7.49 5.74
@ t.56. 1.31 2,13 233 1.62
P 04 05 A9 61 32
Q ~.04 —.04 —.24 —.15 02
F 03 00 56 33 34
E 00 Do 03 =10 -.30
PF 14 04 34 oo 00
PE 00 02 —.04 00 28

106 v .05 02 A7 .02 12
¢ 12,71 13.88 i3.29 14.35 12.40
o 3.54 4,49 3.55 425 236
P 03 0 B 7 30
Q -06 —.07 —14 —07 -6
F 00 o0 27 27 54
E 01 03 00 —-.02 =03
PF 19 A3 6 10 06
PE 00 —.01 -01 09 —.01

107 v 02 05 .05 01 04
c 8.56 8.20 147 8.69 8.00
o 2.57 2.20 2.11 2,22 2.00
P 06 00 .04 00 06
Q —-.03 ~.04 —-.06 —.01 -5
F 29 27 12 30 30
E —-.02 i .00 -0l 00
PF 0 ae .00 00 00
PE 00 0c {0 00 —.04

113 y 0z 05 4 03
¢ 6.90 545 4,79 645
o 2.51 2.22 1.76 240
P 02 06 06 GR
Q -.02 - 06 —.04 12
F 00 4 00 -.06
E on -1 80 —-.16
PF 05 .00 D0 00
PE ao 00 -0l 00

119 ¥ 01 01 03 02 06
13 812 7.17 6.41 778 6.76
o 3.7 2.92 249 2.30 244
P 21 28 04 -.01 48
Q —.03 07 ~.04 -0l -7
F S0 65 31 23 50
E -.02 -.03 .00 00 00
PF -.02 00 -0l 00 00
PE 09 A7 00 00 -4

Note. ~ = the rate constant for the compavison base model; ¢ = the
Weibull vate constant; o = the Weibull shape constant; the remaining
letters indicate the rate constants brought into play on trinls with (F) or
without (Q) a response; with (F) or without (E) food; and the Skinnetlan
interaction terms PF and PE,

sponse probability in steady-state performance afier acquisition
covaried with the ratio of trial duration to ITL Gibbon, Farrell,
Locurto, Duncan, and Terrace (1980) found the permutation that
partial reinforcement during acquisition had no effect on trials to
acquisition, when those were measured as reinforced trials to
acquisition. This is consistent with the acquisition equations in the
Appendix. Despite these tantalizing similaritics, however, the ob-
vious difference in the parameters for the p = .1 and p = 05
conditions seen in Figure 5 undermines confidence in extrapola-
tions to typical acquisition, where p = 1.0,

It is possible to test the predictions for extinetion within the
context of the present experiments, where parameter change s not
go central an issus, for there were long siretches (especially in the
p = 05 condition) without food. The relevant equation, trans-
planted from the Appendix (Equation A6), is

sy = 51 — [ + wa_p{l — 53], (8

where the strength s, , gives the probability of entering a response
state on that trial, All parameters are positive, with asymptotes of
0 or | used as appropriate to the signs shown in Figure 5. Neither
T 1O TWpp appear because there are no foed trials in a series of
extinction trials, and e, is typically amall and its work can be
adequately handled by ;. The probability of responding on a trial
decreases with m, as expected {notc the clement —wy s)}—
substantially when s, is large, not much at alt when s; is smali. Oaly
the difference in the two momentum parameters, 7, — T, affects
the prediction; for parsimony, we collapse those into a single
parameter representing their difference, wp_ 5 = We — 7, Hyue-
tion 8 makes an apparently counterfactual prediction.

A Surprising Prediction

Inspection of Figure 5 shows that w,_g is generally positive.
Because it multiplies the probability of not responding (Bquation 8
containg the element mo_ [l — 5]), on average We_g increases
the probability of responding on each trial and does so more as 5,
pets small, Depending on the specific value of the parameters, this
restorative force may be sufficient to forestall extinction. To show
this more clearly, we solve Equation § for its fixed point, or steady
state, which occurs when 5, = s

i e
o = "Tf'—g(l - 'Tfr;)’ )
where 0 < ara_ (1 — mg) = mp this is the level al which
responding is predicted to stabilize after a long string of extinction
triats.

If response probability fluctuates below the level of s,, the next
response {if and when it occurs, which it does with probability s;)
will drive probability up, and if it fluctuates above this level, the
next trial will drive it down, For responding to extinguish, it is
necessary that the force of extinction be greater than the restoring
force:

Mg

WeEE— " —.
£ l.'{”'IT.u._Q

(%)

This ig automatically satisfied whenever momenturn in quies-
cence, Mg, i3 greater than momentum in pecking w—whenever
Tp—g I8 negative, That is especially likely to be the case in rich
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Table 4
Indices of Merit for the Model Comparisan of Experiment |
Bird ne. Metrie® 20 40, 40, 20 N5
98 <D 0.03 0.06 0.17 0.06 0.19
AlC 9 -1 32 29 115
BIC —17 ~18 15 20 97
105 CDh 0.07 0.62 0.17 013 016
AlC 57 72 162 105 375
BIC 38 535 134 91 332
106 CD 0.17 0.03 0.18 0.05 0.19
AIC 47 40 69 5 217
BiC 22 17 46 —14 193
107 CDh 0.04 0.09 0.14 0,05 on
AIC 101 40 13 18 £8
BIC 32 34 2 8 70
113 cp 0.04 0.07 0.30 0.03
AlC 12 27 38 24
BIC -7 10 19 9
119 CcDh 0.02 0.01 0.02 9.07 0.07
AlC 57 40 8 29 87
BIC 25 ¥ —14 19 69
Group cp 0.06 0.05 016 0.06 014
AIC 47 36 54 35 i76
BIC 24 19 34 22 156

Note. Ttalics indicate averages over the group.

* The metrics of goodness of fit for the models are the coctficient of determination (CD), the Akaike information
criterion (AIC), and the Bayesian information criterion (BIC). Values of the Jast two greater then 4 constitute
strong evidence for the Momentim/Pavlovign/Skinnerian model.

contexts where quiescence on the target key may be associated
with foraging in another patch or responding on a concurrent
schedule. For the parameters in Figure 5 under p = 05, however,
this is never the case; indeed, the more general inequality of
Equation 10 is never satisfied. Therefore Equations 8 and 9 make
the egregious prediction that the probability of responding will fali
{with a speed dictated by ) to a nonzero equilibriuvm dictated by
Equation 9. We may directly test this devivation by plotting the
course of extinction within the context of dynamic reconditioning
of these experiments. The best data come from the p = .05
condition, which contained long strings of nonreinforced respond-
ing. The courses of cxtinction, along with the locus of Equation 8,
are shown in Figure 8.

Do Equations 8—10 condemn the birds 10 an endless Sisyphean
repetition of unreinforced responding? If not, what then saves
them? Those equations are continuous approximations of a finite
process. Because the right-hand side of Equation § is multiplied by
S if that probability ever does get clase enough to 0 through a
tow-probability series of quiescent trials, it may never recover. 1t
is also likely that after hundreds of extinction trials, the gaverning
parameters would change, as they did across the conditions of this
experiinent, releasing the pigeons to seek more profitable employ-
ment, The maximum number of consecutive trials without food in
this condilion averaged around 120. Surely over unreinforced
strings of length 95 through 120, the probability of responding
would be decreasing toward zero. Such was the case for 2 pigeons,
98 and 107, whose response probability decreased significantly
(using a binomial test) to arownd 5% (the drift for 107 is already
visible "in Figure 8). The predicted fixed points and obtained
probabilities for another 2, 105 and 119, were invariant, .20~».19
and .77—.78, respectively; Pigeon 106 showed a decrease in

probability, .61~>.54, that was not significant by the binomial test.
The substantial momentum shown in Figure 8, and extended in
some cases by the binomial analysis, resonates with the data of
Killeen (2003; cf. Sanabria, Sitomer, & Killeen, 2006), where
some pigeons persisted in responding over many thousands of
irials of negative automaintenanee.

The validation of this vnlikely prediction should, by some
accounts of how science works, lend credence to the model. But it
certainly could also be viewed as a fault of the model, in that it
predicts the flatlines of Figure 8, when few pigeons, except per-
haps those subjected to learned helplessness training, will persist in
unreinforeed responding indefinitely. On that basis we could reject
the MPS model because it does not specify when the pigeons will
abandon a response mode (as reflected in changes in the persis-
tence parameters). Conversely, the data of Figure 8 indict models
that do not predict the plateaus that arc clearly manifest there, On
that same basis, we could therefore reject all of the remaining
models, But perhaps the most profitable path is to reject Popper in
favor of MPS, which peonits tracking of parameters over an
indefinite number of trials, to see when, under extended dashing of
expectations, those begin to change.

Equation 8 contains the element s(1 — s, The product of the
probability of a response and its complement enters the prediction
of response probubility on the next trial. This element is the core
of the “logistic map.” Depending on the cocfficient of this term,
the pattern of behavior it governs is complex and may become
chaotic. This, along with the multiple timescales associated with
the rate parameters, is the origin of the chaos that Kilieen (2003)
found in the signatures of pigeons responding over many irials of
automaintenance and the factor that pives the displays in Figures 1
and & their self-similar character,
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Figure 8. The average probability of responding as a furietion of the number of Irials since reinforcemert, from
the p = .05 condition. The number of ohservations decreases hy 5% from one trial to the next, fram hundreds
for the first paints to 10 for the last displayed. The ourve cames from Equation 8, using parameters fo.g and

7 fit to these data.

Experiment 2: Trial Duration

The trial-spacing effect depends on the duration of both the I'T1
and the trial; arrangements that keep that ratio constant often yield
about the same speed of acquisition of responding, Therefore, to
test the generalizability of both the response rate model and the
MPS model, we systematically varied trial duration in this exper-
iment,

Method
Subjects and Apparatus

Six experienced adult homing pigeons, housed in similar con-
ditions as in Experiment 1, served. Pigeons 103, 106, 107, 113, and
119, who had participated in Experiment I, were joined by 108,
who replaced 98. The apparatus remained the same. ;

Procedure

Seven sessions of extinction were conducted before begintting this
experiment. In extinction, stimulus conditions were similar to those of
Experiment 1, but the [TT was 35 s and trial duration was 10 5; no food
was delivered (» = 0). In experimentai conditions, food was deliv-
ered with p = .05, the [Tl remained 35 s, and trial duration varied,
starting at 10 s for 13 sessions. Then haif the subjects went to
the 5-s CS condition, and half weni to the 20-s C8 condifion.
Finally, the 10-s CS was recovered. All sessions lasted 150
trials: Table 5 reports the number of sessions per condition.

Results

In the last session of extinction, the typical pigeon pecked an 3% of
the trials. This is a lower percentage than shown in Figure 8 because
it follows six sessions of extinction. Extinction happens. On moving
to the first experiments] condition, this proportion increased to an
average of 75%. The average responsé rates and probabilities of
responding are shown in Figure 9. Both rates and probabilities de-
creased as C3 duration increased. Also shown are average rates from
4 pigeons studied by Perkins et al. (1975) for CS durations of 4, 8, 16,
and 32 5 for pigeons maintained on probabilistic (p = 1/6) Pavlovian
conditioning schedules, with an TTY of 30 5, (The average rate at 32 s
was (.2 responses per second). The higher rates for Perkins et al.’s
subjects are probably due to their higher rates of reinforcement (1/6
trials compared with our 1/20). The decrease in response rate with CS
duration is consistent with the data of Gibbon et al. (1977), who found

Table 5
Conditions of Experiment 2
Order Trial duration (scconds) Sessiong
1 10 13
2 5,20 13
3 20,5 13
4 19 14

Note. Ha)f the subjects experienced the cxtreme trial durations in the

order 5 5, 20 s; half experienced them in the other order.



DYNAMICS OF CONDITIONING 461

Y
[#] N

Response Rate (s

0.5
0 ! T
1-
2 o8-
=
S
o 0.6
Q.
%} 0.4
g 0.2
<
0 H 1 i 1
5 10 10 20

CS Duration (s)

Figure 9. Data from Experiment 2. Top: average response rate (dots) for
each subject. Open circles gives average rate and squarcs represent data
from Perkins et al. (1975). Battom: Average probability of making at Teast
one response on a trial averaged over pigeons; bars give standard errors.
Unbroken lines in both pancls are from the Momentum/Paviovian/
Skinnerian model. CS = conditioned stimulus.

that rate decreased as a power function of trial duration, with exponent
—0.75. A power fimction also described rates in these experiments,
accounting for 99% of the variance in the average data, with exponent
—0.74.

The MPS model continued to oulperform the base momentum
model, with an average advantage of 130 AIC units, giving it an
advantage in likelihood of &'*“. The parameters were larger
than those found in the last condition of Experiment 1 (see
Figure 10 and Tables 6 and 7) and on average did not show
major changes among conditions, although the impact of a trial
with food was greatest in the first condition studied, 10(1), and
there were slight decreases in px and w as a function of trial
duration. There was a moderate increase in the average number
of responses emiited (¢, top panel of Figure 10) as trial duration
increased from 5 s to 20 s; the birds adjusted to having longer
to peck before the chance of reinforcement carried them to the
hopper.

Despite the importance of trial duration for acquisition of
autoshaped responding, the changes in the conditioning param-

eters as a fonction of that variable were modest. They did,
however, work in unison to decrease response rates as the CS
duration increased. The only moderate changes may be due to
the very short IT1 in this series, The biggest effect was the
transition into the first condition of the experiment, the first
10-s CS, after several sessions of extinction, where the Pavlov-
ian and Skinnerian learning parameters Wp and Wpe Were B
large or larger than in any other conditions. Empty trials,
although conumon, had little effect on behavior because , was
generally very close to 0. [n general, the dominance of 1, over
mpr (and the other parameters), especially at the longest CS
duration, may have been due to the extended opportunity for
nonreinforced pecking in that long CS condition,

In interpreting these parameters, and those of Figure 5, it is
important to keep in mind that w; was in play on 95% of the trials,

Base Parameters

17-

Bl ,

B -

5~

34 & = —
0.15 4

0.9 - Y M\}____{
0.05 -

0 F 3 T T

Value

Model Parameters

o8- ‘
06 F _

5 101 10(2) 20
CS Duration (s)

Figure I0. The zverage parameters of the base and Momentum/
Pavlovian/Skinnerian models for Experiment 2, The conditions are iden-
tified by their trial duration, with the first and second exposure to the 10~
intertrial interval noted parenthetically, The same Weibull parameters, ¢
and o, were used for both medels, The error bars delimit the standard grrors
of the mean, 7 it traced by a dashed line, and -, by a dotted line. F =
food; P = response; £ = no food; Q = mp response; PF and PE =
Skinnerian interaction terms.
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Table 6
Indices of Merit for the Model Comparison of Experiment 2
Bird no. Metric® 5 10, 10, 20
105 cD 0.01 0.32 0.26 0.29
AlIC 5 347 365 360
BIC 4] 319 342 338
106 cD 027 . 0.07 0.26 0.15
AIC e 106 285 163
BIC 152 79 262 14
107 cD - 0.25 012 0.22 0.11
AlC 193 141 172 119
BIC 170 118 155 o7
108 cD 0.10 0.14 0.08 0.05
AlC 79 127 49 37
BIC 62 104 32 20
13 cD 0.23 .15 0.04 0.05
AIC 183 234 40 34
BIC 155 197 12 17
119 CD 0.12 0.11 0.12 0.10
AlC 75 56 81 54
BIC 33 45 53 32
Group Cb 0,18 .12 0.22 0.10
AIC 124 134 127 87
BIC 107 111 104 64

" The metrics of goodness of it for the mode!s are the cocfficient of determination (CD), the Akaike information
eriterion (AIC), and the Bayesian information criterion (BIC). Values of the last two greater than 4 constitote
strong evidence for the Momentum/Pavlovian/Skinnerian model,

gither 1, or W, on every trial, . on 5% of the trials, and mpe OB
fower than 5% of the trials. Thus, a trial with foed in this exper-
iment would move response strength a very substantial 60% of the
way 1o maximom—but this happened only rarety.

Once again, the quiescencs parameter 1, was the primary fowJ:e
driving the probability of entry inte the response state toward 0,
having a mean value of —.215. This value, so ¢close o that for m,
{,222). indicates that the momenta of pecking and quiescence were,
on average, essentially identical, This situation, wp_.g = 0, will
not sustain asymptotic responding above zero (see Equation 10);
with so short an ITI, that is perhaps not surprising. The success of
this prediction is illustrated in Figure 11 for the 5-s CS condition,
which showed no evidence of a platesy. The slight negative
acceleration is due to the dominance in the pooled data of profiles
from pigeons whose T,_, was negative. This analysis may throw
additional light on within-session partial reinforcement extinction
effects (Rescorla, 1999) because different animals or paradigms
may have quite different values of mp_g.

Because these conditions were preceded by seven sessions of
exfinction, the opportunity arises to trace the course of reacquisition
for these birds and compate it with the model’s profiles. The proba-
bility of a response on each of the first 100 wials, averaged over all
pigeons and over a 7-trial moving window, is drawn as circles in
Figure 12. The MPS model provides a closed-form solution to the
acquisition curve. The equation is shown in the Appendix; the smooth
acquisition curve is shown in Figure 12. The eurve provides—at
best—an idealized picture of the process because it assumes that
response probability is dependent on the programmed probability of
food, p2, which is uniform over trials, MPS can do betier than that by
using the real thing—whether food was delivered or not—to inform iis
predictions. Replacing p with the trial-to-trial refative frequency
across pigeons, represented by the hatch maiks in the figure, and

keeping ail parameters otherwise the same, gives the jagged curve, a
better characterization of the process. Figure 12 draws a graphic
reminder of a point made by Benedict and Ayres (1972} Nonlinear
dynamic processes, such as the course of learning, cin be extremely
gensitive fo the particulars of stochastic processes. Generie models
with asymptotic patameters, such as limiting values for p or even for
s, will provide at best an idealization; the dynumics is in the details.
The texthook-smooth curve shown in Figure 12 does not represent the
character of the data. Over the full cowse of the experimental condi-
tions, MPS easily supports its burden of perameters, as attested by its
AICs, and carries us from milquetoast descriptions to the jagged
profiles of Figure 12——to predictions with teeth.

All of the manipulations so far have been classic Paviovian kinds,
varying experimental pararmeters that did not inferact with behavior,
and those only modestly (see, e.g., Schachtman, 2004, for some
modern developments). Although noncontingent food presentation
can leave response—outcome associations intact (Colwill, 2001; Res-
corla, 1992), all of the response—outcome associations up to this point
were adventitious. We conducted the last series of experiments o
complement those open-loap Pavlovian operations with closed-loop
instrumental operations having more consistent contingencies.

Experiment 3: Fixed Ratio and Differeritial Reinforcement
of Other Behavior Contingencies

Method
Subjects and Apparatus

Eight experienced adult homing pigeons, half having served in
other experitnents reported in this article, were used. They were
maintained under the same conditions as the prior experiments.
The apparatus was the same as used before,
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Table 7
Parameter Values of the Base and Momemum/Paviovian/
Skinnerian Models for the Data of Fxperiment 2

Bird no. Parameter 5 10, 10, 20
105 ¥ 0.01 017 0,13 0.14
¢ 847 7.07 6.43 15.67
o 3.03 1.53 158 - 173
P 0.60 0.16 0.2} 0.34
Q ~0.01 —0.27 —-0.33 =0.45
F 013 0.83 .55 Q.7
E 0.00 0.02 0.01 0.04
E 0.00 0.02 6,01 0.04
E 0.00 0.02 0.0 0.04
106 ¥ 0.12 .09 0.15 0.18
e 12.87 16.53 16.87 2221
o 332 2,00 178 1,30
P 0.31 0.08 .45 . 030
Q —0.19 —0.2] =030 ° —0.29
F 0.68 0.35 0.44 0.60
B 0.00 0.10 —0.14 0.02
PF 0.00 0.62 0.00 0.00
PE —0.03 —0.02 —0.08 =0.03
107 ¥ 0.14 .14 0.5 011
¢ .95 9.26 11,73 17.65
o 2.68 1.60 1.73 1.42
P .00 0.00 0.19 =0.04
Q ~0.14 —0.14 ~0.16 -0.19
F 0.69 G.69 0.48 0.38
B -0.03 —0.02 —0.02 0.01
PF 0.00 0.00 0.00 0.00
PE 0.17 0.18 0.00 ¢.15
108 Y 0.11 0.14 0.08 0.05
c 3.70 119.00 41.00 129,00
o 1.45 0.15 006 0.08
P 0.10 0.29 0.02 0.00
Q =0.15 —0.24 —0.03 {08
F 0.55 1.00 0.20 0.30
E 0.04 0.03 0.00 =0.01
PF 0.00 ¢.00 0.00 0.00
PE 0.00 —0.02 0.00 0.10
113 Y 0.13 0.12 0407 0.08
c 17.22 10.77 10.08 11,40
o 2.01 2.2 2.60 1.2}
P 039 0.54 0.12 0.06
Q —0.19 —0.10 -0t ~0.09
F 0.34 0.87 0.39 0.27
E —0.06 -0.10 602 - 002
PF 0.34 0.00 002 0.00
PE 0.00 0.00 0.00 000
b v 0.08 0.05 0.08 0.06
¢ 10.04 15.25 16.99 19.68
o 296 318 3.61 2.35
P 0.26 0.00 0.41 0.05
Q —0.10 =0.02 —-0.15 —-0.09
F 0.00 0.32 0.64 0.46
E —0.02 0.00 —L02 —0.01
PF 0.67 0.00 G.25 0.00
FE 0.00 0.00 0.00 0.12

Note. v = the rate constant for the comparison buse model; ¢ = the
Weibull rate constant; « = the Weibnll shape conslant; the remaining
letters indicate the rate constants brought into play on trinls with (P) or
without (Q) a response; with (F) or without {E) food; and the Skinacrian
interaction terms PF and PE. :
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Figure 11. The average probability of responding as a function of the

number of trials since reinforcement, from the S-s conditioned stimulus
(CS) condition of Experiment 2, pooled over subjects. The number of
observations decrense by 5% from one trial to the next, from 485 for the
first point 1o 29 for the last displayed. The curve comes from Equation 8,
using paramelers Mp g and 7 fit to these datz,

Procedure

Before the experiment proper, six to seven sessions of extinction
were conducted with a 35-s ITI and 10-s trial duration; the prob-
ability of food delivery was zevo (p = 0). A preliminary series of
experimenis was conducted with p = .03, In these conditions,
which we call fixed-ratio 3 (FR 3) and differential reinforcement
of other behavier (DRO), reinforcement contingencies were in-
tended to vary response—reinforcement contiguity in opposite di-
rectiong, However, the low probability of exposure to those con-
tingencies—3% of the trials at most, usually less—gave animals
insufficient exposure to the Skinnerian contingencies: In a number
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Figure 12, The averge probability of responding as a function of the
mumber of trials since the start of the 10-s conditioned stimulus condition of
Experiment 2, pooled over subjects, and represented as & seven-trial moving
average (circles). The hateh matks indicate trials on which 1 (plotted at p =
1/6) or 2 (plotted at p = 2/6) pigeons happened to huve recelved food, In vo
cases did the same tria) end with food for more than 2 pigeans. The smoeoth
curve comes from the Momentuny/Paviovian/Skinnerian model, setting g =
06, with all other parameters fit to these data, The jagged cwve comes from
the same equation with the same paremeters but uses the obtained relative
frequency of food ay given by the hatch marks.
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of cases, there was ne change consistent with the direction in
which the contingencies were pushing. The probability of food was
increased to p = .1, and the series replicated.

DRO. A DRO schedule was operative concurrently with base-
line automaintenance contingencies, but only when food was pro-
grammed, which happened with a probability of p = .10, If an
animal pecked during the 2 s preceding the delivery of food in a
DRO trial, the trial was extended for an additional 2 s from the
peck, until the pigeon bad not pecked for 2 s, when food was
finally delivered. All pigeons received 18 sessions of baseline
training before being moved to the experimental conditions.

FR. A FR 3 schedule of reinforcement was operative concur-
rently with baseline automaintenance contingencies, bul only when
food was programmed. Thus, a trial in the FR 3 condition in which
food was programmed (10% of the trials) would be terminated
immediately by fond delivery as soon as three key pecks were
emitted. If three pecks were not emitted, the trial ended with
noncontingent food presentation,

The order of experimental conditions was determined by the mean
response rate during the Jast five sessions of baseline: Low responders
were assigned first to DRO and high responders to FR 3. Table 8 shows
the order of presentation of conditions and the number of sessions in cach
condition, In analyzing the data, all trials with a reinforcer were excluded
from measurement of goodness of fit, This is because responding could
have extended or shortened the triak duration, undermining cornparison.
This reduced the database by 10%, ‘

Results

The contingencies, even though present on only 10% of the
trials (DROY or fewer (FR, which would end with Jood afler 10s
if the FR contingency had not been met), were cffective with most
of the pigeons. This is consistent with the results of Locurta,
Duncan, Terrace, and Gibbon (1980), The requirements were
satisfied on 79% of the trials (median, with interquattile rangs
from 68% fo 81%). The effects of the contingencies on response
rates and probabilities are displayed in Figure 13, Reinforcement
contingencies clearly matter, by atfecting both the probability of
entering a response state and the number of responses emitted in
that state.

Of the 24 Subject X Condition analyses, ju 18 the MPS model
exceeded our criterion for strong evidente (see Table 9), Averaged
over all subjects, the AIC advantage for the MPS madel over the
base model was 38 points. Figure 14 displays the weighted average
parameters for the base model (simple persistence) and the MPS
model far the key DRO-FR comparisons. Table 9 lists the indi-
vidual parameters, Note that as the contingencies went from DRO
to FR, all parameters in-the top panel increased in value. The
incresse in alpha indicales that the distribution of number of
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Figure 13, Data from Experiment 3. Top: average response rate (dots) for
each subject. Boromy: Average probability of making at least one response
on & trial averaged over pigeons; bars give standard eqrors. Lines in both
panels arc from the Momentum/Pavlovian/Skinnerian model, FR = fixed
ratio; DRQ = differential reinforcement of other behavior.

responses tnoved from one that looked like a gamma distribution
{o = 1.46) 10 one that looked like a skewed normal disiribution
(@ = 2.23; see Figure 3). The doubling of c reflects a large
increase in the mean number of responses emitted in the respense
state in the FR condition. The increase in gamma indicates that
pecking tended to occur more often in alternative strings of re-
sponding or quicscence, making it advantagcous for the simple
moving average of the base model to plage more weight on the
recent history of responding in the FR conditions.

Table 8

Order {and Number of Sessions) in Each Condition of Experiment 3

Condition P43 P86 P87 334 P30 P05 P106 P107
Training 1(18) 1(18) 1(18) 1{18) 1(18) 1¢18) 1(18) 1(18)
FR 3 2(INH 3N 37 207N 2(17 3I{(17) 2017} 37

DRO2s 3(M 2{17) 2(1T 3(7 3N 2(h 3(7) 2{17)

Note. P = pigeon; FR = fixed ratio; DRRO = differential reinforcement of other behavior,
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Figure /4. The average parameters of the base and Momentum/
Paviovian/Skimnerian models for the differential reinforcement of other
behavior (DRO) and fixed-ratio (FR) contingencies of Experiment 3. The
same Weibull parameters, ¢ and o, were used for the response distributions
of both models. The error bars delimit the standard errors of the meen.

The main purpose of this experiment was (o test the Sensi-
tivity of the MPS model to changes in behavior brought about
by the manipulation of contingencies of reinforcement, and in
particular to monitor changes in the instrumental learning pa-
rameter, 5. Figure 14 shows that there was a large increase in
T - under the FR contingencies and smaller changes in' some of
the other parameters (see Table 9). Trials without a reinforcer
had, on average, no effect, because 7, was very close to zero
for most animals in most conditions, as was g The momen-
tum paramefer for the base model () was larger under the FR
condition, suggesting greater movement into and out of re-
sponse siates, whereas those for the MP§ model (. and To)
were in line with those found in Experiment 2. The decrease in
the latter under FR suggests a kind of ratio strain: Absence from the
key on one trial became a better predictor of absence on the next,

The smaller value of 7 under DRO should not be laken as an
indication that the pigeons werc learning less; they were leaming to do

other things than key pecking, A smailer value of ;- indicates that
they were less likely to peck on an ensuing trial. If they received food
on a trial with a peck, the peck was removed from the reinforcer by
at least 2 s and was followed by non—key-peck behavior, This latter
was suceessfully reinforced, yielding the smaller tendency to peck on
the next trial thart found under the FR contingency.

The inpression from the first two experiments, that the power of
instrymontal contingencies was weak compared with Paviovian
contingencies, now stands corrected. Where there is no instrumen-
tal contingency, but only adventitious pairing of responding as in
the first two-experiments, control by that pairing can be weak or
nil. This may be due to the many instances of pecking without
presentation of food, causing the pigeon to place litle weight on
pecking as a predictor of food. In Experiment 3, FR contingencies
trebled the Skinnerian parameter . from .12 to 36, Under the
FR contingencies, each contingent presentation of food moved the
typical pigeon a third of the way to certain responding on the next
trial, with the persistence and Pavlovian parameters together haly-
ing the remaining distance. The increase in response rates seen in
the top panel of Figure 13 for FR thus arises from two factors: An
increased probability of entering a response state in that condition
because of the action of these parameters and a higher rate of
responding once in that state, reflected by the increase in ¢. The
first set of conditioning factors are substantial and consistent with
the theoretical position of Donzhoe, Palmer, and Burgos {1997a),
yet they are inadequate to completely explain the large differcnces
in rate. Differential proximity between responses and reinforce-
ment in these two conditions is further affecting the behavior
within the response state, much as it does in free operant schedules
(e.z., Killeen, 1969). The parameter ¢ reflects the operation of
instrumental conditioning in the response state, moving more of
the conditioned behavior onto the key.

The joint role of respondent and operant conditioning demon-
strated here wus presaged by Wasserman, Huater, Gutowski, and
Bader (1975) in theii stedy of automainiained responding in
chicks, with warmth as the US/S®, Locurto ct al. (1980) found
similar interactions and suggested adopting “an ‘interactivist’ po-
sition wherein Paviovian and instrumental telations are seen as
independent variables which conjointly determine the outcorne of
any conditioning procedure” (p. 42). It was manifest in an
experinient by Osborne and Killeen (1977), whe superimposed
CSs ranging from 7.5 s to 120 s on a variable-interval schedule
that only reinforced responses spaced by 3 s {TAND[VTEO,
DRL3]). Even though the CS signaled noncéntingent food, it
enhanced median Tesponse rates from a baseline of 25 per
minute to }70 per minute at the shortest CS, decreasing mono-
tonically to 45 per minute at the longest. They successfully
analyzed within the CS with an extreme value function in the
same fumily as the Weibull used here. Such within-CS analysis
begins to fill one of the silences of the R-W model (Hanson,
1977; Miller & Barnet, 1993).

General Discussion

Momentum

The analysis of momentum, or durability of responding, has a
long history marked by two changes of paradigm. The first was the
discovery of the pastial reinforcement extinction effect by Hum-
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Table 9
Indices of Merit, and Parameter Values of the Base and Momentum/Pavlovian/Skinnerian Models for the Data of Experiment 3
Schedule

Parameter FR DRO FR DRO FR DRO FR DRO
Bird no. 43 86 87 89

CcD 0.41 6.16 0.2} 0.07 0.0 0.05 0.12 0.02
AlC 17 19 -5 84 -2 —~2 63 19
BIC 39 4 -19 " 66 ~14 -17 39 -1

¥ 0.15 0.08 0.12 0.08 0.02 0.06 0,08 0.04
[ 11.66 3.62 16.95 6.93 12.90 10.75 799 4.3%
¢ 245 1.57 236 1.01 1.49 1.84 1.85 1.69
3 0.31 .16 0.09 0,22 0.04 0.02 o1 0.83
Q -0.20 -0,1G —0.26 —-0.12 -0.03 —-0.03 —0.33 041
F 0.31 0.10 0.14 -0.13 0.61 0.00 G.18 ~0.47
E -0.01 400 0.07 0.02 0.00 0.00 0.09 —0.74
PF 0.00 0.42 0.60 0.00 .00 0.07 0.00 0.00
PE 0.00 0.00 0.00 0.00 £.00 0.00 —0.03 0.13
Bird no. 90 105 106 107

CD 0.53 0.31 0.13 0.06 0.20 0.07 0.18 0.42
AIC 435 176 10 17 2 84 71 9
BIC 406 151 0 3 -8 66 54 -2

v 0.31 0.26 022 (.03 0.11 0.08 0.18 0.0
« 12.64 4.64 15.76 10,15 [6.52 6.93 14.31 5.82
c 2.53 1.42 2.11 1.52 2.34 1.01 2.00 1.39
P 0.66 (.82 (.24 0.02 0.00 0.22 012 0.14
Q —-0.55 —0.46 —-0.18 =0.03 —0.27 =0.12 —0.25 ~0.10
F 0.18 0,16 0.07 0.13 0.0 (.13 0.52 0.03
E 0.02 0.01 0.00 (.00 0.15 0.02 0.60 0.00
PE 1.00 0.57 0.00 Q.00 0.00 0.00 0.14 0.00
PE —Q.05 -0.09 0.00 0.00 0.00 0.00 0.00 0.00

Note, = the raie constant far the comparison base model; ¢ = the Weibull rate constant; @ = the Weibutl shape constant; the remaining letters indicate
the rate constants brought into play on triats with {P) or withow (Q) a response; with {F} or without (E) food; and the Skinnerian interaction terms PF and

PE. FR = fixed ratio; DRO = differential reinforcement of other hehavier.

phreys (1939)—the paradoxical resuit that probabilistic reinforce-
ment generates more responses in extinction than does continuous
reinforcement., 1t generated a tremendous and continuing amount
of research (Mackintosh, 1974). The second was the renewed call
of attention to momenturm by Nevin and his students (Nevin &
Grace, 2001; Nevin, Mandell, & Atak, 1983; Nevin, Tota, Tor-
quato, & Shull, 1990) under the rbric behavioral momentum. As
is the case for the partis] reinforcement extinction effect, which it
helps to explicate (Nevin, 1988), the study of behavioral momen-
tum has applications well beyond the animal behavior laboratory
(Nevin, 1996; Plaud & Gaither, 1996). [t is most closely associated
with the opposing forces of w, aund g and, in extinction, with
their simple difference To_ .

This work has shown that behavioral momentum is most closely
associated with Pavlovian forces, such as the relative densities of
food in CS and background, and less so with instrumental contin-
gencies and rates of responding, Consistent with Nevin and asso-
ciates’ results (Nevin & Grace, 2001; Nevin, Mandell, & Atak,
1983: Nevin, Tota, Torquato, & Shull, 1990), Figure 5 shows that
when 1TT was varied, persistence in both pecking . and ¢uies-
cence Ty, and their difference, wp_ g, increased with the Pavlov~
ian variable of [Tl-to-trial (ITL/'T) ratio; Figures 2 and 9 show that
when trial duration was varied, persistence in both pecking and
quiescence decreased with decreases in ITI/T, and Figure 14 shows
that despitc radically different responding under DRO and FR
contingencies, s was about the same in those experimental

conditions, indicating that momentumn would also be about the
same, echoing Nevin and associates” conclusions, The influence of
prior behavior on current behavior has been demonstrated in a
different paradigm by de la Piedad, Field, and Rachlin (2006), whe
underscored the importance of the persistence they demonstrated
for issues of rationality and self-control, a theme most beautifully
introduced to our field by James (1890a, 1890b). The current
paradigm and analysis provides a new set of operations for testing
and developing behavioral momentum theory and other morg
gencral theories of momentum angd choice (e.z., Killeen, 1992;
Roe, Busemeyer, & Townsend, 2001).

Conditioning

“Today, most contemporary theories of acquired behavior are
predicated on observations initially made to assess the Rescovla-
Wagner model” (Miller et al., 1995, p. 3R1). The MPS model
developed here is in that tradition; it is an “grrol-cotrection”
meodel, like the R-W mode! and its linear-leaming model forebears.
Deviation from complete momentum or quiescence and deviation
from complete conditioning or extinction both proceed as a func-
tion of distance from asymptote. This aper¢u, however, may reflect
more a limitation of imagination on our part than on the organ-
isms'. Only a few of the infinite nurber of possible models of
conditioning have been evaluated.
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Does the MPS mode! capture learning or performance effeets? It
predicts response strength, s, the probability that the pigeon will be
in a response State, with the rate of responding in that state given
hy the Weibull distribution. What the pigeon learns in this context
is velative frequencies of foad given keylight and given both light
and peck. The scheduled probabilities of these is constant (at .1 or
05 or 0) in all these experiments, but the random sampling of trials
by responses makes the observed frequencies a continually varying
estimaior of those probabilities. The strengtlis of the context, key,
and peck state could be continuously varying, each in their ewn
way, with our reduction to a net strength (s, probability of entering
the response state) a synopsis of more nuanced three-way tugs of
war among these factors. Models that keep separate accounts of
these components of learning might easily trump MPS in rich data
gets such as these, despite their extra parameters, or in others in
which the forces are put into strong opposition, By treating. instrii-
mental responses as stimuli to be approached in the same manner
as a lit key (Bindra, 1978), SOCR (Stout & Miller, 2007}, atten-
tional models (Frey & Sears, 1978; Mackintosh, 1975), RET
(Gallistel & Gibben, 2000) and its refinement by Kakade and
Dayan (2002), SOP (Brandon, Vogel, & Wagner, 2003), WILL
{Dayan, Niv, Seymour, & Daw, 2006), and the artificial ngural net
genre {¢.g., Burgos, 1997, Donahoe, Palmer, & Dorsel, 1994) may
be evaluated against these data, This paradigm also provides an
ideal environment 1o analyze the potential progression of “learned
irvelevance™ (Baker, Murphy, & Mehta, 2003),

A limitation of the current analysis is its focus on one well-
prepared response, appetitive koy pecking in the pigeon. The
relative importance of operant and respondent control will vary
substantially depending on the response system studied {Donahoe,
Palmer, & Burgos, 1997b; Jenkins, 1977; Timberlake, 1999).
Another is that we have fit only a limited number of models to the
data—albeit more than mentioned here, including versions of
SOCR (Stout & Milter, 2007), attentional models (Frey & Sears,
1978; Mackintosh, 1975), and RET {Gallistel & Gibbon, 2000) and
its improvement by Kakade and Dayan {2002). The models we
present in this article were the best of the lot. But other models
might have done better, in particular ones with attention (Mack-
intosh, 1975) or memory (Bouton, 1993; Wagner, 1981} as latent
states. All theories, successful and otherwise, are at best sufficient
accounts of the phenomena that they cover (Mazur, 2006}, as
Poincaré (1905/1952) noted long apo. 5

The dependent variable was a standard operant response, Hol-
1and (1979) has shown that omission contingencies have differen-
tin) effects on various componenis of Pavlovian conditioned re-
gponding in rats. It may be that the difference is merely greater
agsociability of different responses (Killeen, Hanson, & Osborne,
1978; Seligman, 1970), manifested as differences in the pi param-
eters. Indeed, it maybe that in some configurations, the Paviovian
parameter goes negative, with delivery of food increasing goal
approach (Timberlake, 1994) on the next trial, compoting with the
measured operant, Such possibilities have yet to be demonstrated.

Another limitation is that MPS does not address the key contri-
bution of the R-W model and its successors, cue competilion and
the partitioning of attention in the conditioning process. It did not
need to here because changes in the predictive value of key or peck
change the probability of entering the response state in the same
direction: The conditionals coordinate rather than compete. Inde-
pendent bookkeeping for cue, context, and peck conditioning were

assayed in preliminary evaluation of the models presented here,
but the experimental paradigm did not generate enough leverage
where those models might eontribute their strong suits. The par-
titioning owt of momentum that the MPS model permits may, for
the right experinienta paradigm, provide a much clearer signat for
how the Pavlovian and Skinnerian factors—or Pavlovian and
Pavlovian factors—compete, or where one differentially sets the
occesion for the other (Colwill & Rescorla, 1986; Nadel & Will-
ner, 1980; Schmajuk, Lamoureux, & Holland, 1998), Such quali-
tative tests work hand in hand with quantitative ones (Roberts &
Pashler, 2000) to converge on models that are powerful, parsimo-
nious, and in register with the complexity of evolved processes
such as learning, Although we strive for a unified theory of
behavior, the best way to achieve it may be by perfecting modules
that can account for their domain, while exchanging information
with modules of other domains (Guithardi, Vi, & Church, 2007).

In their penetrating assessment of the R-W maodel, Miller et al.
(1995) noted 18 theoretical successes and about as many failures,
They went on to observe that newer models are “highly complex
or have their own list of failores at least as extensive as the R-W
model” (p. 381) but that each of the new models has its strengths
in fixing some of the failures of the R-W model. It is our hope that
by embedding contemporary models in the present framework,
which permits variance due 1o momentum to be partitioned out and
permits ad libitum degrees of freedom in the data to counterpoise
those required for modern complex models of conditioning (sce,
e.g., Hall, 2002, for an overview), that the models themselves may
compete on a higher playing field. Dynamic analysis may also
permit the refinement of experiments and permit reduction of the
number of subjects required to answer behavioral or pharmaco-
togical questions (Corrado, Sugrue, Seung, & Newsome, 2005;
Smith ct al., 2004). The MPS model is but a second step through
the door opened by Bush and Mosteller (1951) so many years ago.
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Appendix

Mathematical Details

Framing the Model

There are eight explicit parameters in the Momentum/
Pavlovian/Skinnerian (MPS) medel: the response parameters o
and ¢, the fwo momentum parameters, the two Pavlovian param-
eters, and the Skinnerian parameters. (The Skinnerian paramete";s
are partially redundant with the persistence parameter, but no
attempt was made Lo enforce further parsimony in these :already
overworked data.) There are alse implicit parameters. These in-
volve the structure of the mode! and how that interacts with the
parameters and data (Myung & Pitt, 1997). The directions of
conditioning (the nominal signs of the learning parameters speci-
fying their asymptotes 0, here fixed at 0 or 1) are such consider-
ations. Another is the starting value of s, 5,, which is estimated as
the average probability of a response over the tirst dozen trials of
each condition, with those trials then excluded from all indices of
merit, Because the logarithmic transformation penalizes errors
exponentielly as they approach maximum (e.g., predicting a re-
sponse probability close to zero and having a response occur), 4
floor (of probability of data given the model) of 0.00001 was
placed under both the candidate und the default models; it was rare
for them to step on that floor except during the iterative process of
parameter estimation, All analyses were condueted in Excel using
the Solver add-in,

Looking Ahead

In general, the linear learning model was unquestionably better
than the base model of momentum—the Akaike information crl-

terion index of merit advantage for the learning model was typi-
cally close to 100 units. What does this mean in terms of ability to
predict behavior? Most readers unfamiliar with the Akaike infor-
mation criterion and log-likelihood analysis will appreciate some
other indices of merit, such as variance accounted for by the
model. However, we are predicting response rates on a trial-by-
trial basis, not the typical averages over the last 10 sessions, each
consisting of scores of observations. There is no opportunity 1o
average out noise in the present dynamical analysis. In light of this,
predictions were not so bad: The MPS model accounted for more
than 10% of the variance in response rates on the next trial in
Experiment I, even though the analysis did not optimize goodness
of fit for this variable. In the p = .05 condition, accuracy increased
to 16%.

Whereas these might not seem impressive figures, nor might the
advantage of the MPS model seem impressive in that metric, most
considerations of variance accounted for—coefficients of deter-
mination—are calculated on average data, where nofse has been
minimized by averaging, None, to our knowledge, reflect accuracy
on a moment-io-moment, or at least trial-by-trial, basis. Because
conditions are always changing as a function of the behavior of the
pigeon in this closed-loop system, there is no ebvious larger unit
over which we could aggregate data to improve accuracy. But
there is a less-than-obvious one, described next.

The conditioning predicated by the learning medel has a Jonger
provenance than over just the next trial; a measure of accuracy that
is both more informative, and more consistent with traditional
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reports of coeflicients of determination, can be derived by asking
how well the imputed swrength, 5, predicts behavior over the next
few trials. Because the learning model posits geometrie changes in
performance as a function of contingencies, accuracy af prediction
should also decrease geometrically with distance into the future.
Accuracy decreases because the stochastic processes that might or
might not carry the pigeon over s response threshotd on a trial
throw a multiplicative shadow into the future, Therefore, acouracy
should decrease approximately as (1 — +)", as visissitudes of
responding and reinforcement carry the canditioning process along
an increasingly random walk. We may take advantage of this by
averaging measured responding over the next score trials, giv-
ing the greatest weight to the next trial, less to the trial after
that, and so on, and using events on the current trial to project
those temporally discounted future response rates. This was
accomplished by weighting the accuracy of prediction on the
next trial by 20%; adding to that aceuracy on the trial after that
weighted by 16%; on the trial after that by 2(.8)", then by
2(.8), and so forth, This “forward” exponentially weighted
moving average places half the predictive weight on the three
trials subsequent to the prediction, trailing off geometrically
into the future. Accuracy at predicting this discounted future in
the p = .05 condition doubled, to 28% of the variance in
response rates accounted for by the MPS model. A similar
doubling of the coefficient of determination was seen in spot
checks of the other conditions.

Asymptotic Responding

In thiz atticle, the conditioning process is characterized from
trial to trial by a difference equation—the strength on the priox trial
plus the probability of a response time by m, and a nonresponse by
gy that is then adjusted by the probability of food times m, and
no food times 7, and finaliy by the probability of both a response
and food times T ot of a rosponse and no food times T,z This
permits continuous idealizations of acquisition and extinction,

Representation of a stochastic process by its probabilities gives a
domesticated version of an infrinsically wild process. For instance,
performance is vulnerable o a “gambler’s ruin™—a series of nonre-
inforced trials that leads to extinction, The probabilistic solutions do
not take this sudden death into account and do not allow for the
recuperative strength provided by spontaneous recovery at the start of
new sessions. Nonetheless, they provide some insights inte the pro-
cess. We begin by analysis of the momentum factor and then blend it
with the conditioning factors. Here the direction toward eeiling or
floor is assumed, in the conventional manner. Conditioning enters
after momentum, rather than before, as in the analysis programs. The
order of entry makes some dilference in accuracy of fit,

Momentum

Letting p(P,) represent the probability of responding on the ith trial,
the romentum of responding is carried forward from the lost tial as

si= 5+ plP)ma(l — &)+ 1= P(Pf)}ﬂg(o — 5,

that is, as the strenpth coming out of the prior trial, s, plus
probability of 4 response, p(P), times wp (the momentum-of-
pecking rate parameter), times the distance to the ceiling strength
(1 — s}, plus the probability of not pecking times the momentum-
in-quiescence parameter g times the distance to the floor of
strength, The probability of pecking is approximately equal fo the
strength, 5,, so substitute for p(P)) and simplify to

s;= S,[l + (1 -."Sj')'“'p'— 'lTQ].

(A1)

The difference in momentum parameters is gated by the distance
of strength to its ceiling, to increment response probability. This is
slightly off because there is a finite probability of being in the
response state and not pecking, but that is negligible. The variable
5} is the momentum of responding that is carried forward to the
next trial, :

Pavigvian Conditloning

Food occurs with probability p, so
st= s+ pdl —s) + (1 = p)wgld — s}

that is, as the status quo ante (s7), plus the probability of food times
the Pavloviah parameter 7 times the distance to ceiling, plus the
probability of no food times the Pavlovian extinction parameter 7
times the distance to fioor. Collecting terms yields

(A2)

When the probability of food is p = 1, the influence of w,; drops
out, teaving strength on a march toward 1; conversely, where p =
0, strength decreases geometrically from one trial to the next by the
factor (1 — ).

Ta predic! responding on the next trizl, the intervening variahle
s} s removed by substituting from Bquation A2 inte Equation Al.
Because the parametess 7, and 7y always enter as a difference,
some parsimony is achieved by writing Ty 85 Mp_ gy Then
Equations Al and A2 give

st= g+ [+ plmg = wg) — wel + pap

8= 5;[1 + Trp-g(i — sy + plg - TR — “E] +pue
(A3)

Skinnerian Conditioning

Remembering that food occurs with probability p and a peck
with probability s/ the increment to strength conferred by operant
conditioning is

sS4 = 57T S;,[P‘ITPF(I =+ (1 _P)"Tms(l — {0 — "],

strengih after Pavlovian updating, plus the probability of a re-
sponse times the large parenthetical. Inside the parenthetical is the
probability of food times its rate parameter times the distance to
the ceiling, plus the probability of no food times ifs rate parameter
times the probability of no peck times its distance to the floor. This
may be simplified o

{Appendix continues)
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S T si{l+ (U= s pripr— (1 — p)S;ﬁTPE]}' (A4.)

Inserting Equation A3 into this gives the final cquation of
prediction, too unenlightening to be written out here—ecven
though it is less complicated than the full solution to the R-W
model {Yamaguchi, 2006). It is simpler to evaluate Equation A3
and then insert it into Equation Ad. A spreadsheet for analyzing
data with the present theory on a trial-by-trial basis is available
froim Peter R. Killeen, Federico Sanabria, and Igor Dolgov.

Special Cases
Acquisition
In the case of acquisition, where few or no responses have yet
occurred, Equation A3 provides » good equation of prediction.
Because the probability of food p is typically 1.0, it can be further

simplified to the acquisition function

s =51+ T"P—‘@(l — s3] (1 —ag) + wg {AS)

Equation AS can range from a classic exponential-integral learn-
ing curve (when o is of small magnitude) through approxi-
mately Tinear to an S-shaped ogive, depending on the two param-
eters, the net rate of persistence {mp. o) and the rate of acquisition

().
Fxtinction
In extinction, p = 0, and Equation A3 simplifies to
Seer = (1 — wA[L + gl — 53], (AB)

which appears as Equation § in the text. Equation A6 assumnes
that . is smaller and that extinction decrements can be
handled by arz; this has been the case for all of the data
analyzed here, and setting g to zero is a parsimonious way to
simplify the equation.

. Received April 15, 2008
Revision received February 6, 2009
Accepted February 6, 2009

New Editors Appointed, 20112016

The Publications and Communications Board of the American Psychological Association an-
nounces the appointment of 3 new editors for 6-year terms beginning in 2011, As of January 1,
2010, manuscripts should be direcied as follows:

® Developmental Psychology (http://www.apa.arg/journals/dev), Jacquelynne S. Eccles, PhD,
Department of Psychology, University of Michigan, Ann Arbor, M1 48109

o Journal of Consulting and Clinical Psychology (hip://www.apa.org/joumnals/cep), Arthur M.
Nezu, PhD, Department of Psychelogy, Drexel University, Philadelphia, PA 19102

® Pyychological Review (hitp/fwww.apa.orgfjournalsitev), John R, Andersen, PhD, Depart-
ment of Psychology, Carnegie Mellon University, Pittsburgh, PA 15213

Electronic manuscript submission: As of Javuary |, 2010, manuscripts should be submitted
electronically to the new editors via the journal’s Manuscript Submission Portal (see the website
listed above with each journal title).

Manuscript submission patterns make the precise date of completion of the 2010 volumes -
uncertain. Current editors, Cynthia Garcia Coll, PhD, Annette M. La Greca, PhD, and Keith Rayner,
PhD, will receive and consider new manuscripts through December 31, 2009, Should 2010 volumes
be completed before that date, manuscripts will be redirected to the new editors for consideration
in 2011 volumes. :




